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Abstract

Single and dual-beam self-ion irradiations were performed at 500 °C on ultra-high
purity Fe14%Cr alloy to ~0.33 displacements-per-atom (dpa), and 0 or 3030 atomic-parts-per-
million (appm) helium/dpa, respectively. Using transmission electron microscopy, we reveal
that helium can drastically modify the dislocation loop Burgers vector in Fe-Cr alloys. Helium
co-implantation caused complete disappearance of a/2<111> type dislocation loops, and the
microstructure consisted of only a<l100> loops. Conversely, a/2<111> type loops were
predominant without He co-implantation. The total loop density remained largely unaffected.
The results strikingly contrast literature asserting that helium stabilizes a/2<111> type loops in
bee Fe alloys, based on low temperature irradiations. Collectively analyzing the results with
literature suggest that the small positive interaction between helium and self-interstitial atoms
(SIA) in Fe predicted by atomistic simulations maybe insufficient to holistically explain the
dislocation loop microstructure development in presence of helium. Helium-SIA positive
binding inadvertently implies elevated a/2<111> loop fraction and higher loop densities that
the present results contradict. Helium induced high cavity density causing a preferential loss of
highly glissile <I111> clusters, leaving the matrix saturated with <100> type clusters is
proposed as a potential mechanism. Further, the in-situ irradiations combined with Burgers
vector analysis strengthened the evidence of Cr-induced dislocation loop mobility reduction
that appears to stabilize the a/2<111> type loops and causes higher loop densities in Fe-Cr
alloys.
Keywords: Fe-Cr alloys; ion irradiation; transmission electron microscopy (TEM); helium,
chromium.
1. Introduction

Body-centered cubic (bcc) iron (Fe) and Fe-Cr alloys are the simplest representative of

the reduced activation ferritic martensitic (RAFM) steels that are envisaged as promising



structural material candidates for the future fusion reactors [1-4]. In a full power generating
fusion reactor, the first-wall RAFM steel components will suffer from unprecedented
irradiation damage (~150-200 displacements per atom) induced by the energetic neutrons at
elevated operating temperatures (~350-550 °C) [5,6]. An added major complexity is the
transmutation of Fe atoms by 14 MeV neutrons that will generate high concentration of
deleterious helium (He), ~10-12 appm He/dpa, [7]. Specifically for DEMO reactor first-wall,
dose and total He generation in the first-wall RAFM steels is expected to be ~80 dpa and ~800-
1000 appm He [7]. This necessitates focused fundamental research on Fe and Fe-Cr ferritic
alloys [8,9] with emphasis on the effect of He on the irradiation-induced microstructure and
property degradation. But in order to understand the effect of He, a fundamental understanding
of radiation effects in Fe and on the influence of Cr addition to Fe is simultaneously required.

From ab-initio calculations in bcc Fe, the most stable configuration for a single self-
interstitial atom (SIA) produced under irradiation is a <110> oriented dumbbell [10], and this
configuration is stable up to a cluster of four SIAs arranged in parallel [11]. This is specific to
Fe because SIAs in other bcce transition metals are aligned in or close to the <I111> direction
forming a crowdion [12]. 4b-initio studies also predict the orientation change of the <110>
oriented dumbbells to <111> oriented crowdions above around five SIAs in Fe [11]. At larger
length scales, these <111> dumbbells pack together to form a/2<111> type dislocation loops
which are highly glissile [13]. Recent advancements in atomistic calculations has revealed the
existence of a metastable and sessile 3D morphology of defects in Fe known as C15 Laves
phase [14]. The formation energies of these 3D interstitial clusters are by far the lowest for four
SIAs or more [14-16], while simulations also predict transformation of C15 phases into
differing dislocation loop configurations [15,17,18].

In experimental irradiation studies, decades of research using neutrons, ions and

electrons has established that two types of dislocation loop configurations can form in Fe and



Fe-Cr alloys: loops with Burgers vector a/2<111> and a<100> [19-37]. The dislocation loops
are primarily interstitial type with the only exception of vacancy type loops forming under very
heavy ion irradiations at low irradiation temperatures such as room temperature (RT) or below
where the vacancy loops might form directly within cascades or in low energy heavy ion
irradiations of thin foils [38,39]. Hence, the presence of vacancy loops is irrelevant to bulk
properties, and consequentially we are only focused on the interstitial type loops. The a/2<111>
direction is the shortest lattice vector in a bee unit-cell. Therefore, dislocation loops of this type
forming under irradiation are expected based on the self-energy argument from the isotropic
elasticity theory [40]. However, the a/2<111> type loop population progressively reduces as
the irradiation temperature is increased [41]. At and beyond 500 °C, mostly a<100> loops are
reported in Fe [19,42]. Loops of this type forming under irradiation are unexpected from strain
energy consideration because the magnitude of a<100> lattice vector is not the smallest in a
bee crystal. Currently, there is no clear consensus on the formation mechanism of a<100> type
loops. Eyre and Bullough [43] had postulated a shear mechanism from the transformation of
faulted <110> clusters to perfect loops with Burgers vector a/2<111> or a<100> by the
following reactions: 5[110]+%4[001] = '4[111] and % [110]+%5[110 ] = 4[010]. A similar
mechanism was proposed based on the interactions observed in molecular dynamics (MD)
simulations in Fe [44]. Formation of a<100> type loops from the mutual interactions between
two glissile a/2<111> type dislocation loops [21,37,45,46] is also postulated as follows: ¥5[111
]+%[111] = [100]. This mechanism, first proposed by Masters [45], is frequently referred to as
the 111 mechanism. Simulations using kinetic Monte-Carlo method support this hypothesis
[47]. But the 111 mechanism lacks a direct experimental evidence. For instance, in-situ TEM
experiments in bee Fe observed collisions between two a/2<111> loops, where the bigger loop
absorbed the smaller without transforming into a<100> loop [48]. Another set of in-situ studies

in Fe showed that upon heating to 300 °C, small dislocation loops may spontaneously transform



from a/2<111> to a<100> Burgers vector configurations without requiring loop collisions [49].
Recently, transformation of C15 phases to produce both a<100> loops and a/2<111> loops has
been postulated using atomistic modeling [18].

When Cr is added to Fe, MD simulations of displacement cascades show that Cr
concentration from 0 to 15 at.% has negligible impact on the average number of surviving
Frenkel Pairs and on the number of vacancies/interstitials in the defect clusters forming directly
in the cascades [50,51]. Further, both theoretical and experimental results suggest that Cr atoms
do not directly interact with vacancies [52—55]. The main influence on the microstructure
evolution is expected from Cr-SIA interaction. The conclusion is supported by density
functional theory (DFT) calculations and simulations using empirical potentials where a
positive binding between SIAs and one or more Cr atoms is reported [52,56]. In irradiation
experiments using neutrons, ions and electrons, it is generally accepted that Cr induces the
dislocation loop microstructure development at a relative finer scale with smaller average sizes,
elevated number density [19,26,31] and highly reduced loop mobilities [32,57]. It is beginning
to be accepted that Cr addition to bce Fe matrix may induce a higher fraction of a/2<111> type
loops, although this aspect of research is not fully addressed with somewhat contradicting
results in the literature. For example, fast neutron irradiations on Fe-Cr alloys inside BR-10
and EBR-II reactors show predominantly a<100> loops lying on {100} planes for alloys
containing less than 6% Cr, but a mixed population of a<100> and a/2<111> loops for higher
Cr concentrations [22,35]. However, Katoh et al. [34] observed predominantly a<100> type
loops for Cr level between 3-18%, with an exception at 12% Cr where a/2<111> loops in lower
density were also observed. In-situ self-ion irradiations at 500 °C up to 13 dpa observed only
a<100> loops in Fe and Fe8%Cr [19]. Experiments at 300 °C up to 1 dpa by Xu et al. [20]
observed the proportion of a/2<111> loops to be 92 % in Fe, 30% in Fe5%Cr, 46% in Fe8%Cr

and 37% in Fel1%Cr. However, irradiations by 100 keV Fe* ions at RT show 14% a/2<111>



loops in Fe and 37% in Fel8%Cr [26]. Similar behaviour showing slightly higher a/2<111>
loop population in high purity Fe-Cr alloys as compared to Fe was also reflected in in-situ
irradiations at RT and 500 °C [29,37,58]. Thus, it is evident that Cr may have an influence on
the Burgers vector of dislocation loops, but a systematic trend of this effect is difficult to infer
from the current literature results. Here, we must highlight that impurities like carbon can
influence the relative population between the a<100> and a/2<111> loops as shown by Wakai
et al. [59]. Thus, studies performed on high purity materials, which are far less numerous in the
literature, should be given importance.

Besides Cr, the interaction of He with point-defects is a topic of fundamental research
in Fe and Fe-Cr alloys. It is well-known that the primary interaction of He is with vacancies
where He stabilizes the vacancy clusters, and causes enhanced cavity nucleation in the matrix
and at various microstructural heterogeneities [8,60—64]. However, the interaction of He with
interstitial-type defects, consequently affecting the dislocation loop microstructure, is still a
riddle. Modeling and simulations suggest a non-negligible positive binding between He atoms
and SIAs [65,66]. This interaction is somewhat weak with atomistic simulations predicting a
~0.26 eV binding energy between He and <110> oriented SIAs in Fe; but may transpire into
SIAs trapping He when they are weakly mobile i.e. relatively low temperatures [65].
Experimentally, evidence is growing that He may have a contribution to the dislocation loop
microstructures in bece Fe and Fe-Cr alloys, where He induced more a/2<111> loops [21,37]
during ion irradiations at low temperatures (cryogenic and RT). There is some evidence of He
induced elevated loop densities in dual beam irradiated Fe-Cr alloys when irradiation
temperatures were higher (500 °C) [31]. Additionally, there is also some evidence of He-
induced loop microstructure modification in other bcc metals such as tungsten [67]. But the
datasets are still sparse to conclude on a mechanistic understanding on how He may modify

the loop microstructures, especially in presence of simultaneous heavy ion damage. In this



manuscript, by combining single and dual beam irradiations on ultra-high purity Fe14%Cr and
transmission electron microscopy (TEM), the effect of He on the dislocation loop
microstructure and on Burgers vector of dislocation loops is elucidated at elevated irradiation
temperature of 500 °C. Additionally, the effect of 14% Cr addition on the loop microstructure
is revealed.
2. Experimental details

Low dose self-ion irradiations were performed at 500 °C at the JANNuS dual beam
irradiation facility in in-situ mode at Orsay, France. The material studied was an ultra high
purity Fel4wt.%Cr alloy. As detailed in previous publications [29,33,64,68,69], this material
was prepared by induction melting under the European Fusion Development Agreement
(EFDA) programme (contract no. EFDA-06-1901). The as-received alloy was a cylindrical rod
of 1.1 cm diameter in fully recrystallized state after a cold reduction of 70%, followed by 1
hour/850 °C heat treatment under argon flow and air cooling. The resulting grain size was 141
um and the initial dislocation density was on the order of 10'> m. The impurity concentration
is provided in Table 1.

Table 1: Nominal composition of the alloy.

Cr C Si O N P
wt.% | wt. ppm | wt. ppm | wt. ppm | wt.ppm | wt. ppm
14.25 5 7 4 5 <10

JANNuS-Orsay in-situ facility is equipped with a 200 keV FEI Tecnai LaBs G> TEM
that is coupled to a 2 MV ARAMIS tandem accelerator allowing heavy ion energies between
0.5-15 MeV, and to a 190 kV IRMA 1on implanter allowing light ion energies up to 570 keV
[70]. The irradiations were performed on electropolished TEM thin foil discs using a Gatan
heating double tilt specimen holder. For this purpose, 1 mm thick circular slices were cut from

the as-received cylindrical rods, followed by mechanical polishing by silicon carbide/diamond



abrasives to ~100 um thickness. The polishing was performed by gradually decreasing the grit
size of the abrasive discs to induce minimum work hardening of the surface. Final polishing
was performed using 0.25 um diamond paste. Then, 3 mm diameter discs were punched which
were jet-electro polished to obtain electron transparent thin zones. For the single beam
irradiations, 1 MeV Fe" ions were used to reach fluence equal to 3 x 10'* ions.cm™2 using a
rastered beam. For the dual beam case, keeping the same Fe beam fluence, the specimen was
simultaneously implanted with He using 15 keV He" ions to 1.46 x 10> ions.cm 2. The 15 keV
energy was chosen so that He can be co-implanted at similar depths where the damage was
created by the Fe ions. At JANNuS-Orsay facility, the angle of incidence of the beam lines is
22° with respect to the TEM specimen holder position. Moreover, there is a 45° angle between
the two beam lines. The specimens inside the holder were suitably tilted to obtain desired
conditions for irradiations and for performing simultaneous diffraction contrast TEM imaging.
By considering the incident angle between the beam and the specimen surface, and 40 eV
displacement threshold for Fe, the estimated peak dose using the SRIM Kinchin-Pease method
was ~0.33 dpa. The dose was kept low to prevent significant growth of dislocation loops that
risk forming networks which are usually difficult to characterize. For the dual beam case, the
peak He concentration was equal to ~1000 appm He, 3030 appm He/dpa. While this He/dpa
ratio is much higher than what is expected under a fusion neutron spectrum, the experiments
were designed to target investigating the fundamental effects of high He co-implantation on
dislocation loop microstructure development. The peak dose due to He beam was very small,
~0.045 dpa. The depth profile of the damage and He implantation is shown in Fig. 1 and the
irradiation parameters are summarized in Table 2. We clarify here that in-situ observations of
the microstructure evolution could only be performed for the single beam case because of the
well-known issue of divergence of low energy He beam (or in general, light ion beams) due to

the interaction with the magnetic field of the TEM objective lens. Thus, while performing the



dual-beam experiment, the objective lens was switched off. The irradiation temperatures were
set by heating the thin-foil specimens inside the Gatan specimen holder equipped with an
Inconel furnace. To avoid any beam induced heating, low beam fluxes were selected to obtain
relatively low dose rate. In the present study, the dose rate was ~1.46 x 10 dpa/s. Two samples
per irradiation condition were in-situ irradiated, from which one per condition was
characterized post-irradiation. The samples characterized in this study originated from the

batch of in-situ irradiations that are partially reported in Ref. [68].
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Fig. 1: The dpa depth profile, helium implanted profile and injected ion profile for Fe matrix
using SRIM. Kinchin-Pease (K-P) method was used for dpa calculations.

Table 2: Details of the irradiation conditions at 500 °C.

1 MeV Fe?" | 15 keV He" | Peak dose Peak He Peak He/dpa
Fluence Fluence :
Material dpa concentration appm/dpa
ions.cm? ions.cm? appm
Fel4%Cr 3x 104 1.46 x 1015 | 0.33 dpa 0 and ~1000 0 and ~3030

After irradiation, the thin foils were characterized using a Philips CM20 LaB4 TEM,
equipped with a Gatan double tilt holder and a Gatan Orius high-resolution CCD camera. The
microstructure was characterized using the conventional diffraction contrast imaging

techniques. Dislocation loops are designated by their Burgers vector b and dislocation line



direction u [70,71]. In our case, we have determined the Burgers vector of dislocation loops
using the well-known g.b invisibility criteria, where g is the diffraction vector [71,72]. It is
well-known in Fe and Fe-Cr alloys that only a/2<111> and a<100> type loops are observed
experimentally. By producing TEM images using different g vectors, the evolution of the
dislocation loops was followed until each loop family satisfied a unique visibility-invisibility
pattern over the set of images. More than one hundred dislocation loops per irradiation
condition were tracked in the images with different g vectors to improve the statistics of the
analysis. The <110> and <200> type reflections were used for imaging.

Dislocation loops in residual contrast can arise if g.b X u # 0, where u is the dislocation
line direction. Such loops were considered not in contrast (invisible) in this study. For
determining the loop number density, the foil thicknesses were measured using electron-energy
loss spectroscopy (EELS) based thickness determination technique and using the log-ratio
model [73]. The error in the thickness was ~+25% and constituted the major fraction of error
in the loop number density values. This error was estimated by performing repeated point
measurements on the same area of analysis, at least four times. Post-irradiation dislocation loop
characterization was performed in relatively thicker regions of the foil (=170 nm) to (i) obtain
better statistics and (ii) to avoid very thin regions where, as will be shown in the results section,
surface effect limits loop formation. All samples were plasma cleaned before analysis.

3. Results
3.1. In-situ evolution of the dislocation loops in single beam irradiation: Kinetic effects

Single beam irradiations were an in-sifu type irradiation where the real time evolution
of the dislocation loops was filmed. A video (x20 accelerated) showing the loop evolution
imaged in two-beam kinematical bright field (KBF) condition ~32 minutes (~0.2 dpa) after the
start and until the end of the irradiation is given in Video 1. Image sequences extracted from

the recorded video, showing the loop evolution from ~0.2 dpa to the end of the irradiation
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(0.33dpa), can be seen in Fig. 2. The video and Fig. 2 revealed no mobility of the dislocation
loops. The dislocation loops were filmed close to [001] zone axis using a <110> type diffraction
vector. In Fig. 2, the positions of the loops stay fixed; they were slightly shifted downwards
due to specimen drift during the irradiation. Nucleation and growth of dislocation loops was
observed during the in-situ experiment. Here, nucleation refers to the stage at which dislocation
loops or black-dot contrast first becomes visible in the TEM in-situ imaging. A few examples
of loop growth are indicated by circles in Fig. 2 (denoted by A and B) which can be followed
in Video 1, while an example of new loop nucleation/growth can be seen by following the
location of the dotted rectangle in Fig. 2 (denoted by C), where no loop was present at ~0.2
dpa. Upon reaching 0.24 dpa, a dislocation loop indicated by dark contrast appeared at location
C, which eventually enlarged at larger doses. Formation of raft structures (new loops forming
adjacent to existing loops) was also observed (see Video 1 and Fig. 2, location D indicated by
arrows). No instances of loop elimination to the surface was detected. The relatively larger
resolvable dislocation loops were close to on-edge configuration in Fig. 2 and were contained
along the projection of {020} and {200} planes, which strongly suggests the presence of
a<100> loops in the microstructure even before performing a full g.b analysis. These
observations were performed in relatively thicker areas of the foil because up to the sample
thickness of ~120 nm, almost no loops were observed indicating strong surface effects. This
can be seen in an accelerated video from the start till up to ~30 minutes into the irradiation in

the Supplementary Materials where no significant contrast change was observed.
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Video 1: In-situ video of the dislocation loop microstructure evolution during the single beam
irradiation of Fel4%Cr. The film shows the irradiation between ~0.2 to 0.33 dpa. No loop
mobility was detected, while new loop nucleation, loop growth and raft formation was revealed.

Please refer to the supplied video file.
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Fig. 2: Image frames extracted from the video of the dislocation loop evolution during single
beam in-situ irradiation of Fe14%Cr (BF, g = [110], zone axis = [001], deviation parameter s,
> 0). Loops at (a). 0.2 dpa, (b). 0.24 dpa, (c) 0.27 dpa and (d) end of irradiation corresponding
to 0.33 dpa. See text for more details. The Kikuchi map shows the grain orientation. Kikuchi
map adapted from Ref. [72].
3.2. Dislocation loop Burgers vector determination
3.2.1 Single beam irradiation

Burgers vectors of the dislocation loops after the single and dual beam irradiation were
determined using the g.b technique. For the irradiation without He, the imaging was performed
on a grain oriented close to the [001] zone axis. The set of visibility-invisibility patterns for
each selected diffraction vector used for revealing different a<100> and a/2<111> type
dislocation loop families is shown in Table 3. The detailed TEM analysis is shown in Fig. 3,
where the same area of analysis in a [001] oriented grain (Fig. 3a) was imaged using different
g vectors by appropriately tilting the sample. The analysis revealed that both a<100> and
a/2<111> type dislocation loops formed for the single beam case. Numerous identified loop

families are annotated in Fig. 3 using the nomenclature given in Table 3. Figs. 3 b-e were
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imaged using g vectors available along the [001] zone axis. The loop families A and B,
satisfying the visibility criteria for b = 4+a[010] and +a[100] respectively can be seen on-edge.
Their projections were contained along the plane of projection of (010) and (100) planes. Since
a<100> loops are known to be perfect loops of pure edge character, it can be concluded that
(010) plane was the habit plane of +a[010] loops (family A) and (100) plane was the habit plane
of +a[100] loops (family B). Family C loops with Burgers vector £a[001] does not satisfy the
visibility criteria on [001] zone axis, but becomes visible in Fig. 3f imaged close to the [011]
zone axis. The habit plane of family C was not determined. But from the observations of family
A and B, it is reasonable to conclude that family C would be contained in the (001) planes from
symmetry.

Table 3: The set of visibility-invisibility patterns of different families of a<100> and
a/2<111> type dislocation loops, based on the scalar product g. b for single beam irradiated
sample. When g.b = 0, loop is invisible (I) and if g.b # 0, loop is visible (V). The g vectors

were selected from [001] and [011] zone axis.

g
b [110] | [110] | [200] | [020] | [011]
a[010] (family A) | V Y% I Y% Y%
a[100] (family B) | V Y% % I I
a[001] (family C) I I I I %
a/2[111] (family D) | T % % Y% I
a/2[111](family E) | V I \Y% Y% I
a/2[111](family F) | V I % %
a/2[117](family G) | 1 \Y% % v

The a/2<111> type loops were detected in significant proportions. Their different
families (code named: D, E, F and G) can be seen marked in Fig. 3, satisfying the visibility

criteria for a/2[111], a/2[111], a/2[111] and a/2[111] dislocation loops respectively. For the
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images taken along [001] zone axis in Fig. 3, all the loops which are visible and are not oriented
close to on-edge configuration are the a/2<111> type dislocation loops. Fig. 3g shows the
Kikuchi pattern with annotated tilt direction from the initial grain orientation used to reach
[011] zone axis and select the encircled [011] type reflection. The a/2<111> type loops were

in majority after single beam irradiations (the results are compared in Section 3.3).

Fig. 3: Dislocation loop Burgers vector determination for single beam irradiated Fe14%Cr
using two-beam BF TEM imaging on a fixed area with different tilts to select the appropriate
g vectors. (a). Kikuchi map showing the initial [001] grain orientation, with encircled g
vectors. (b, ¢, d, ). Imaged using g vectors encircled in (a) close to [001] zone axis. (f).
Imaged close to [011] zone axis using [011] type reflection. (g). Kikuchi map showing the tilt

direction to reach [011] zone axis from the initial grain orientation, so that [011] type g can
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be reached. Kikuchi maps adapted from Ref. [72]. White arrows show the g vector directions.
Sample thickness = 193+48 nm.
3.2.2 Dual beam irradiation

Fel4%Cr was also irradiated in dual beam mode with co-implantation of He, to the
same dose level as in the previous section. He/dpa ratio at the damage peak was 3030 appm
He/dpa. The dislocation loops induced by the irradiation were analysed by TEM. For the
Burgers vector analysis, the grain orientation was close to [011] as shown in Fig. 4a. Jenkins
et al. [19] has proven that grain orientation, especially <001> and <011> types, have
insignificant effect on the loop microstructures in Fe-Cr thin-foil irradiations primarily due to
highly reduced loop mobilities as compared to Fe. Therefore, loops analysed on grains close to
[011] orientation for dual beam case are comparable to loops analysed on grain orientation
close to [001] for the single beam case. The set of visibility-invisibility criteria of dislocation
loops for each selected diffraction vector is shown in Table 4. The g.b analysis revealed that
only a<100> type dislocation loops formed in the microstructure when He was co-implanted.
The corresponding three a<100> loop families, denoted as A, B and C, are marked in the TEM
images in Fig. 4. No evidence of any dislocation loop or loop families satisfying the visibility-
invisibility patterns for the a/2<111> type loops was detected. This observation is remarkably
striking because the only difference in this case as compared to the single beam irradiation was
the presence of He. Thus, it is evident that He can have a significant impact on the dislocation
loop Burgers vector. In Fig. 4b. using a [011] type g, the a[010] and a[001] families A and B
can be seen in open configuration, while a[100] family C is invisible (residual contrast due to
g.b X u # 0). Upon selecting g =[200], the a[ 100] family C can be seen on-edge aligned close
to the projection of (200) planes. The a[100] family C remained visible for Figs. 4c-f. Fig. 4g

shows the Kikuchi pattern with annotated tilt directions from the initial grain orientation used
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to reach [111] and [111] zone axes and select the necessary g vectors required in addition to

the reflections available along the initial [011] zone axis.

Table 4: The visibility-invisibility patterns of a<100> and a/2<111> type dislocation loop
families, based on the scalar product g. b for dual beam irradiated sample. I = invisible (g.b =
0) and V = visible (g.b # 0). The g vectors were selected from [011], [111] and [111] zone

axes.

g

b [011] | [200] | [110] | [101] | [110]
a[001] (family A) | V I I % I
a[010] (family B) | V I Y% I Y%
a[100] (family C) I A% A% A" A%
a/2[111] (family D) I A% I I A%
a/2[111](family E) | I % Y% v I
a/2[111](family F) \Y \% I I
a/2[111](family G) \ I % v

An additional point to note is that the dislocation loops formed under both irradiation
conditions showed pronounced contrast on the habit planes (see Fig. 3f and Fig. 4f). When such
loops are imaged in weak beam dark field conditions, the relatively spotty contrast on the habit
planes evolve into displacement fringe contrast. An example of this is shown in Supplementary
Materials for the dual beam samples from our previously published results [68]. This
phenomenon is well-known in Fe-Cr alloys due to the irradiation induced enrichment of Cr on
the habit planes revealed in Refs. [33,69]. In addition to the dislocation loops, the dual beam

irradiated microstructure also consisted of He-induced cavities, detailed in Section 3.4.
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Fig. 4: BF TEM imaging to determine the Burgers vector of dislocation loops in dual beam
irradiated Fe14%Cr. (a). Kikuchi map showing the initial grain orientation [011]. (b,c). Imaged
using the g vectors available along the [011] zone axis, encircled in (a). (d,e). Imaged with g
vectors close to [111] zone axis encircled in (g). (f). Imaged close to [111] zone axis with a
[110] g vector. (f) Kikuchi map showing the tilt directions to reach [111] and [111] zone axis
from the initial grain orientation, to select the encircled g vectors. Only a<100> type loops were
observed. Kikuchi maps adapted from Ref. [72]. White arrows show the g vector directions.
Sample thickness = 177+44 nm.
3.3. Comparing loop microstructures between the single and dual beam case: the effect of He
The dislocation loop population statistics obtained from the g.b analysis is presented
here to quantify the effect of He. For the single beam case, the percentage of a/2<111> type

dislocation loops was significantly higher as compared to a<100> loops, as shown in x 1021
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m 3 with He co-implantation. . The relative proportion of all the dislocation loop families is
also presented in x 1021 m™3 with He co-implantation. The a<100> loop population was
nearly proportionally distributed among its three families (a[100], a[010] and a[001]). The
a/2<111> category also seemed almost equally divided except for the a/2[111] loops which
were slightly less in proportion (7% of the total population). However, 22 out of 112 analysed
loops were unidentified, because they were difficult to track on images with different tilts
because of their small diameters (<5 nm). These loops did not seem to be aligned on edge along
{100} projections, which suggested they cannot be the a<100> type loops. Further, the a<100>
loop population consisted of very large loops (> 40 nm diameter) while the a/2<111> type
loops were smaller with sizes down to <10 nm range. Based on these two reasons, we have
considered the small unidentified loops as a/2<111> type. By taking into account the
unidentified loop fraction as a/2<111> type, the net proportion of a/2<111> loops was 65+5%
and a<100> loops as 35+4%. For the dual beam case, 100% of the loops were a<100> type
(see x 1021 m3with He co-implantation. ). Similar to single beam case, the fraction of a[100],
a[010] and a[001] families was nearly proportionally distributed.

After completing the Burgers vector determination, the size and number density of
a<100> and a/2<111> loops were compared. A histogram of the dislocation loop diameters for
the single and dual beam case is plotted in Fig. 5. For the single beam case, a<100> loops were
larger than a/2<111> type loops, with maximum diameters extending up to ~100 nm. This is
also evident in the TEM images in Fig. 3. The smaller dislocation loops up to the maximum
diameters of ~40 nm were primarily a/2<111> type. The average diameter of a<100> loops
was 65+2 nm, and 20+2 nm for the a/2<111> type loops for the single beam case. For the dual
beam case where only a<100> loops formed, all the dislocation loops were relatively large,
spanning over a range between ~30 - 110 nm. The average loop diameter was 70+2 nm, which

is similar to the average diameter of a<100> loops in the single beam case. The variation of the
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a<100> vs. a/2<111> loop fraction, the loop diameters, the number densities of a<100> and

a/2<111> loops, and total loop densities are plotted in Fig. 6. Despite a lack of a/2<111> loops

in the dual beam case, the total loop number density was similar for both irradiation conditions:

(1.3£0.4) x 10*! m~3 without He and (1.1+0.3) x 10?! m3 with He co-implantation.

Table 5: A comparison of a<100> and a/2<111> type dislocation loop fractions between the

single and dual beam irradiated cases.

Single Beam
Irradiation

Dual Beam
Irradiation

Loop Family Percentage of Percentage of
analysed loops analysed loops
a[010] (family A) 11+1% 31£3%
a[100] (family B) 10£+1% 33+£4%
a[001] (family C) 14+2% 36 4%
a/2[111] (family D) 14+£2% 0
a/2[111](family E) 11£1% 0
a/2[111](family F) 7£1% 0
a/2[111](family G) 13+£1% 0
Total loops studied 112 111
Net a<100> loops 35+4% 100%
Net a/2<111> loops 65+5% 0
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(b). Variation of the loop number density by He and (c). Average diameter of dislocation
loops for the single and dual beam cases.
3.4. Cavity microstructures

After single beam irradiation, no cavities were detected in Fe14%Cr alloy. This is not
surprising because the dose was very low. However, after dual beam irradiations, the
microstructure consisted of a homogeneous distribution of nanometric He-induced cavities,
shown in Fig. 7. More TEM images of the cavity microstructure are provided in the
Supplementary Materials. The cavity diameters ranged between 2 — 4 nm, with average
diameter of 3 nm and number density of (2.14+0.54) x 10?2 m3. No evidence of a spatial
correlation between cavities and dislocation loops, as observed previously in Refs. [33,68,74],

was detected.

Fig. 7: Cavities induced by He in the dual beam irradiated Fe14%Cr alloy. Some identified
cavities in under- and over-fused conditions are encircled. (a) Under-focus - 768 nm, (b). Over-
focus + 768 nm. TEM imaging was performed not too far from diffraction conditions, to see if

any spatial correlation existed between loops and cavities.
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4. Discussion
4.1 The effect of high He concentration on dislocation loops

By comparing the dislocation loop microstructures of single and dual beam irradiated
samples, the results revealed significant effect of He co-implantation on the loop population.
While the net dislocation loop number density between the two cases was nearly unchanged,
the fraction of a/2<111> vs. a<100> loops was drastically modified. The co-implantation of
1000 appm peak He concentration (3030 appm He/dpa) caused a complete disappearance of
the a/2<111> type dislocation loops from the microstructure. The results are a compelling
evidence that: (i) high concentrations of He can have profound influence on the interstitial type
defects in bece Fe-Cr based alloys and, therefore, (ii) the effect of He on the dislocation loop
microstructure, which is typically neglected in irradiation experiments, should not be
overlooked.

The substantial effect of He on the dislocation loops seen in this study are indeed
striking, but previous theoretical studies in bcc Fe have predicted positive interaction energies
between He and SIA clusters [65,75]. As mentioned in the introduction section, ab-initio
calculations show positive binding between He and <110> oriented SIAs in Fe [65]: 0.26 eV
binding energy and 0.32 eV dissociation energy when He resides in a third nearest tetrahedral
site of a <110> oriented dumbbell. The small positive He-SIA binding and dissociation
energies may trap SIAs when point-defect mobilities are low as postulated in Ref. [65]. In Fe-
Cr alloys, it is indeed generally agreed that SIA mobilities are highly reduced as compared to
Fe due to the positive interaction of Cr atoms with SIA dumbbells predicted both theoretically
and experimentally [19,26,31,33,51,56,57,76-78]. Therefore, it is likely that He-SIA
interaction becomes exacerbated due to low SIA mobility in Fe-Cr alloys even at elevated
irradiation temperatures and consequentially influences the loop microstructure development.

However, we argue here that translating the positive He-SIA interaction predicted for Fe to the
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Fe-Cr alloys would yield a microstructure with He-enhanced fraction of a/2<111> loops and
higher loop densities, which is not the case in the present study. The enhanced a/2<111> loop
fractions would be expected because He may trap or impede the motion of the otherwise glissile
loops. A few studies in ultra-high purity Fe and Fe-Cr alloys had supported this hypothesis.

For instance, single and dual beam in-situ self-ion irradiations at room and cryogenic

temperatures up to low doses (2 1 dpa) had observed enhanced a/2<111> type loops when He

was co-implanted [21,37]. Based on the results, both the studies hypothesized that He stabilizes
the glissile a/2<111> loops. But the present results in Fe14%Cr are contrary to this hypothesis,
because we observed complete disappearance of a/2<111> loops by He co-implantation at 500
°C. In terms of loop number densities, the results by Prokhodtseva et al. had reported a threefold
increase when He was co-implanted in Fe [37]. Elevated loop number densities was also
reported by Brimbal et al. [31] in high purity Fe at 500 °C which was also hypothesized as a
consequence of He-induced reduced loop mobilities. In Brimbal’s case, the average loop
diameters were also larger compared to the single beam case and all the loops were a<100>
type. However, contrastingly in a related study by the same authors on Fe5%Cr alloy, a non-
negligible decrease in loop number density by He co-implantation occurred as compared to the
single beam case [31]. Similar results of He-induced reduced loop number densities are also
reported in electron irradiated Fe8%Cr alloy between 300-500 °C [79]. However, in the present
study, the total loop density in Fel4%Cr remained nearly unchanged between the single and
dual beam cases when irradiated at 500 °C.

In summary, by combining our current results with literature, the effect of high
concentration of He on the dislocation loop microstructure development in ferritic Fe and Fe-
Cr alloys is abstruse. In terms of Burgers vector, two situations are noticeable: (i) He addition
inducing higher fraction of a/2<111> loops for low temperature irradiations (RT and below) in

Fe and Fe-Cr alloys [21,37], and (ii) He induced disappearance of a/2<111> loops at higher
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temperatures in highly concentrated Fe-Cr alloys (the present study). It is likely that the
interaction of He with SIAs in the Fe-Cr system is temperature dependent to produce contrary
results for lower and higher irradiation temperatures in terms of a<100> and a/2<111> loop
fractions. But based on the experimental results, it cannot be generally postulated that He
stabilizes the a/2<111> type loops in the Fe-Cr alloys. This conclusion is further strengthened
by that fact that under pure He implantation conditions (i.e. absence of heavy ion damage
cascades), a<100> loops are primarily reported in Fe from -188 to ~500 °C [80]. The effect of
He on the dislocation loop number density is even more complex because there are results
showing: (i) He induced higher loop densities at both low and high irradiation temperatures in
Fe and concentrated Fe-Cr alloys [21,31,37], (ii) negligible changes in total loop number
densities by He co-implantation in concentrated Fe-Cr alloys (the present study) and (iii) He
co-implantation induced decrease in loop number densities in concentrated Fe-Cr alloys
[31,79].

It is evident here that the positive binding theoretically predicted between He and SIAs
in bee Fe [65,75] may only explain the low irradiation temperature results pertaining to higher
a/2<111> loop fractions and higher loop densities by He co-implantation, and cannot entirely
explain the full spectrum of He effect on the dislocation loop development in ferritic Fe-Cr
alloys due to contrasting results at elevated irradiation temperatures. A third emerging scenario
which further complicates an overarching understanding is the potential effect of dose that was
revealed in our recent in-situ dual beam studies on ultra-high purity Fe-Cr alloys where a
dramatic drop in a<100> loop fractions was noted after 10 dpa in presence of ~10 appm He/dpa
at 435 °C [29]. We believe that a holistic modeling approach involving He-Cr-SIA interaction
pairs to include the effect of Cr on the microstructure development is needed. It is also worth
highlighting that all previous hypotheses and the results in the present paper are discussed by

assessing the state-of-the-art in terms of He interaction with SIA dumbbells and ignores the
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prediction of C15 phases [14,16]. The research on C15 phases in the recent years is already
beginning to unravel certain decades-old mysteries regarding the formation mechanism of
dislocation loops in bee Fe [15,17,18]. It is quite likely that a rigorous evaluation C15 phases
in both Fe and Fe-Cr alloys and its interaction with He, that is currently missing from the
literature, will be required to correctly predict the effect of He on dislocation loops. It is also
worth noting that He/dpa ratio in our study was high. Under such conditions, trap mutation
giving rise to loop punching is plausible [65,81-83]. However, for temperatures as high as 500
°C, cavities are not expected to be severely over-pressurized that is needed to trigger loop
punching. Moreover, the experimental evidence of loop punching, which is cavities associated
with dislocation loops, was not detectable in TEM images (see Fig. 7). What remains to be seen
is how the a<100> versus a/2<111> type loop fractions might evolve as the He concentration
and He/dpa ratios are systematically varied, including potential effects of trap-mutation if any.
4.2 Potential effect of He induced cavities on dislocation loop population

A high density of nanometric He-induced cavities were detected in the microstructure
after dual beam irradiations, while none were detected for the single beam case. The loop
microstructures should be strongly influenced by defect clusters (including He-filled cavities)
that determine the point defect sink strength of the material. With He co-implantation, the
presence of cavities implies relatively higher sink strength as compared to single beam
irradiations. The sink strength of cavities is given by the relation S, = Z{ ,4nr N, where Z7 ,
is the capture efficiency (bias factor) for absorbing interstitials/vacancies by cavities, r N is
the product of average cavity radius and number density [84]. Z{ , is taken as unity for cavities
because they are considered as “neutral” sinks, meaning no preferential bias towards absorbing
vacancies or interstitials [84]. By using the r. and N, values from TEM characterization
(Section 3.4), cavity sink strength for the dual beam case was 4.03 x 10'*m2. The sink strength

due to dislocation loops is given as S, = ZF, L, where L is the dislocation line length and Z%,, =
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1.1 for “biased” sinks such as dislocation loops [85]. The dislocation line length from
dislocation loop data can be estimated using L ~ mdN,;, where d is the average loop diameter
and N;is the total loop density. Using the data from TEM characterization, cavity and
dislocation loop sink strengths for single and dual beam irradiations are compared in Table 6.
The sink strength associated with dislocation loops between the two irradiation conditions was
comparable. For the dual beam case, the sink strength associated with cavities was dominant
compared to dislocation loop sink strength. This dominance of the cavity sink strength might
be even larger if there is a significant fraction of sub-nanometric TEM-invisible cavities present
in the microstructure, which is expected based on results in literature [86—88]. We believe the
high cavity sink strength may induce potential microstructural complexities based on the
current understanding that <l111> and <100> type SIA clusters in Fe base bcc alloys have
different migration properties. The migration energy of <I111> type SIA clusters in Fe is very
low, <0.1 eV [46]. Therefore, these type of defect clusters can easily migrate and be absorbed
by the various point-defect sinks. The high mobility and glissile nature of <111> type defect
clusters in Fe and Fe-Cr alloys is experimentally proven by numerous in-situ irradiation
experiments [19,26,89,90]. However, <100> type SIA clusters are relatively sessile as
compared to <111>type loops [19,29,48]. Therefore, as the sink density of a material increases,
such as by increasing the cavity density, the highly mobile <111> SIA clusters may eliminate
preferentially at the cavity sinks leaving a matrix saturated in less mobile <100> type defect
clusters. This hypothesis of a high-sink density induced change in loop microstructures,
favoring more a<100> type loops, is consistent with recent in-situ irradiation results by Lin et
al. [29] on similar ultra-high purity Fe-Cr alloys where only a<100> type loops were detected
near grain boundaries while a mixed population of a<100> and a/2<111> type loops existed
away from the grain boundaries. Higher dose studies in future would be essential to confirm if

this sink strength effect is maintained at high doses or at different He/dpa ratios.
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Table 6: Sink strengths due to cavities and dislocation loops in single and dual beam
irradiated Fe14%Cr alloy.

Cavity sink strength Dislocation loop sink
Peak He > >
concentration Peak appm (m=) strength (m)
He/dpa Se =Z{ Anr N, S, =ZkL
(appm)
0
: 0 0 1.60 x 10
(single beam)
~1000
~3030 4.03 x 10 2.66 x 10
(dual beam)

4.3 Cr effect on dislocation loops: comparison with pure Fe

The a/2<111> type dislocation loops constituting as the major proportion, up to 65%,
of the total loop population in the single beam irradiated Fe14%Cr contrasts with results known
in ion irradiated Fe where for T~>400-450 °C, the a/2<111> type loop fractions significantly
reduce and the microstructures are increasingly dominated by a<100> type loops [19,32,89].
At 500 °C, mostly a<100> loops are reported in Fe [32,89]. This reveals that 14wt.% Cr
addition in Fe matrix stabilized the a/2<111> type dislocation loops. To better understand the
extent of loop microstructure changes induced by Cr, we compared the loop number density
and average loop diameters in Fel4%Cr to the results in Fe irradiated using the same
experimental setup and under similar irradiation conditions by Brimbal et al. [32] (see Fig. 8).
Compared to Fe, the dislocation loop microstructure in Fe14%Cr developed at a much finer
scale, with significantly higher total loop number density. The result is consistent with other
experimental groups referenced in the introduction where Cr addition, as low as 3-5% Cer,
induced elevated dislocation loop number densities in Fe-Cr alloys [19,26,32,91]. However,
after dividing the dislocation loop number density into the respective a/2<111> and a<100>

categories, we reveale that the number density of a<100> type dislocation loops was only
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marginally higher in Fel4%Cr as compared to Fe (see Fig. 8a). Further, Fig. 8b reveals that
even the average diameters of the a<100> type loops in both these materials were not
dramatically different. It is as if the a<100> loop microstructure approximately stays the same
between Fe and Fe14%Cr alloy. The main differentiating factor was induced by the added extra
population of the a/2<111> type dislocation loops in Fe14%Cr. The higher total loop number
density as compared to Fe was purely resulting from the extra a/2<111> type loop population

stabilized by Cr (Fig. 8a).
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Fig. 8: Comparison of dislocation loops in Fe14%Cr single beam irradiated at 500 °C to
results in Fe irradiated under similar conditions. Fe data compiled using Ref. [32].

Higher a/2<111> type loop population with added Cr is consistent with neutron
irradiation studies in Fe-Cr alloys where a/2<111> fraction increase was noted for Cr
concentrations higher than 6% [22,35]. For lower Cr concentrations, a/2<111> loops were

reported in ultra-high purity Fe5%Cr and none in Fe under similar irradiation conditions as in
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the present study [31]. In-situ RT irradiations on ultra-high purity Fe-Cr alloys with 0, 5, 10
and 14 wt.% Cr also noted increased a/2<111> fraction and higher loop densities with Cr [37].
Combining the current results with those published on ultra-high purity materials suggest that
a/2<111> type loop stabilization by Cr appears to be the reason for the general trend of higher
loop number densities in Fe-Cr alloys. As noted in the introduction, some discrepancies do
exist in the literature regarding the Cr concentration versus a/2<111> and a<100> loop
fractions, that may be exacerbated by added effects of impurities. This necessitates separate
and systematic irradiation studies involving a wide range of Cr concentrations to fully map the

trend of loop evolution with Cr.

A physical explanation of a/2<111> type loop stabilization by Cr may be hypothesized
from the strong positive interaction of Cr with <111> dumbbells predicted by DFT and
calculations using empirical potentials [51,76], as mentioned in the introduction section.
Consequentially, Cr atoms would act as traps for SIA clusters, thereby, reducing SIA cluster
mobilities [75] and preventing them from eliminating at the free surfaces. As a result, more
a/2<111> loops would remain in the microstructure when Cr is added to bcc Fe matrix. The in-
situ observations in the present study and several previously published results have reported
that loop mobilities are indeed highly reduced due to Cr in Fe-Cr alloys [26,32,57,92]. Here,
we must again highlight that the hypothesis ignores C15 cluster formation because currently it
is unknown how Cr addition affects C15 stability. Therefore, it remains to be seen how the
a/2<111> loop stabilization or explaining the existence of a<100> loops will evolve as research
progresses towards fully maturing the C15 concept. It could very well be the case that there are
interactions between C15 clusters and Cr that we currently are unaware of and that has
consequences on the loop microstructure evolution differences between Fe and Fe-Cr alloys.

5. Conclusions
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High purity Fe14%Cr alloy was irradiated as thin foil using self-ions in single beam (Fe
ion damage) and dual beam mode (Fe+He) at 500 °C. Co-implantation of He (1000 appm He,
3030 appm He/dpa) dramatically modified the dislocation loop microstructures in the Fe-Cr
alloy, causing a complete disappearance of a/2<111> type dislocation loops. The result
contrasts with literature on low temperature irradiations (RT and below) where higher
a/2<111> loop fractions are reported in ultra-high purity Fe and concentrated Fe-Cr alloys due
to He. Despite vastly different a<100> vs. a/2<111> loop fractions with and without He co-
implantation, the net loop number density was not strongly affected by He in Fe14%Cr. This
result is different from literature where higher total loop number densities due to He co-
implantation are reported in Fe and Fe-Cr alloys for low temperature ion irradiations (RT and
below), while He-induced decrease in loop number densities are reported in some concentrated
Fe-Cr alloys irradiated by ions and electrons at elevated temperatures (300-500 °C). Combining
the results with those in literature, the general conclusion on He effect are as follows:

(1) He can have profound influences on the interstitial type defects in bcc Fe-Cr based
alloys.

(i1) He co-implantation can modify the relative proportion between the a<100> and
a/2<111> loops and the net dislocation loop number densities in Fe-Cr alloys. Depending upon
the irradiation temperature, He co-implantation can cause highly elevated percentage of either
a<100> loops or a/2<111> loops. It appears that He induces higher concentration of a<100>
loops for higher irradiation temperatures in Fe-Cr alloys, while a/2<111> loops form in high
proportions due to He at low irradiation temperatures in both Fe and Fe-Cr alloys.

(i11) The effect of He on the a<100> vs. a/2<111> type loop populations and on the
dislocation loop number density evolution cannot be fully explained by the small positive
binding energy theoretically predicted between He and SIAs in bce Fe due to contrasting results

for low and high temperature irradiations. The positive He-SIA binding implying He impedes
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the mobility of a/2<111> loops to produce higher a/2<111> loop fractions and higher loop
densities can only explain the low temperature literature results, but higher temperature results
of only a<100> loops and negligible to slight decrease in loop densities by He remain largely
unexplained by this hypothesis.

(iv) The general categorization that He stabilizes a/2<111> type loops in bce Fe and
Fe-Cr alloys, as suggested in the literature, is incorrect.

(v) A potential effect of high sink density on loop microstructure development may not
be ignored in bce Fe and Fe-Cr alloys. It is quite likely that if sink density of an irradiated
material is high, such as by high concentration of cavities, the highly glissile <111> type SIA
clusters may preferentially eliminate at such sinks, leaving a matrix relatively saturated with
<100> type defect clusters. Under such situations, the microstructures may be dominated by
relatively sessile a<100> type loops. This mechanism is a potential hypothesis to explain the
complete disappearance of a/2<111> type dislocation loops upon He co-implantation in the
present study. The disappearance of a/2<111> loops in a microstructure with high cavity
density is qualitatively supported by recent results by Lin et al [29], where the disappearance
of'a/2<111> type loops was noted adjacent to grain boundaries in ultra-high purity Fe-Cr alloys.

(vi) In terms of Cr effect, the addition of 14% Cr to Fe matrix stabilized the a/2<111>
type dislocation loops with enhanced a/2<111> loop fractions as compared to Fe. This loop
stabilization appears to be the reason for higher loop number densities in Fe-Cr alloys when
compared with bcc Fe irradiated under similar conditions. The in-situ experiments further
strengthen the evidence of highly reduced dislocation loop mobilities due to Cr in ferritic Fe-
Cr alloys.
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