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ABSTRACT  
In this work, we employed in-situ S/TEM techniques to investigate 
deformation and damage mechanisms in neutron-irradiated 
reduced-activation ferritic/martensitic (RAFM) EUROFER97 steel 
subjected to a dose of 15 dpa at 330 °C. The irradiated 
microstructure revealed uniformly distributed dislocation loops 
and sporadic nanometer-sized cavities. During in-situ straining of a 
focused-ion beam (FIB)-prepared lamella, mobile line dislocations 
were observed to interact with dislocation loops, leading to loop 
absorption and the formation of dislocation networks. Further 
straining resulted in the formation of a dislocation-loop-free zone. 
Within this region, deformation-induced nanometer-sized cavities 
emerged, likely from pre-existing irradiation-induced 
clusters, cavities, or remnants of absorbed loops. Coalescence of 
these cavities led to the formation of micro-cracks and ultimately 
to the fracture of the lamella. This suggests premature failure of 
the irradiated sample compared to its unirradiated counterpart, 
highlighting irradiation-induced embrittlement.
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1. Introduction

The mechanical properties of structural materials intended for use in upcoming nuclear 
fusion reactors are known to degrade under extreme working conditions, such as high- 
dose of neutron irradiation (greater than 14 MeV) at elevated temperatures [1–6]. RAFM
steels are currently considered the most promising candidate for the first wall of nuclear 
fusion reactors and have undergone extensive studies [7,8]. The reason for this consider
ation is primarily attributed to two main factors. Compared to austenitic stainless steels, 
RAFM steels exhibit excellent resistance against irradiation-induced swelling and high- 
temperature helium embrittlement [8,9]. Additionally, the alloying elements in RAFM 
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steels are carefully selected to minimise the presence of highly radioactive and volatile 
nuclides, ensuring fast decay of radioactive isotopes below the recycling limit. Despite 
these advantages, RAFM steels typically experience low-temperature irradiation hardening 
accompanied by loss of ductility and embrittlement based on the level of neutron 
irradiation, posing challenges to their potential use in future fusion reactors [2,10].

The degradation of mechanical properties is primarily ascribed to microstructural 
defects induced by irradiation, including dislocation loops, cavities, solute clustering, 
precipitates, and grain boundary segregation [1–5]. Dislocation loops, in particular, 
are recognised as the main contributors to the irradiation hardening of RAFM steels 
at low-irradiation temperatures [3]. They act as obstacles for line dislocations during 
plastic deformation. To predict the yield strength, hardening models such as dispersed 
barrier hardening (DBH) or Friedel Kroupa Hirsch (FKH) models are utilised [11–13]. 
These hardening models establish a correlation between the density and size of the 
irradiation-induced defects (i.e. dislocation loops, cavities, and precipitates) with the 
resulting increase in yield strength [12,14]. However, these statistical approaches do 
not offer insights into the deformation mechanisms. For example, two ½<111 > type dis
location loops can either annihilate during plastic deformation when having opposite 
Burgers vectors (e.g. ½[111] and ½[111]) or transform into a < 100 > type loop 
through a shear reaction (e.g. ½[111] + ½[111] = [100]). However, such evolution is 
not captured in the hardening model; instead, the DBH model treats the two ½<111 >  
type loops as individual loops, increasing yield strength in both scenarios. Additionally, 
deformation localisation (sometimes referred to as channelling) is recognised as a 
primary deformation mechanism in irradiated materials [33,34]. However, due to the 
experimental challenges, the dynamic behaviour of irradiation-induced defects under 
applied strain is scarcely studied in RAFM steels. Experimentally, in-situ TEM straining 
makes direct observation of dislocation loop and line dislocation interaction possible 
[15–17]. For instance, in ion-irradiated Fe–Cr alloys, the Burgers vector of dislocation 
loops can be altered from <100 > to ½<111 > during the in-situ straining [17].

This study addresses the identified research gap by examining the evolution of 
irradiation-induced defects in RAFM EUROFER97 steel under applied strain using in- 
situ S/TEM techniques. EUROFER97 steel is chosen due to its distinctive defect charac
teristics, featuring a high density of uniformly distributed dislocation loops after neutron 
irradiation [18,19]. Moreover, the line dislocation density remains notably high, approxi
mately 1014 m−2, even in the unirradiated case [20,21]. Therefore, in this study, the sub
stantially high density of dislocation loops and pre-existing line dislocations offers the 
opportunity to directly observe their interaction in STEM mode, revealing the underlying 
deformation mechanism. Additionally, once the crack initiates, the deformation localised 
region presents a high density of nanometer-sized cavities that differ from the pre-exist
ing radiation-induced cavities. The in-situ observation of cavity evolution in TEM mode 
elucidates the damage mechanism. Overall, this study provides direct evidence of the 
microstructural evolution upon straining as-irradiated RAFM steel.

2. Experimental details

The EUROFER97 steel, with a nominal composition of Fe–9Cr–1.1W–0.2V–0.12Ta, was 
produced by Boehler Austria GmbH with a heat number 83697. For further details on the 
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steel’s manufacturing process and chemical composition, refer to [1]. The final heat treat
ment before irradiation included austenitization at 980°C for 30 minutes, then tempering 
at 760°C for 1.5 hours.

The irradiation experiments were conducted on EUROFER97 Charpy impact samples 
in the BOR-60 fast reactor in the Russian Federation as part of the international project 
‘Wissenschaftlich-Technische Zusammenarbeit 01/577’ (WTZ) [22]. The samples were 
neutron-irradiated to a dose of 15 dpa at a temperature of 330°C [18,19]. This study uti
lised the Ga + FEI Scios FIB scanning electron microscope (SEM) for fabricating electron- 
transparent lamellae. This choice offers several advantages over using 3 mm disc-shaped 
samples prepared via electro-polishing, including: (1) Achieving an optimised uniform 
thickness of the sample suitable for in-situ tensile straining. (2) Mitigating the impact 
of sample magnetism during TEM investigations. (3) Minimising radioactivity exposure.

Initially, TEM lamellae were in situ lifted out from previously electrochemically 
polished irradiated samples and welded onto a copper tensile grid (see Figure 1a,c). 
For further details on the electro-polishing technique used for sample preparation, 
refer to Ref. [5]. During the welding process, Pt deposition was performed using 
ion-assisted deposition on both sides, resulting in a total of four welding points. Each 
weld took about 2 minutes to complete using the double-frame overlapping/parallel 
welding technique in the FIB. This method was chosen to improve the mechanical 
stability of the welded region, ensuring it could withstand subsequent tensile loading 
without premature fracture. After welding, the lamella was carefully thinned from 
both sides by progressively reducing the beam energy from 30 kV to 5 kV. Finally, 
low-kV Ga+ ion milling (2 kV) was employed to minimise FIB-induced damage, with 
specific parameters for the cleaning pattern procedure outlined in Ref. [23]. The lamella 
thickness was measured using electron energy loss spectroscopy (EELS) integrated into 
the TEM microscope equipped with a post-column GIF Tridiem energy filter. Notably, 
thin lamellae, typically ranging from 50 to 100 nm, were specifically selected for in-situ 
TEM experiments, whereas thicker lamellae (∼150 nm) were used for in-situ STEM 
investigations (Figure 1d).

In-situ TEM straining experiments were conducted using a Gatan single-tilt straining 
holder (see Figure 1b) in a high-resolution FEI Tecnai G2 F20 X-TWIN microscope oper
ating at 200 kV. An accutroller control unit was employed to apply a constant elongation 
rate of approximately 1 µm/s. The real-time microstructure evolution under applied 
strain was recorded using the Gatan RioTM CMOS camera, and the acquired data were 
processed and analyzed with the Gatan digital micrograph software, including the in- 
situ player/editor module. Although special care was taken to maintain consistent 
imaging conditions throughout the in-situ S/TEM experiments, minor variations in 
defect contrast may still arise due to subtle changes in the local diffraction conditions 
induced by straining. Additionally, regions with distinct features, such as grain bound
aries and line dislocations, were chosen as reference points, and the imaging conditions 
within the Region of Interest (ROI) were carefully monitored to compensate for any 
sample drift occurring during straining. Furthermore, given the advantages of STEM 
over conventional bright-field TEM for thick specimens [24], in-situ STEM equipped 
with an HAADF detector was employed in this study to observe microstructural evol
ution in thick TEM lamellae (≏ 150 nm), enhancing the visibility of loops and line dis
locations. However, obtaining high-quality STEM micrographs typically requires more 
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time than conventional TEM. Consequently, a balanced frame rate of 2 fps was adopted 
for recording sequential STEM micrographs.

3. Results and discussion

3.1. As-irradiated microstructure

As illustrated in Figure 1e, the irradiated microstructure manifests a homogeneous dis
tribution of the dark-contrast dislocation loops. Our previous quantitative analysis 
revealed a total visible loop density of about 12.1 × 1021 m−3 in an irradiated state, 
having a mean size of 7 nm [18]. Loop’s Burgers vector determination by analyzing 

Figure 1. (a) SEM micrograph shows a gauge section of the copper tensile grid fabricated via laser 
cutting. The tensile grid had a total length of 11.5 mm and a thickness of 0.3 mm. The inset in the 
upper left corner shows the Cu grid placed on a 1 Euro coin. Additionally, the inset in the upper 
right corner of the micrograph showcases a notch precisely cut at the midpoint of the copper 
tensile grid via focused-ion beam (FIB) processing, followed by meticulous surface polishing accom
plished through FIB CCS (clean cross-section) procedures. (b) The copper tensile grid is securely 
clamped onto the single-tilt holder with two HexlokTM (threaded fasteners with a washer head), 
ensuring stability. (c) and (d) illustrate the front – and top-view perspectives of the lamella affixed 
to the copper tensile grid through Pt welding across the notch mentioned above. (e-g) Representative 
microstructure of an EUROFER97 steel after neutron-irradiation to 15 dpa at 330 °C. Inverted-contrast 
STEM-HAADF micrograph (e) shows the homogenous distribution of dislocation loops and line dislo
cations. (f) and (g) present representative bright field (BF)-TEM micrographs showcasing irradiation- 
induced cavities rich areas. The contrast of the cavities changed from a white dot with a black 
Fresnel fringe in an under-focused (−1 µm) micrograph (f) to a dark dot with a white Fresnel 
fringe in the over-focused (+1 µm) micrograph (g).
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weak-beam dark-field (WBDF) micrographs acquired under two-beam conditions 
revealed a higher fraction of <100> type loops in comparison to the ½<111 > variants 
[18,21]. Furthermore, smaller loops are predominantly of the ½ < 111 > type, while 
larger ones are mainly of the <100 > type. The interstitial nature of the dislocation 
loop was determined and confirmed using the inside-outside contrast technique [25].

In addition to the dislocation loops, nanometer-sized irradiation-induced cavities 
were also observed. The cavity density was approximately an order of magnitude 
lower than the dislocation loops, measured at 3.0 × 1021 m−3 [18,26,27]. Figure 1f, g 
depict these nanometer-sized cavities within a region of their abundance. These micro
graphs were captured using the TEM bright-field through-focal series technique. Fur
thermore, besides dislocation loops and cavities, an appreciable density of line 
dislocations, elemental clusters, and segregation along loops as well as boundaries 
were also observed, see Ref. [20]. A summary of the quantitative data on irradiation- 
induced defects and pre-existing precipitates in the as-irradiated condition is presented 
in Table 1.

3.2. In-situ straining of the as-irradiated EUROFER97 lamella at room 
temperature

The sequential microstructural evolution of irradiated EUROFER97 under tensile strain
ing is captured in Figure 2a–d through inverted-contrast STEM-HAADF micrographs, 
which delineate four key stages – from the onset of deformation to final fracture of 
the FIB-fabricated lamella. The estimated strain values corresponding to these stages 
are 0.1% (Stage I), 0.5% (Stage II), 3.5% (Stage III), and 26.3% (Stage IV), illustrating 
the progressive elongation and failure of the lamella. Although the in-situ straining 
was conducted under strain-rate control without direct force measurement, the expected 
engineering stress levels were approximated using the known tensile properties of irra
diated EUROFER97 at room temperature (yield strength of ∼1100 MPa at 0.2% 
strain) [35]. Given the lamella’s dimensions and the limited strain-hardening behaviour 
typical of irradiated materials, the estimated stress magnitudes were ∼200–300 MPa for 
Stage I, ∼1100 MPa at Stage II, ∼900–950 MPa for Stage III, and ∼500–600 MPa at failure 
in the Stage IV. These estimates provide a contextual framework for interpreting the 
defect evolution and microstructural changes observed during straining, as detailed in 
Figure 2.

At Stage I (Figure 2a), the microstructure is dominated by the motion of isolated line 
dislocations and their interactions with existing dislocation loops, as highlighted in the 
high-magnification image (see Figure 2e). With continued straining, Stage II (Figure 
2b) reveals a more pronounced interaction between mobile dislocations and 

Table 1. Summary of quantitative data on irradiation-induced defects and precipitates in the 
as-irradiated condition.
Microstructural feature Density (×1021m− 3) Mean diameter (nm) Reference

Dislocation loops 12.1 + 0.7 7.0 [18]
Cavities 3.0 + 0.7 2.1 [18]
M23C6 precipitates 0.04 98 [20]
MX precipitates 0.06 28 [20]
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irradiation-induced loops, resulting in the development of complex dislocation networks 
and partial loop absorption (Figure 2f). This will be discussed in more detail later. As 
deformation progresses, it becomes highly localised in the central region of the 
lamella, marking Stage III (see Figure 2c). At high magnification (see Figure 2g), the 
deformation-localised region in light contrast shows a characteristic absence of dislo
cation loops in the localised area, resembling dislocation channelling frequently observed 
in deformed irradiated microstructures [28,29,33,34]. This suggests that the loops were 
either annihilated or absorbed by the gliding line dislocations during deformation. 
Finally, at Stage IV (Figure 2d), the accumulation of plastic strain leads to the formation 
and propagation of a critical crack through the deformation-localised zone, culminating 
in lamella failure. High-magnification observation (Figure 2h) near the fractured lamella 
edge reveals the presence of nanometer-scale cavities and their coalescence resulting in 
the final failure of the lamella. The subsequent sections provide a more detailed discus
sion of these evolving deformation and fracture processes.

Sequential inverted-contrast STEM-HAADF micrographs and corresponding sche
matics in Figure 3 highlight the dynamic behaviour of three marked dislocation loops 
under tensile straining. To monitor the evolution of dislocation loops under consistent 
diffraction conditions, loops located near grain boundaries were chosen for analysis. 
Overall, all three loops disappeared under the direct or indirect influence of neighbouring 
dislocation activities. For instance, a line dislocation, originating from the source within 
the grain boundary, interacts with and absorbs the marked dislocation loop 3 (refer to 
Figure 3f, g, h). On the contrary, the marked smaller dislocation loop 2 (in Figure 3a, f) 
appears to be absorbed by the larger loop 1 (in Figure 3c, h). This evolution seems to 
occur without the loops’ direct interaction with the line dislocations. Nevertheless, it is 

Figure 2. (a-d) Sequential inverted-contrast STEM-HAADF micrographs illustrate four distinct stages of 
microstructural evolution upon straining irradiated EUROFER97 lamella at room temperature. Repre
sentative inverted-contrast STEM-HAADF micrographs (e-g) and BF-TEM micrograph (h) with under- 
focused contrast show typical microstructure at each stage. (e) Line dislocation-loop interaction cor
responds to stage I (a). (f) Line dislocations impeded by loops and the formation of the dislocation 
networks correspond to stage II (b). (g) Formation of a localised deformation region free of 
irradiation-induced dislocation loops and dislocation networks corresponds to stage III (c). (h) The 
merging of nanometer-sized cavities and the final failure of the lamella correspond to stage IV (d).

6 Q. YUAN ET AL.



conceivable that neighbouring dislocation activities may contribute to the alteration in 
the local stress/strain field (as seen in Figure 3f–h), which may potentially facilitate the 
loop absorption process. Additionally, as the straining persists, the larger loop 1 seems 
to undergo shrinkage/rotation (Figure 3i) and eventually disappear due to neighbouring 
dislocation activities. Upon comparing Figure 3a, e, fewer loops and more line dislo
cations are evident in the latter than in the former. Interestingly, the line dislocations 
in the lower regions of Figure 3b, g appear to align with the tensile direction, with 
anchor points forming characteristic dipole configurations, often referred to as ‘gull- 
wing’ shapes (Figure 3c, h). This observation confirms that dislocation loops can serve 
as obstacles, impeding the movement of line dislocations.

As the straining continued, the frequency of line dislocation-loop interactions 
increased significantly. This first resulted in the formation of dislocation networks (irre
gular configurations involving line dislocations and loops) and, finally, loops being 
absorbed by the connected line dislocations. These mechanisms are illustrated in the 
sequential inverted-contrast STEM-HAADF micrographs in Figure 4. For instance, in 
Figure 4b, the marked loop 1 is intercepted by a gliding line dislocation from the top- 
right. First, this interaction distorted the marked loop 1 (Figure 4c) and later formed a 
complex irregular configuration with the line dislocation and adjacent loop 2 (Figure 
4d). In another instance, in the marked loop-line dislocation configuration in Figure 
4e, the loop appears to have shrunk upon straining (Figure 4f). This suggests that the 
part of the loop is consumed by the connected line dislocation, which is confirmed by 
the fact that the whole loop is finally absorbed by the line dislocation in Figure 4g. 
Line dislocation-defect interaction, including absorption of dislocation loop by line dis
locations, was a subject of extensive molecular dynamic (MD) simulation studies carried 
out in the past [30–32]. Considering the complexity of the microstructure, these dynamic 
processes are expected to be aided by the local alterations in the stress/strain fields due to 
the nearby dislocation activities. Nevertheless, it is essential to note that not all MD 

Figure 3. (a-e) Sequential inverted-contrast STEM-HAADF micrographs highlighting the dynamic 
behaviour of three marked dislocation loops under tensile straining. (f-j) The corresponding simplified 
schematics depict the evolution of the three marked dislocation loops. The ‘gull-wing’ configuration 
(highlighted in orange in g and h) suggests that line dislocation motion is obstructed by the presence 
of a pre-existing dislocation loop.
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findings can be directly applied to irradiated EUROFER97, given its complex nature, 
unless future simulation studies establish clear similarities.

The types of dislocation loops and their interactions with line dislocations are also of 
significant interest. However, due to the double-tilt limitation of the Gatan in-situ strain
ing holder, accurate information regarding the dislocation loop type and habit plane 
cannot be obtained. As a result, we provide insights based on our previous investigations 
to address this gap. As mentioned earlier, the quantitative analysis on the irradiated 
EUROFER97 revealed a higher proportion of larger <100 > type loops than their 
½<111 > smaller counterparts [18,21]. Hence, it is plausible that smaller ½<111 > loops 
are more readily absorbed upon interaction with the mobile line dislocations. Whereas 
the larger <100 > counterparts are less readily absorbed. However, as the straining con
tinues, both <100 > and ½<111 > type loops will ultimately become a part of the mobile 
line dislocations. Finally, as the gliding line dislocations annihilate or absorb the loops 

Figure 4. (a) Green and pink dashed frames outline two distinct regions. (b-d) Sequential inverted- 
contrast STEM-HAADF micrographs under applied strain showcase the dynamic process in which a 
dislocation loop 1, upon interaction with a mobile line dislocation, is first distorted and later forms 
a complex irregular configuration with the line dislocation and adjacent loop 2. (e-g) Sequential 
inverted-contrast STEM-HAADF micrographs under applied strain showcase a marked loop shrinkage 
in the loop-line dislocation configuration and its complete absorption within the connected line 
dislocation.

Figure 5. (a) A representative BF-TEM micrograph highlights a dislocation loop-free region formation 
upon straining. (b, c) Defocused (± 1 µm) BF-TEM micrographs showcasing the formation of nan
ometer-sized cavities upon straining.
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and deformation becomes localised, a dislocation loop-free zone develops within the 
middle of the strained lamella (see Figure 5a).

To further advance the understanding of dislocation loop mobility and absorption 
mechanisms, future studies could utilise double-tilt straining holders or MEMS-based 
platforms with integrated force measurement. This would help overcome current geo
metrical limitations and provide more fundamental insights.

Figure 5 and Figure 6 provide insights into crack initiation and propagation phenom
ena. A notable characteristic of the microstructure during this stage is the appearance of 
nanometer-sized cavities within the dislocation loop-free zone (refer to Figure 5a–c). The 
cavities were made discernible by applying the focal series method in BF-TEM imaging 
mode (as shown in Figure 5b and c). Evidently, the cavities are present in a very high 
density (around 10²³ m−³) and appear to be induced by deformation, as they were not 
distinguishable in stage III, see Figure 2g. The local irradiation-induced clusters or rem
nants of absorbed dislocation loops or irradiation-induced cavities could be the source of 
their formation. In contrast to irradiation-induced cavities, the distribution of the defor
mation-induced cavities is relatively more uniform, and their density is relatively higher.

As depicted in Figure 6a and b, a notable observation is the simultaneous initiation of 
multiple cracks in the deformation localised region. This is followed by their propagation 
and eventual coalescence, leading to the final fracture of the FIB lamella. Magnified BF- 
TEM micrographs acquired near the crack edges unveil the deformation-induced nan
ometer-sized cavities’ pronounced alignment and coalescence (Figure 6c and d). This 
phenomenon sheds light on the critical role of these nanometer-sized cavities in the 

Figure 6. (a) Shows marked cracks formed within deformation-localised zones upon straining. (b) 
Cracks coalesce, resulting in the final fracture of the lamella. (c, d) Magnified under- and over- 
focused (± 1 µm) BF-TEM micrographs from the marked region in (b) exhibit coalescence of nan
ometer-sized cavities near the cracked edge.
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ultimate failure of the irradiated sample. It is noteworthy that distinguishing the contri
butions of irradiation– and deformation-induced cavities to the final fracture mechanism 
is challenging due to their similar size (∼2 nm). However, the density of the deformation- 
induced cavities (1023 m−³) is higher than that of the irradiation-induced cavities (10²¹ 
m−³), indicating a difference of two orders of magnitude. Therefore, cavities did originate 
during straining, ultimately contributing to the failure.

4. Summary

In summary, we employed in-situ S/TEM techniques to examine the deformation and 
damage mechanisms in neutron-irradiated EUROFER97 steel exposed to a 15 dpa 
dose at 330°C. This work complements the ex-situ TEM characterisation of as-irradiated 
and post-irradiation deformed microstructure. Analysis of the as-irradiated microstruc
ture revealed a high density of uniformly distributed dislocation loops and a sparse popu
lation of non-uniformly distributed nanometer-sized cavities and line dislocations. 
During in-situ straining experiments on FIB lamella, initial observations indicated the 
interaction of mobile line dislocations with the loops, resulting in loop absorption and 
the formation of dislocation networks – an irregular configuration involving line 
dislocations and loops. Subsequent straining led to a dislocation-loop-free zone, with 
deformation localising primarily in the lamella’s central region. Following this, defor
mation-induced nanometer-sized cavities emerged within the dislocation-loop-free 
zone, which likely nucleated at local irradiation-induced clusters/cavities or the remnants 
of absorbed loops. In contrast to irradiation-induced cavities, the distribution of defor
mation-induced cavities is relatively more uniform, with a higher density. Concurrently, 
the alignment and coalescence of nanometer-sized cavities initiated micro-cracks at 
several locations, which ultimately connected and led to the failure of the lamella. This 
suggests premature failure of the irradiated sample compared to its unirradiated counter
part, highlighting irradiation-induced embrittlement.
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