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Abstract
In the present research, irradiation experiments in thin films have been performed to evaluate the formation of dislocation loops in pure Fe when high energy self ions (20 MeV Fe+4) get through the material. With this procedure, the accumulated damage zone, which is the peak where the ions stop, would be prevented, and the effect of free surfaces can be studied. The experimental conditions were an ion fluence of 4.25 and 8.5x1015 ions.cm-2 and an irradiation temperature of 350 and 450 oC, respectively. Understanding dislocation loop formation and interaction mechanisms are the main objectives of this research, given that this interaction is suspicious of being responsible for the embrittlement of structural steels in fusion reactors. On the other hand, we carried out the same irradiations on bulk (conventional electropolished TEM discs) to compare the defect creation in the first 150 nm in depth with dislocations found in the whole thickness of the thin films (approximately 100 nm).
1. Introduction
Nowadays, one of the most critical challenges in the development of fusion energy is to predict and mitigate the effects of significant levels of transmuted gas atoms (He and H) along with high displacement damage produced by high energy neutrons that affect the mechanical properties of the structural materials and gives rise to phenomena like swelling. Many issues related to the irradiation defects are still unknown. Understanding the macroscopic effects of loops due to irradiation on the structural materials requires further research at different levels: experimental observations by TEM in basic and straightforward metals such as model alloys will be helpful as a validation tool for modeling. 
Computational modeling of radiation damage in fusion materials may help predict the damage effects and how could mitigate it and contribute to the design of DEMO [1] (DEMOnstration fusion power plant) in the medium term. Modeling would help to understand the damage underlying physical mechanisms and predict its evolution along the reactor lifetime. The new models and computational codes must be validated with experiments to achieve a robust computational approach. There are three ways of analyzing irradiation defects with a TEM which are in-situ TEM on thin films [2-8], ex-situ irradiated thin films [9], and ex-situ irradiated bulk, also called post-mortem experiments [10-13]. 
2. Experimental procedure
2.1 Material
The material used for this research is a very pure iron provided by EFDA (now EUROfusion) and manufactured by ARMINES (École Nationale Supérieure Des Mines, France) [14]. Its composition and microstructural characteristics are the following. First, the average grain size was 183 m, but grains between 4 and 650 m also were found. Second, the initial dislocation density provided by the manufacturer was 1.8x108 cm-2 (non-homogenously distributed). However, it was calculated a higher dislocation density after the conventional sample preparation route, 1.44x1010cm-2. Further details about dislocation microstructure can be found in [15]. Finally, no secondary phases within the matrix were observed.
	
	C
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	O
	N
	P
	Cr

	[wt ppm]
	4.3
	1.3
	4
	3.6
	0.03
	0.03


Table 1: Chemical composition of pure EFDA Fe manufactured by ARMINES.

Before irradiation, 3 mm discs were prepared following the conventional route for metal specimens for TEM observations. First, the pure iron foil is thinned up to 100 m so the 3 mm discs can be punched out. Finally, the discs are electropolished with the Tenupol-5 (Struers) device, using a mixture of sulfuric acid and methanol (4:1) at RT and 9 V. 
However, the inner characteristics of this electrolytic process generate a specimen with a gradual increase in thickness with a large electron transparent area (Figure 1 a). However, it sometimes makes small smooth holes that allow us to analyze the sample far from the main thin area (Figure 1 b). 
[image: ]
[bookmark: _Ref517860167]Figure 1 Pure EFDA Fe TEM micrograph showing the main hole and the transparent area after the electropolishing with a large and homogeneous thin area (a) and a small smooth hole with an excellent electropolished volume irradiated (b).

2.2 Irradiation
Irradiations were performed in a Tandem accelerator of 5 MV of terminal voltage with a Cockroft-Walton multiplier, placed at CMAM (Universidad Autónoma de Madrid, Spain). More details about the ion accelerator can be found in [16]. In every experiment, two specimens were irradiated simultaneously: one electropolished for thin-film studies and the other just superficially polished for bulk experiments. In addition, the beam quality and size were checked by the ionoluminescence signal [17] of some pieces of fused silica attached to the holder. Also, as the temperature is a critical parameter, it was controlled using a K-type thermocouple attached very close to the specimens to control the holder temperature (to double-check the temperature set-point in the controller). Figure 2 shows all of the features mentioned above conforming the set-up.
[image: \\cendat\u6300\w2000\Escritorio\Imagen1.png]
[bookmark: _Ref517884169]Figure 2 Sample holder shows the irradiated discs, with part of the beam hitting the fused silica (blue light). The image was taken with a considerable integration time to enhance contrast.
After checking the quality of the electropolished specimens, the irradiation took place as follows: Using self- ions at 20 MeV, Fe+4 at two different fluences, 4.25x1015 ion/cm2 and 8.53x1015 ion/cm2, henceforth low dose (LD) and high dose (HD) and two different irradiation temperatures 300 and 450 oC. The corresponding damage at the Bragg peak was 5 and 10 dpa for the bulk specimens, as shown in Figure 3 a (calculated by SRIM, using the method proposed in [18]). However, focusing on the first 200 nm, the dpa level dropped drastically to 0.05 and 0.17 dpa approximately, corresponding to the damage produced in the thin films, Figure 3 b.
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[bookmark: _Ref82504621]Figure 3 Damage profile for the fluences used in the experiments: LD, 4,25x1015 ion/cm2, and HD, 8.53x1015 ion/cm2, which correspond at the damage level at the peak of 5 and 10 dpa respectively a), and the damage expected only in the first 200 nm for the same fluences, b). 

2.3 Sample characterization
Focus ion beam (FIB) lamellae were fabricated from the irradiated bulk specimens employing the lift-out technique, and their surface was cleaned with low Ar kV, using PIPS II (Gatan) device [19]. The lamellae contained all the irradiation depth, but only the first 100 nm were studied since that depth corresponds to the thin film thickness. On the other hand, irradiated thin films were studied directly by transmission electron microscopy (TEM); only a plasma cleaning procedure was applied every time the samples got in the microscope to remove any organic residue.
The defect characterization was performed with a  JEOL 2100HT transmission electron microscope with a high tilt holder (± 45 o) at Centro Nacional de Microscopía at Madrid (CNME).
As mentioned before, the main objective is to carry out a complete characterization by TEM of the defects produced by the irradiation of very energetic iron ions when passing through thin films. These results will be compared with those obtained by analyzing the defects found in the first 200 nm of irradiated bulk material. Due to the characteristics of the TEM itself and the time cost involved, it is essential to design an optimal methodology to carry out these studies. 
First, an initial check of the four samples was carried out to validate the thin areas and detect a possible oxide formation or some other type of surface degradation. Then, in the same way, it was evaluated qualitatively if any of the samples had excessive dislocations that could have interfered in the evolution of the irradiation defects. 	Comment by Sanchez Sanz, Fernando Jose: ¿Este es el estudio del material as rec?	Comment by Marcelo Roldán Blanco: Es como que antes de meterlo en el acelerador, las miré a ver si el agujero estaba bien
Once the samples have been checked, validating their condition for TEM analysis, a study of the size of the dislocation loops was carried out. This consideration is essential when one wants to determine the Burger vector, b, of these defects. This parameter represents the magnitude and direction of lattice distortion induced by these defects. It can be determined by TEM because the dislocation is invisible in the microscope when b and the diffraction vector g are mutually perpendicular, i.e., when b lies in the diffraction planes of a crystal. More rigorously, the invisibility criterion is derived from the dynamic image theory of dislocation image contrast [20]. Tilting the sample in the TEM satisfying several different diffraction conditions (i.e., different g-vectors) implies that the loops lying in the same area change their shape. This observation is produced because of a geometrical effect. Upon rotation, the projection of the disk contained in a given habit plane onto the plane perpendicular to the electron beam changes, and when the g.b=0 condition is fulfilled, it makes them invisible. By taking images of each condition and performing a subsequent analysis, it is possible to determine the value of the Burgers vector. It is important to emphasize that the value of the extinction vector, s, has always been positive.	Comment by Sanchez Sanz, Fernando Jose: Muy específico de la técnica, se entiende poco el párrafo
This method is widely applied in the investigations of dislocations and dislocation loops. Prokhotsdeva et al. [11] have developed a statistical method that facilitates its calculation. However, it is a laborious but necessary method if the loop is smaller than 10 nm in size. On the other hand, if the loop sizes are significant, it is possible to identify their Burgers vector if one knows in advance the expected Burgers vector and their geometrical projection in the plane perpendicular to the electron beam (microscope viewing plane). The shape will depend on the zone axis under which one is working, as shown in Figure 4. More information on this method is published in [21]. This methodology is valid if most of the loops are large, especially if one wants to determine the swelling produced by them. 
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[bookmark: _Ref70984670]Figure 4 Relationship between the electron beam and the TEM view plane, b, and the loop habit plane. The projection of b depends on the zone axis and the foil orientation.

An example of this series of images with large-sized loops is presented in Figure 5, as they are like those found in all samples. Depending on the diffraction conditions, some loops change from visible to invisible. In Figure 5 a), the central area of the image represents that the crystal is under zone-axis condition (high diffraction contrast), in particular under [00-1]. In addition, different g vectors are observed since the two-beam diffraction condition is satisfied in every direction. Bent crystal foils of pseudo-constant thickness as this one show long and curved bend contours. Lines with the same intensity contrast represent equal inclination of the lattice planes to the electron beam. The broadest bands are usually superpositions of low index reflections with the regions of diffraction contrast overlap. Figure 5 b, c, and d show the same area with different g vectors and hence the loops visible are only the ones whose Burger vector is not parallel with the g vector, meaning b.g≠0.

[image: ]
[bookmark: _Ref70966714]Figure 5 TEM micrographs of pure iron irradiated with 20 MeV at 300ºC and high dose showing a) bend contours under [00-1] zone axis, and dislocation loops under b) (1-10), c) (0-20), and d) (-200) diffraction vectors.

After observing that the loops are large and that most of them have their habit plane in {100#, to calculate their average size and population in a relatively easy way, it was determined that the best diffraction vector g, of a low index such as {112# near the main zone axes [110] and [111]. With this diffraction vector, all three families of the {100 planes and 3 of 4 families of the ½ {111# type can be observed. This procedure underestimates the relative population of loops since only 75% of the (111) are being considered. However, very few of the other three types are observed in each condition, so the results are accurate.
Once the size distribution has been determined, assuming that the loops are pure edge type prismatic, disk-shaped, we determine the family to which each loop belongs. Firstly by discriminating between the two types of habit planes (200) or ½(111) and then assigning the correct direction. It is necessary to obtain images with different diffraction conditions, considering that the g vector does not belong to both zone axis. They must be linearly independent. 
Since nature studies and complete designation of b are to be performed, at least 3 zone axes have to be chosen. By calculating the tilt between them, a portion of the Kikuchi map can be constructed. An equation that calculates the effective angle between two planes using the values of the double-axis holder tilting can be found in [22]. In this way, it is possible to assign the correct signs to the different diffraction vectors using the ± g pair plus the axis of b method so as not to exceed a crystal twist angle called unsafe [23]. Figure 6 shows a portion of the Kikuchi map between three zone axes. The rotation of each axis of the double-tilt holder has been included, and CBED (convergent-beam electron diffraction) images where the Kikuchi paths and the corresponding diffraction vectors can be seen.
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[bookmark: _Ref82536322]Figure 6 Kikuchi map between 3 zone-axis, including the values of the diffraction vectors.

Once the portion of the Kikuchi map was known, to determine the habit plane of the observed loops, different images were taken in which the diffraction conditions were two-beam, with a positive extinction parameter (s>0). Suppose the loops are larger than 5 nm. In that case, it is possible to make a morphological comparison by constructing a BCC structure with lattice parameter 2.86 Å, which would be oriented as a function of the zone axis under which the observations were made. Knowing that the b-vectors of the loops would be <100> or ½<111> as well as their habit planes, it is possible to identify in most cases to which family they belong. In addition, sometimes to which one in particular (assuming the equivalents as a type) by a morphological comparison, without the need to perform more complex analyses such as the one proposed in [11] for small size loops, of the embryo type, where a morphological comparison is unfeasible.
Traditionally, methods quantify their density as a function of the volume corresponding to each micrograph analyzed to characterize materials that present dislocations. However, if it is desired to estimate the effect of dislocations on possible hardening or degradation of mechanical properties, it has been estimated that an evaluation of the ratio of the volume that the loops have modified is more relevant as well as clarifying because the ratio corresponds with the swelling produced by dislocation loops.
Finally, the value of swelling that the thin-foil has undergone by irradiation will be calculated. For this, it is necessary to distinguish the nature of the loops since an interstitial loop will add atoms to the defined control volume, and a vacancy loop will eliminate them. The chosen method to reveal their nature is the well-known inside/outside contrast [24]. On the other hand, the loops will be defined as disks with a height corresponding to the value of the b modulus, being positive for interstitial loop and negative for vacancy ones. The depth of every micrograph was determined using a CBED pattern and the distance between the parallel Kossel-Möllenstedt fringes [25].
[image: ]
Figure 7 CBED pattern to calculate the thickness of the sample at a certain point.

3. Results 
3.1 Simulation
PKA spectrum of bulk experiment and thin-film using MARLOWE [26, 27] was calculated to evaluate if both experiments are comparable regarding energy deposition. As observed in Figure 8, both curves are practically the same but slightly different at low probability. This result means that the most significant probability of PKA is for energies lower than 10 eV, which is very low and makes both experiments comparable in terms of energy deposition. 
[image: \\cendat\u6300\w2000\Escritorio\PKA_Spectrum_20MeV_Fe--Fe_Bulk_vs_100nm_better_stat.png]
[bookmark: _Ref517886189]Figure 8 Pka spectrum comparing thin films (100 nm) and bulk by means of MARLOWE code.

3.2 Bulk specimens
The entire irradiation depth is contained within the lamela extracted from the specimens for bulk studies, as shown in Figure 9. However, only the first 100-150 nm were considered in this research, so it can be compared with the thin film specimens, whose thickness was smaller than 100 nm.
[image: F:\15. Dislocation loops in iron - eMRS- 2018\Imagen1.png]
[bookmark: _Ref517885592]Figure 9 TEM micrograph of a lamella of Fe irradiated a 300 ºC and high dose, showing the irradiated peak wholly contained in the sample.
In all four cases, the defects observed were similar. Tiny black dots (supposedly loop-embryos) but no loops were found, even at high magnifications, Figure 10
[image: \\cendat\u6300\w2000\Escritorio\15. Dislocation loops in iron - eMRS- 2018\first nanometers.png]
[bookmark: _Ref83095107]Figure 10 Representative microstructures of the irradiated bulk samples at the same conditions as the thin films.

However, some cavities were detected at the peak, as observed in Figure 11, along with other defects as small dislocation loops. But, in summary, no apparent defect generation in the first 100- 150 nm of the bulk samples.
[image: ]
[bookmark: _Ref531768637]Figure 11 a) Lamella overview irradiated at 300 oC up to 4.27x1015 cm-2, b-c) Cavities observed in the same sample.

It was previously shown that the energy deposition in terms of PKA probability comparing both thin films and bulk specimens was practically the same. So, the next step is to analyze the possible defects generated in the first 150 nm of the bulk specimens. However, as observed in other lamellae extracted from irradiated samples, the Ga ion may produce artifacts. So, it was decided to electropolish an irradiated disc covering the irradiated surface with a protective commercial lacker (Lacomit) to place the electropolished hole precisely at the irradiated surface.
In  Figure 12, a scheme of the process is depicted, and it was performed as follows. In the first place, a 3 mm disc is irradiated with Fe ions at 20 MeV producing a shallow layer of 3 micros of damage. Then, as the depth of interest is close to the very surface of the disc, a very thin, homogenous layer of the lacker was spread over the surface, protecting it from the electropolishing process. As a result, the hole was created successfully at the surface, as observed in the mentioned figure. The irradiation damage calculated from the SRIM simulation on the left close to the surface corresponds practically with the damage obtained in thin films.

[image: ]
[bookmark: _Ref531266229]Figure 12 Scheme of electropolished irradiated specimen protected with a lacker.

An in-depth TEM study was conducted afterward on the four irradiated discs specimens previously analyzed in the form of thin films (300 oC and 450 oC irradiated at high and low doses, Figure 13 a) and b). In all the cases, the hole was placed at or very close to the very surface, so, generally speaking, the comparison is possible. Regarding defects, none of them showed loops (even less large loops like the ones found on irradiated thin films). Only in the case of 450 oC and high dose Figure 13 b, small black dots (maybe embryo-like loops) were observed (highlighted with red ovals). In summary, the size and type of defects are mostly similar between the FIBed and electropolished samples. There are no large loops, and their distribution turns out very heterogeneous.

[image: ]
[bookmark: _Ref531325908]Figure 13 TEM micrograph of electropolished discs protecting the irradiated surface with lacker of a) 300 oC and low dose and b) 450 oC and high dose. Highlighted with red ovals some defects detected

3.3 Thin-film specimens
3.3.1 Loop size distribution 
A minimum count of 300 loops was established due to the loop size to have relatively good statistics. As a limit, those whose diameter was more significant than or equal to 10 nm were counted; since the analysis area is large, such small loops are not resolved correctly and could be misleading. Figure 14 shows the histograms obtained from the measurements as a function of the relative frequency, and Figure 15 shows the mean size and its standard deviation.

[image: ]
[bookmark: _Ref70982919]Figure 14 Distribution of dislocation loop sizes under g vector (112) for a Fe thin foil irradiated with 20 MeV at a)  300 oC, 4.25x1015 ions/cm2, b) 300 oC, 8.5x1015 ions/cm2, c) 450 oC, 4.25x1015 ions/cm2 and d) 450 oC, 8.5x1015 ions/cm2.

[image: ]
[bookmark: _Ref71137868]Figure 15 Loop mean size and standard deviation for all the irradiation conditions.

Both representations analyzed together perfectly describe the loop size distribution and their heterogeneity as a function of the experimental conditions. It is observed that increasing the dose while maintaining the temperature at 300 oC generates growth of loops, as shown in Figure 16, which contains the largest loop detected of the four experimental conditions, 1 m. In other words, growth is enhanced as opposed to the generation of new defects. On the other hand, such a dose increase at high temperature also produces this effect, but much milder. Thus, it seems that the formation of medium-sized loops (around 50 - 100 nm) prevails over growth for the actual experimental condition. In addition, this micrograph represents a phenomenon that must be considered when studying thin foils with a slight bend. The loops with a much more intense contrast satisfy that b.g=1, for g (200). However, another weaker reflection is excited, g(3-12) revealing the loop arrangement highlighted in the blue oval. This quasi-mixed diffraction condition shows that there may be a greater interconnection between loops than would appear if only g(200) had been excited. On the other hand, within the red circles, loops {11# are shown, which, despite appearing small, are about 20 to 30 nm in size.

[image: ]
[bookmark: _Ref71659627]Figure 16 TEM micrograph from Fe sample irradiated at HD and 300 oC with Fe+4 at 20 MeV.	Comment by Sanchez Sanz, Fernando Jose: ¿Qué es?	Comment by Marcelo Roldán Blanco: High dose. Para no repetir la fluencia ni poner el valro de dpa en picos

In all the samples, some zones are more or less irregular in thickness. It is possible that it slightly alters the measurements since if the crystal has a slight bending, the dynamic diffraction condition (slightly away from the zone of higher contrast) no longer met in a few nm. Thus, the volume of material analyzed is relatively smaller than samples whose thickness is kept more constant. Figure 17 shows representative micrographs of the loops found under the conditions discussed above (g <112>, under {111#, with s>0). The images that best describe the global set of defects found are selected.
[image: ][image: ]
[bookmark: _Ref70982929]Figure 17 Representative TEM microstructures of Distribution of dislocation loops observed under g vector <112> near {111# zone axis, irradiated with 20 MeV at a) 300 oC, 4.25x1015 ions/cm2, b) 300 oC, 8.5x1015 ions/cm2, c) 450 oC, 4.25x1015 ions/cm2 and d) 450 oC, 8.5x1015 ions/cm2.

3.3.2 Loop habit plane 
In the following, the observed microstructure of each experimental condition will be described after analyzing together the different zones of each sample. In this way, the random choice of any zone, which may be uncharacteristic of the whole sample, is minimized. Studies were carried out in different transparent zones of the irradiated disk, under three different zone axes, trying to find areas as homogeneous as possible in thickness and linear dislocations. However, in some zones, there were dislocations, which possibly affected the evolution of the loops.
On the right side of each micrograph, one can see how the unit cell is oriented and the projections of the different types of visible loops lying on their respective habit plane. The atomic representations are built respecting the angle formed between the zone axis and a plane [002] perpendicular to the electron beam (which symbolizes the phosphoric screen. Thus, it is possible to see how the morphology of the loops in the micrographs matches entirely with the schemes, except for the smallest loops with no oval shape. 
300 oC Low dose (4.25x1015 ion/cm2)
Considering only loops of size equal to or larger than 10 nm, the pure iron EFDA sample irradiated at 300°C with Fe ions at 20 MeV up to a dose of 4.25x1015 ions/cm2 shows that 92 % of the detected and characterized loop population belonged to the family of loops with Burger vector of family <200> whose habit planes were of family {200#. Specifically, after analyzing different zones of the sample, under 3 different zone axes, almost 60% were ±a0[002](002), 27% ±a0[020](020), and the rest, approximately 8% ±a0[200](200). In Figure 18 (a), the overall result of the observations is very clearly reflected. Under dynamic two-beam conditions (s>0) under the zone axis [1-11] and with a diffraction vector g [132], all loops of the <200> family should be visible since they all satisfy that b.g ≠ 0 and b.g> |1|. However, the vast majority are ±a0[002](002). If only the observations in Figure 18  (b) had been taken into account, under axis [-110] and g [002], one could reach the same conclusion, but erroneously, since with these conditions, the loops ±a0[020](020) and ±a0[200](200) are invisible. 
On the other hand, 8 % of the total number of observed and uniquely identified defects had a b <111> family in {111# habit planes. However, there are no loops with a predominant Burgers vector, unlike the <200> loops that exhibit it very clearly.
Although sizes from the minimum of 10 nm to almost 200 nm were detected, the average value was 94.48 ± 81.77 nm, and the maximum size detected was 348 nm. The largest, in general terms, is the most frequent loops ±a0[002](002). Small clusters, heterogeneously distributed in the matrix, such as those highlighted with a red circle in Figure 18 b, were observed in all the analyzed areas. Although it was impossible to assign them a habit plane with this method in most cases, they seem to present a contrast that could resemble possible <111>. On the other hand, a phenomenon that did recur in different samples for containing linear dislocations was the accumulation of these small-sized loops around them, as shown in the graphical representation in Figure 18 b, where the red lines represent the dislocations and the black dots, possible uncharacterized loops (embryos). Everything seems to indicate that they were trapped during their movement, since in the areas where there are no linear dislocations, the population density. Larger loops were also observed, although this was not the most common.
[image: Una captura de pantalla de un celular con texto e imágenes
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[bookmark: _Ref71136821]Figure 18 TEM micrographs of EFDA pure iron thin-foil irradiated with 20 MeV at 300˚C up to 4.25x1015 ion/cm2 near [1-11] ans [-110] zone axis with two beam diffraction contrast condition along a) [132]  and b) [002]. 

300 oC high dose (8.5x1015 ion/cm2)
The pure iron EFDA sample irradiated at 300°C with Fe ions at 20 MeV up to a dose of 8.5x1015 ions/cm2 shows a population of dislocation loops similar to the sample irradiated at a low dose and the same temperature. About 80 % of all the loops analyzed in this sample present a Burgers vector of the <200> family with {200# habit plane. Although there is a reduction in the population of loops with b of this family, it is determined that, after increasing the dose, loops with the largest size of the four conditions studied are identified, and the largest of all of 907 nm. The size is 106.7 ± 102.4 nm, reflecting the high range of sizes present in this sample. 
Regarding the loops with Burgers vector <111>, it is observed that they have increased both in size and population, almost 20 % of the total. Although in relative terms, it is still low, compared to the presence and size of the <200>, it is a relevant population. This observation coincides with the qualitative appreciation of this method decrease in embryo-type loops or those not identifiable by size. Of the 4 families of loops <111> (without discriminating by direction), the ± ½ a0[1-11](1-11) and ± ½ a0[-111](-111) are the most frequent with almost 7 % of the total number of loops identified.
In the sample irradiated under these experimental conditions, it is not determined that there is one Burgers vector/preferential habit plane, but rather two. The largest population corresponds to ±a0[020](020) with slightly more than 37 %, but is closely followed with 32 % by ±a0[200](200), the smallest population with almost 11 % by ±a0[002](002). It is striking that the majority population in the case of irradiation at 300˚C and LD is under these conditions the least detected, dropping from almost 60 % to 11 %. This is probably not due to an effect of the increased dose per-se, but in addition to increased radiation damage, this sample must have microstructural features that intervene in the evolution of defects so clearly. Possibly the orientation of the grain to the beam and those of its free surfaces.
Figure 19 shows three micrographs obtained under different diffraction conditions under three different zone axes: a) [0-12], g [-1-2-1], b) [-11-3], g [-1-2-1] and c) [111], g [-211]. In all of them loops <200> fulfill that b.g ≠ 0 and b.g> |1| and it is observed that the population of ±a0[002](002) loops is the smallest of all, appreciating qualitatively how the density of ±a0[200](200) and ±a0[020](020) loops are similar.
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[bookmark: _Ref82552533]Figure 19 TEM micrographs of pure EFDA iron irradiated with Fe ions at 20MeV at 300 ˚C up to  8.5x1015 ion/cm2 under a) [0-12] with g [-1-2-1] , b) [-11-3] with g [-1-2-1] and c) [111] with g [-211], showing the results for every area.

450 oC low dose (4.25x1015 ion/cm2)
In the pure iron EFDA sample irradiated at 450°C with Fe ions at 20 MeV up to a dose of 4.25x1015 ions/cm2, 85 % of all identified loops are of the <200> family with {200# habit plane. 
The average size is 69.2 ± 37.01 nm, the smallest and most homogeneous of the four samples studied. The two samples irradiated at LD have the smallest population of loops without distinguishing between them, being the volumetric dislocation density very similar, although it is somewhat lower.
Regarding the loops with Burgers vector <111>, the predominant family with 55.5 % of the population concerning the total of <111> detected are the ± ½ a0[11-1](11-1).
Figure 20shows three micrographs obtained under different diffraction conditions under two different zone axes. Figure 20 a) under [10-1] with g [0-20] shows ±a0[020](020) loops in green completely perpendicular to the diffraction vector. Furthermore, with these diffraction conditions all loops <111> should be visible, because with g {200# they all fulfill b.g> |1|, however only 4 loops b <111> are identified which could be ± ½ a0[-111](-111) or ± ½ a0[11-1](11-1). Figure 20 b) and c) are taken under the same zone axis [-1-1-1] with different diffraction vectors, g [01-1] and g [-211], respectively. The respective microstructures describe very clearly an observation that was present in the whole sample. In no area of the crystal studied were ±a0[200](200), ±a0[020](020), and ±a0[002](002) loops with similar population density detected. A similar number of loops with b ±a0[020](020) and ±a0[002](002) together (b) or ±a0[200](200) were dominant (c), which was the least frequent microstructural distribution.
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[bookmark: _Ref83093139]Figure 20 TEM micrographs of pure EFDA iron irradiated with Fe ions at 20MeV at 300 ˚C up to  8.5x1015 ion/cm2 under a) [10-1] with g [0-20] , b) [-1-1-1] with g [01-1] and c) [-1-1-1] with g [-211], showing the results for every area. 
450 oC high dose (8.5x1015 ion/cm2)
The sample irradiated up to a dose of 8.5x1015 ions/cm2 at 450°C contained 92 % of loops with Burgers vector of the <200> family with {200# habit planes. As for the distribution of loops according to b, it is the sample with the most homogeneous distribution. 38 %of the loops are ±a0[200](200), 27.5 % ±a0[020](020) and 26 % ±a0[002](002). The average loop size is 74.3 ± 63.21 nm, with the maximum loop size being 577 nm. 
Figure 21 shows three micrographs obtained under different diffraction conditions under three different zone axes: a) [111], g [1-10], b) [131], g [-101] and c) [-1-11], g [112]. Figures a and b show 2/3 type <200> and 2/4 type <111> loops so that it can be seen that there is no family of type <200> loops that predominate over the others. However, probably due to the randomness of the processes or to the effect of some variables such as sample thickness, surface orientation, etc., in global terms, it seems that the ±a0[200](200) loops are the most frequent. In addition, in these figures, the existence of the so-called open loops can be observed, i.e., loops anchored to the surface whose extra interstitial plane is cut. This sample is the one that shows more defects of this type, and although there is no convincing explanation, everything seems to indicate that the high temperature and the smaller thickness of the sample enhance the formation of these open loops.
Figure 21 c), finally, represents an overall picture of the coexistence of the three families of loops <200> together with some <111> of small size. Thus, for example, a loop highlighted in a red dotted oval whose habit plane appears to be (1-11), but the angle ratio (angle between B and b, is related to the projection between the diagonals of the oval) does not coincide with a projection of a loop with b ± ½ a0[1-11].
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[bookmark: _Ref71533683]Figure 21 TEM micrographs of pure EFDA iron irradiated with Fe ions at 20MeV at 300 ˚C up to  8.5x1015 ion/cm2 under a)  [111] with g [1-10] , b) [131] with g [-101] and c) [-1-11] with g [112] showing the results for every area. 

Comparison of the results
Comparing the four samples, it is evident that the population of loops located in the {100# planes results in the great majority of the loops observed, although an increase of the <111> type is observed for the sample irradiated at high dose and low temperature, Figure 22. Usually, with a diffraction vector that allows the {200# loops to be visible, such as the [112] type direction, all three types should have been observed, but this is not the case, or if it occurs, the population of one of them is almost irrelevant compared to the number of defects of the other two (Figure 21 a).
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[bookmark: _Ref71533777]Figure 22 Distribution of habit planes of the dislocation loops observed in all the specimens.

3.3.3 Swelling 
A study of the volume variation due to the generation of dislocation loops and voids was performed. As described in the experimental development section, to perform these calculations accurately, it is necessary to determine the particular Burger vector (no, just the habit plane) and subsequently apply the inside-outside method to determine the nature of each loop individually. During the process of establishing the crystal map through the Kikuchi paths using 3 zone axes, sometimes, the contrast of the area varied significantly. Moreover, because of the ferromagnetism of the disk concerning the polar lens, the image was not good or, there could even be a high drift, or in the worst case, the sample jumped, losing the references of the successive turns of the double sample holder. Despite these reasons, about 100 loops were analyzed, especially with diffraction vectors of type {122# so that the {100# loops were visible, and relative averages for the calculation of the total of type {111#.
Figure 23 shows some examples of areas analyzed using the I-O method for all the conditions studied. Besides representing the contrast change so evident in large loops, it is essential to know how to interpret the contrast limit s>0 of the micrograph and not to analyze loops that are already being excited with other diffraction conditions and may show a different contrast change. On the other hand, it is necessary to establish the maximum sample rotation, where the I-O contrast change remains constant, which is called "safe zone," since, beyond that angle, the direction of the change is reversed and can lead, again, to misinterpretations.
Figure 23 (a - b) belongs to the sample irradiated at 300ºC up to a dose of 4.25x1015 ion/cm2. The diffraction vector is in (a) (1-2-1) and in (b) (-121), which results in b.ga<0 and b.gb>0. Therefore, to meet this criterion, the observed loops located in the habit plane (010) must have an "inside" type contrast at a, and vice versa. It is observed that the contrast of the most prominent loops is, on the contrary: "outside" in Figure 23 a and "inside" in b. Therefore, the plane is (0-20). It has been determined that if the size of the loop decreases when changing from outside to inside contrast, it is of interstitial type, which is confirmed. A similar example is observed in the loops inside the blue oval, one with vector (00-2) and interstitial (decreases from outside, a, to inside, b). Similar analyses are performed on other loops and nearby zones under the same zone axis [-1-11]. In total, 90% of the analyzed loops are interstitials, 5% are vacancies (4% at 300°C and 1% at about 450%), and the rest could not be confirmed with certainty.
The results of the other samples are similar. The vast majority of the analyzed loops are of interstitial type, indicating an increase in volume due to the incorporation of the atomic planes due to the loops generated by ion irradiation.
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[bookmark: _Ref71494160]Figure 23 Inside-outside method to study the nature of the visible loops in a) low dose and 300ºC, b) low dose 450ºC, c) high dose 300ºC, and d) high dose and 450ºC.

Approximating the micrograph area that maintains the correct diffraction conditions, i.e., the loops being analyzed must be revealed by a single diffraction condition, or at least not show a significant change in their contrast or size. Next, the loop-induced swelling and dislocation density were calculated, approximating each loop to a cylinder of height, b, and assuming all as interstitials.

[image: ]
Figure 24 Dislocation induced swelling and density. 

It is important to emphasize that although all samples have a relatively heterogeneous population of defects, the samples with the lowest swelling, which correspond to those that have received a lower dose, have large defect-free areas so that the population density decreases in absolute terms.
[image: ]
Figure 25 TEM micrograph of the sample irradiated at a low dose and 450ºC showing large area with a very few dislocation loops and lineal dislocations

3.3.4 Additional observation
Effect of film thickness
Inherently to thin-film irradiation experiments, is expected a sample thickness increasing effect. Depending on the quality of the electropolishing, the slope will be much or less pronounced to affect the dislocation formation and evolution. For example, in Figure 26, a large transparent area is observed with a high population of large a0<200> loops. However, close to the hole where the sample thickness is shallow, almost no loops are observed even to the left of the dark zone, representing the area dynamically excited, where also the contrast condition should be excited. Then, as thickness increases, the population of loops increases when the thickness is too large, making the loops observation harder. On the other hand, the loops accommodation changes a bit, being wider as thickness increases. As a result of this observation, the perfect thickness to perform irradiated thin film studies is around 100 nm because the thinnest samples diminish the diffraction contrast, making it very difficult to get, for example, clear two-beam condition.
[image: F:\15. Dislocation loops in iron - eMRS- 2018\Imagen3.png]
[bookmark: _Ref517888285]Figure 26 TEM micrograph of irradiated thin film showing the thickness dependence of loops in terms of population and visibility.

Open loops
Sometimes large open dislocation loops were discovered, as shown in the following micrograph. Figure 27, along with a sketch where easy one can have an idea of the implication of these observations. With no regard to the temperature and dose studied, in all the specimens were found open loops.  
[image: \\cendat\u6300\w2000\Escritorio\15. Dislocation loops in iron - eMRS- 2018\Open loops.png]
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[bookmark: _Ref82645707]Figure 27 Scheme and micrographs showing open loops distributed within the matrix

4. Discussion
This research has been carried out to advance the development of computer-solved physical models that simulate the evolution of the defects generated by irradiation and their interaction with all the other factors involved, such as alloying elements and other dislocations present precipitates, among others. Nowadays, the available models are not multiscale, but different methods and codes depend on the desired result, accuracy, and available computing power [28]. From the point of view of defect evolution, the most common are O-KMCs that allow parallel work using state-of-the-art graphics cards. It is expected that, in the short term, the gap between these models, which study the dynamics of dislocations on a larger scale, will be eliminated and eventually be able to be coupled to more common codes of structural calculations using finite elements. However, regardless of the physics that is simulated, it is always necessary to validate both the physics implemented in these codes and the efficiency at the time the code operates. For this, it is necessary to have experimental results obtained from experiments developed to support the modeling invstigations, not only to obtain experimental results. It is necessary to consider all the parameters that can influence the development of the experiment to determine which are quantifiable and controllable (furnace temperature, sample preparation, irradiation area, beam energy, and current) and maintain these systematics at all times. Since, from a scientific point of view, working with some uncertainty in the results is valid. However, computational scientists require greater accuracy.
In this case, these experiments have been performed to obtain more information about the effect on defects generated by irradiation in thin films, having two free surfaces that act as defect sinks and are a source of vacancies, and affect the evolution of dislocation loops [29-31], an increase in dose, the irradiation temperature and, especially, avoiding the injection of SIA into the material by irradiating with very energetic ions that have a very low probability of collision with lattice atoms (Figure 8). In this way, the damage profile is more similar to that of neutrons.
The structural materials that will be part of the future nuclear fusion reactor will have to withstand an extremely aggressive environment for as long as possible. Developing steel that maintains its structural integrity against this environment, characterized by high temperature, cyclic loading, and 14 MeV neutron radiation, is a considerable challenge for the scientific community [1, 32]. Two routes have been established which, although independent, are necessary to reach the final goal. On the one hand, the experimental route, which, based on the vast knowledge of the effects of radiation on materials used, mainly in fission reactors, has managed to materialize steels with good properties against radiation in terms of structural stability, corrosion, and radiation resistance [33, 34], but which to date lacks a scenario similar to that of the future fusion reactor in which to study the effect of neutron damage. On the other hand, the development of computational models that simulate the effects of radiation allows the development of experiments with other damage techniques, such as ion beams [16] or fast neutrons that emulate neutron damage.
However, to predict the evolution of materials and thus their microstructure, a profound understanding of the physics of irradiation damage is necessary. In addition, computational scientists must rely on results from experiments designed for this purpose, allowing them to validate the physics implemented in these models. Moreover, it is with this objective in mind that this research has been carried out.
From the point of view of the study of the evolution of irradiation defects in materials, being able to observe how they are generated, how they interact with each other, growing or disappearing through in-situ TEM studies [6, 7, 35] allows us to have a dynamic interpretation of the defect fate. On the other hand, the results obtained from the more conventional studies called post-mortem (studied when irradiation ends) only represent the photo finish of the microstructural evolution. However, there is a fundamental difference between the two; the sample volume subjected to the radiation is radically different: a few nanometers (less than 100 nm) for thin foils and a semi-infinite material in bulk in terms of thickness.
Regarding the energy of the ions, in order to avoid the effect of the injection of self-interstitial atoms into the material in thin foils, as well as to move the braking peak away from the surface in bulk samples, 20 MeV Fe ions were used. Comparing the damage generated in the thin foils and the first 100 nm of the FIB lamellae extracted from the bulk specimens, it was observed that both microstructural developments were utterly different, so the whole study was focused on understanding and explaining the reasons for such a high generation of dislocation loops even when the probability of kinetic energy transfer by the incident ion to the atoms forming the sample is very low. In probabilistic terms, this means that the vast majority of irradiated ions transfer very little energy to the lattice, i.e., the film should be transparent. However, the results indicate the opposite.

Defect generation during irradiation
It is clear that when a vacancy is formed, an interstitial is also formed, but the evolution of these into more complex defects or their recombination depends on many factors. Beyond the initial production of defects, the production bias has significant consequences on the evolution of defects in the irradiated microstructure. One possibility being studied is that, during a cascade, clustered interstitials may move towards relatively close defect sinks due to their high mobility, such as I2, C15, or developed loops of the ½a0<111> family in alpha iron [36-39]. This would lead to an imbalance between V and I, causing excess vacancies to form vacancies [40] or, in some cases, vacancy loops [41, 42]. However, in ferritic matrices, they are not usually observed. Similarly, if interstitials form immobile type clusters (or require high energy to move), loops of interstitial dislocations would be generated, which would also act as sinks for other interstitials or mobile clusters of interstitials. This observation has been used as an explanation [43] for the formation of large interstitial loops in irradiated iron [44].
It is well known that the nature of the defect conditions its fate within the environment formed by the crystal and its component defects. In the case of these irradiations in thin foil, it has been presented in the results section that of all the loops analyzed 5% of the total turn out to be vacancies of which 4% have been detected in the samples at 300ºC, not seeing a clear difference in terms of dose. The identification was quite errant and heterogeneous between the two conditions, i.e. it was not possible to identify the microstructural feature present in that area that would make the formation of a vacancy loop the most energetically favorable structure. On the other hand, a similar number of loops, around another 5%, have not been univocally identified, also mostly belonging to the 300ºC samples. These results are consistent with the evidence that voids were not detected in all samples. It is possible that some regions had higher concentrations of voids or were closer to one of the two free surfaces acting as a source of these defects. Having detected these loops instead of voids, knowing that energetically the latter is more favorable in Fe BCC [45], may indicate some factor that modifies this bias, which could be the confinement between two relatively close free surfaces. However, it is not very easy to establish a precise correlation in this material, in the same way that occurs with vacancy loops in other metallic materials such as Zn, Mg, and W [42, 46, 47]. Nevertheless, the results observed in this investigation are in agreement with the literature.
It was presented in Figure 3 (SRIM curve, calculated by the Stoller method) that the damage generated in terms of atomic displacement is relatively low ~10-2 dpa. A low dose generates a low defect density (either loop embryos or already formed loops). This implies that those defects nucleated during irradiation may exist in the material, rather than recombining with defects of opposite nature or interacting with other microstructural features that act as sinks. However, as the dose increases, and thus the atomic damage generated, the probability of interaction between them increases, generating microstructural evolution [48, 49]. If point defects are the same nature and the energy state is favorable, they will form vacancy and/or interstitial clusters, even if their Burger vector is different [50, 51]. However, it should be pointed out that these hypotheses are based on computational calculations, as they are experimentally challenging to observe and validate. This evolution strongly depends on the host material and thus on its crystal structure. In the case of BCC iron, either voids, vacancy clusters, or dislocation loops (both V and I) can form.

Effect of temperature and dose on loop size.
Loops can move in two different ways; glide or climb [52] with gliding being the one that occurs in the glide plane and climbing mode being the one that allows prismatic loops to move in their habit plane. For that movement to occur, vacancies must be absorbed or emitted, allowing that extra partial plane (in the case of interstitial loops) to move. In terms of mobility, both can move within the crystal lattice, although the energy required to move is much lower for <111> (glissile) than <100> (sessile) in irradiated BCC iron. However, recent papers supported by computational codes have observed that <100> loops may have mobility mechanisms, more complex than gliding and climbing, such as 1D diffusion changing their habit plane [53], so considering them immobile (sessile) is not entirely correct. On the other hand, it has been shown that C15 clusters [48, 54, 55] act as embryos of loops since they can evolve to loops with b<100> or b<111>, or even to more complex forms with the so-called mixed loops [55]. This evolution depends, once again, on the boundary conditions, such as irradiation temperature, dose, dose rate, and in the present case, volume of material available to relax [41, 56]. If the dose continues to increase, the interaction between defects is enhanced, since the population has been increasing in proportion, until the rate of generation of new defects slows down, increasing the growth phase, until reaching a saturation value that depends on the dose rate and temperature, as long as this is around 0.3 - 0.4 Tm (melting temperature) [57]. This phenomenon becomes even more critical in volumes of material where one of the dimensions is of the order of magnitude of the defects [30], as in this case, the depth, where the sheet is at most 100 nm thick, which is approximately equivalent to about 350 atoms. As the loop grows, its effect as a defect sink also increases, which, from an energetic point of view, implies that its movement through the crystal is more complex, so that as the irradiation elapses, it becomes an element with which other loops can interact if encountered [58].  This hypothesis reinforces the idea that the growth of dislocation loops will be dominated by the movement and subsequent trapping of minor interstitial-type defects, rather than by the reaction of small loops generating a large one, which occurs during cascading overlap [59, 60]. 
The future of a defect produced by irradiation depends largely on the initial stages of the generation of what will be, the embryos of that defect. During the cascade of atomic displacements, a huge number of point defects are generated, of which only a few will survive, i.e., they will not recombine with a defect of the opposite nature (vacancy with interstitial), allowing them to form larger defects [61, 62]. Similarly, a high rate of defect cluster generation (In or Vn) decreases the level of recombination, since the population available for recombination has decreased. This phenomenon is enhanced when the defect clusters are mobile (glissiles), being able to move away from the volume of material affected by the cascade, therefore, the higher the clustering rate, the lower the recombination, which means higher strain damage. The material cannot inhibit the formation of such defects with the consequent occurrence of irradiation damage. Specifically, in the case of steels, it has been shown that those with BBC structure withstand irradiation better than those with FCC [63-68], evidently, for crystals with the same atomic structure, the resistance to radiation depends on the microstructural characteristics as well as on the composition, i.e., on the binding energy (which is the energy that must be transferred to a nucleus to remove it from its equilibrium position [54, 60, 69].
They are well established, therefore, that in the process of damage structure evolution in materials subjected to irradiation, so-called bias effects, i.e. dislocation bias and production bias, play an essential role [70].
Generally speaking, irrespective of fluence or irradiation temperature, it was shown that the vast majority of the loops were of the <100> type, with the <111> loops being much smaller in size. To analyze the effect of dose and temperature as factors promoting the growth or nucleation of loops (which is similar to saying that they enhance the development of pre-loop embryos to small loops), all loops counted regardless of their habit plane were taken into account. Figure 28 compares the 4 experiments by setting the temperature and increasing the dose (a, 300 ºC and b, 450 ºC) or vice versa (c, low dose, and d, high dose). It is observed that, at low temperatures, an increase in the dose causes growth of the loops in general and a significant decrease in the population of loops smaller than 100 nm (the orange graph is shifted to the right and downward concerning the blue one). This effect is also evident at high temperatures, although a decrease in the population of loops smaller than 100 nm is not as high as at low temperatures (b). If the dose value is fixed and the effect of temperature is evaluated, the effect produced promotes the generation of medium and low size loops, detecting larger loops at higher doses.
It is important to note that this evidence does not discriminate between loops but analyzes them as a whole to get a global picture. A study in which the evolution of loops {100# and {111# are studied separately will probably shed more light since it is likely that the small mobile loops play a fundamental role in the nucleation and growth of the loops. This has been demonstrated in several papers where they propose possible reactions between different types of loops [71-73], opening the possibility that two loops <111> interact one another, forming a <100>.
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[bookmark: _Ref82229754]Figure 28 Effect of increasing irradiation dose at constant temperature (a) 300°C and b) 450°C), of increasing irradiation temperature for the same effective dose c) low dose, and d) high dose).

Burger vector and habit planes
Once we have a global picture of the effect of dose and temperature on the size distribution of the loops, as well as on their distribution density (remembering that this is an average of several micrographs in different areas of the sample, since it is not a completely homogeneous distribution as shown in Figure 17), it was experimentally observed that most of the loops of size greater than 5 nm are of the <100> family.
In the literature, many works have been carried out to get to know in-depth the relationship between chemical composition, the microstructure of the material and irradiation characteristics (such as temperature, fluence, dose or radiant species). In the case of pure iron BCC, in [9, 35, 44, 74] in-situ irradiations were performed with Fe ions between 100 and 150 KeV and temperatures between 300 and 500ºC, in the order of 1 to 2 dpa concluding that at temperatures below 300ºC the <111> loops are in the majority. As the temperature increases, the population of <100> loops increases until they are the only ones detected. In [10] a thin foil was irradiated with 500 keV up to 0.5 dpa at RT, observing that the presence of defects is much higher in the thin foil than in the bulk material, and that most of the defects are of the <100> type.  The difference in the observations lies in the ion energy as well as in the effect of interstitials that have been injected into the sample, intervening in the evolution of the defects. For this reason, it is possible that even at temperatures of 300 ºC, the majority of the loops are <111>, whereas, in this investigation, the majority are <100>. It is true, however, that at lower irradiation temperatures, most of the mobile loops <111> are detected.
In [75], a foil was irradiated with 1 MeV of Kr at 435ºC together with He, achieving damage between 15 and 25 dpa. The observations showed complex reaction mechanisms and the expected reaction <111> loops forming <100>. However, in the initial stages of irradiation with doses around 1 dpa, the size of the loops is notably smaller than those detected in this work; the damage is substantially more significant than that predicted by SRIM with Fe ions at 20 MeV.
Although the comparison is not entirely accurate, experiments with neutrons passing through the sample without depositing interstitials reflect that at low temperatures and doses, most loops are <111> (70 °C and 4.7x1020 n/cm2 - 0.72 dpa [76], 60 °C and 2. 5x1020 n/cm2 [77]), while for higher temperatures and doses, most of the observed loops are <100> ([78]observed at temperatures between 275 to 450 °C, from 0.87 to 1.13x1021 n/cm2, [79] at 300°C, 1.5x1021 n/cm2 - 0.2dpa, [80] at 400 °C, up to a dose of 25.8 dpa, do not give the fluence in n/cm2).
Open loops and free surfaces
On the other hand, the effect of free surfaces and the observed crystal surface orientation must be considered. For example, the glissile dislocation loops ½[111] can be lost on the surface by sliding if the surface is oriented close to the (111) plane. In contrast, in a thin film (110), two variants of ½<111> loops have a Burger vector lying in the plane of the film, and cannot be lost by sliding, and for that reason, a higher amount of ½<111> was observed [8].
The proportion of dislocation loops with b=a0<100> and b=½a0<111> depends, among other things, on the irradiation temperature: in general, ½<111> loops are preferentially created at low temperatures, while <100> loops at high temperatures. In this case, it is impossible to confirm the predominant mechanism that generates such large <100> loops and such a low <111> density, but it is probably the coalescence of these forming 100, acting in turn as sinks for more defects. Furthermore, in some cases, when the loops are small, such as those referred to as embryos in this work, smaller than 5 nm, they are not fully identified although they are estimated to be of the <111> type [81]. Similar observations on the effect of crystal surface orientation were obtained in [11].


Nature of loops (vacancy or interstitial).
Interstitials, as well as vacancies, can form the dislocation loops generated by irradiation. Those of interstitial type, as is evident, produce a higher distortion in the crystal structure, generating larger elastic fields of strain so that the interaction with other defects is more significant, acting as defect sinks. This observation indicates that the loops prefer interstitial defects to vacancies, modifying the final resulting microstructure of the crystal. The bias induced by a dislocation depends on the magnitude of its Burgers vector, so in principle, <111> type loops will have a higher capture efficiency than <100> loops, although new work has obtained results, which highlight that this phenomenon is not so straightforward [82]. The experimental procedure section described in detail that empirical determination of the nature of dislocation loops is a complex task [83, 84].
Although loops of the two types can form with both b <111> and <100> , those formed of vacancies are not usually detected since vacancies have a higher migration energy than interstitials within a crystal [85]. Moreover, they tend to cluster together forming voids, and the consequent swelling effect [86, 87]. On the other hand, to a lesser extent, in all samples a sink effect has been observed in grain brodes as shown in Figure 29. The mechanism at work is explained in [88] and allows predicting a recombination of defects in the vicinity of the defects. However, it does not go into detail about the possible effect of crystal misorientation, and therefore, the relationship between the energy of the grain boundary and its potential as a defect sink.
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[bookmark: _Ref82561516]Figure 29 Irradiation sink effect at a grain boundary. 

Fresnel contrast revealed vacancy-type structures <5 nm in diameter randomly distributed throughout the lamellae for all alloys; however, it could not be verified that they were not simply oxides on the sample surface, so they were not analyzed.
Available studies show that most of the dislocation loops created under irradiation in pure Fe are interstitial type, as shown by TEM on samples irradiated with different species [78, 89, 90].
5. Conclusions
· As an ultimate goal, designing an experiment with ion irradiation to be comparable with neutrons turns out as a source of valuable knowledge regarding the development of nuclear fusion reactors. Performing irradiation with no interstitials injected and low dpa value (and dpa rate) may be closer to neutron irradiation than self-ion in bulk. 
· In situ TEM irradiations help gain insight into the dynamic evolution of irradiation defects as parameters such as dose, temperature, or strain vary. However, there is a noticeable difference in defect formation when comparing experiments on thin films with bulk.
· Apparent differences were found between thin foil irradiation and first nm in bulk specimens in terms of dislocation loops. There is an evident effect of the reduced volume available for the defects to recombine in thin films specimens. In addition, according to the literature, the experimental conditions critically affect the fate of the microstructure. Microstructural observations produced by low keV self-ion irradiation placing the stopping range within the film seem to be hardly comparable to the results obtained in this research. Injected interstitials bias the production of defects, end hence their evolution. 
· Understanding the complex diffusion mechanism <100> loops is a critical step in further exploring the mechanical properties of Fe and Fe-based alloys associated with the formation of <100> dislocation loops by deformation or radiation.
· The most loops identified in all four experimental conditions are b <200> type, between 80 to 92% in total. Concerning literature, dislocations at 300ºC should be <111>, and as the irradiation temperature increases, <200> loop population too. However, in this research, the observations indicate otherwise.  
· The highest average loop size value was found in HD 300ºC, and the largest loop, 907 nm, that corresponds to 9 times the sample thickness. In addition, this experimental condition produces the biggest loop swelling, 0.14 %.
· Free surfaces orientation must be taken into consideration in order to determine the importance of this parameter in terms of defect annihilation or image forces.
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