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Abstract: This study reports on the magnetic hardening phenomenon of heavily helium ion-irradiated
iron–chromium alloys. The alloys are important structural materials in next-generation nuclear
reactors. In some cases, problems may arise when the magnetic properties of the materials change due
to neutron irradiation. Therefore, it is necessary to understand the effects of irradiation on magnetism.
Helium irradiation was conducted as a simulated irradiation, and the effect of cavity formation on
magnetic properties was thoroughly investigated. High-quality single-crystal Fe-x%Cr (x = 0, 10,
20) films, with a thickness of 180–200 nm, were fabricated through ultra-high vacuum evaporation.
Subsequently, irradiation of 19 dpa with 30 keV He+ ions was conducted at room temperature.
X-ray diffraction measurements and electron microscopy observations confirmed significant lattice
expansion and the formation of high-density cavities after irradiation. The magnetization curve of
pure iron remained unchanged, while magnetic hardening was noticed in iron–chromium alloys.
This phenomenon is believed to be due to the combined effect of cavity formation and changes in the
atomic arrangement of chromium.

Keywords: iron–chromium alloy; epitaxial film; ion irradiation; helium cavity; magnetization curve

1. Introduction

Iron–chromium alloys have strong resistance to radiation and high temperatures,
making them promising candidates for use as structural materials in next-generation
nuclear fission and fusion reactors. For example, reduced activation ferritic martensitic
steels (Fe-(8–9)%Cr alloys) have been developed for fusion reactor blankets, and research
on the irradiation effects on their mechanical properties is progressing [1,2]. When using
the blanket in actual fusion reactors, it is necessary to estimate the electromagnetic loads in
advance that are generated during plasma disruptions [3,4]. For this purpose, numerical
analysis based on finite element modeling (FEM) code is being conducted. However, input
magnetic parameters of the unirradiated alloy are used due to the lack of irradiation data.
The blanket is exposed to high-energy, high-fluence neutron irradiation during operation,
which causes changes in atomic configuration [5] and potentially alters magnetic properties.
Nevertheless, these behaviors have not been fully clarified.

When investigating the effects of high-fluence irradiation damage, neutron irradiation
experiments using nuclear reactors are time-consuming and have limited experimental
flexibility. As an alternative approach, ion irradiation that causes cascade damage similar to
neutron irradiation is useful [6]. In the case of ion irradiation, the damaged region is limited
to the surface layer of the specimen due to the short penetration depth of ions. When ion
irradiation is applied to bulk specimens, it becomes challenging to distinguish the magnetic
characteristics of the damaged and undamaged regions, which complicates the evaluation
of the irradiation effects. In contrast, using thin film specimens makes assessment easier be-
cause the entire specimen is damaged. From this perspective, ion-irradiated film specimens
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are beneficial for understanding the effects of severe irradiation on magnetic properties. It
has been reported that the saturation magnetization significantly increased when 60 nm Fe
films were subjected to 490 kV Fe+ irradiation at room temperature (RT) up to several tens
of displacements per atom (dpa) [7]. This phenomenon is believed to be caused by void
clusters formed by cascade damage, leading to an increase in magnetization due to local
magneto-volume effects. This can be considered an example of severe irradiation affecting
the magnetic properties.

On the other hand, when examining iron–chromium alloys where chromium is in-
troduced to pure iron, it is important to consider not only the formation of dislocation
loops and void clusters caused by irradiation but also the changes in the arrangement
of chromium atoms. By thermal aging, the Fe-Cr solid solution is known to undergo
phase separation into Fe-rich and Cr-rich phases at high temperatures [8], which affects
the magnetization process of the alloys [9,10]. It has been reported that phase separation is
enhanced by irradiation when the irradiation flux is relatively low and the cascade mixing
effect is small, even in the low-temperature range where separation does not occur by
thermal aging [11,12]. In the studies investigating the magnetic properties of ion-irradiated
Fe-(5–20)%Cr films, an increase in coercivity and magnetization was reported [13–15]. The
irradiation-enhanced phase separation is considered the reason behind these phenomena.
However, direct verification from microstructural characterization has not been conducted,
and the mechanism is not fully understood.

In fusion reactor environments, it is also important to consider the effect of cavities
(voids and bubbles) formed by the accumulation of helium due to nuclear transmutation
during neutron irradiation [16,17]. Nevertheless, the effect of these cavities on magnetic
characteristics had not been previously examined. In our previous study, we investigated
the magnetic properties of iron films irradiated by helium ions at RT. As a result, we have
discovered that the magnetism of iron is highly robust to the formation of high-density
nanoscale cavities [18]. In this study, we investigated the effect of the same irradiation on the
magnetic properties of iron–chromium alloy films containing 10% and 20% chromium. The
results revealed that the alloys are magnetically hardened and less resistant to irradiation
compared to pure iron. We will present these experimental findings and discuss the
mechanism behind the hardening while comparing it to the behavior of iron.

2. Experimental Procedures
2.1. Specimen Preparation

In this study, epitaxially grown single crystal films were fabricated as specimens using
ultra-high vacuum (UHV) evaporation, followed by helium ion irradiation. The methods
are summarized below.

To produce high-quality iron–chromium alloy films, a MgO (001) single crystal was
used as the substrate because of its favorable lattice matching with the body-centered cubic
(BCC) structure of the alloy. To address the hygroscopic nature of MgO, the substrate
underwent a heat treatment at 1273 K for 12 h in an oxygen environment before thin film
fabrication [18]. This process aims to eliminate the surface alteration layer and ensure a
flat substrate at the atomic level. Subsequently, the treated substrate was placed in a UHV
chamber with a base vacuum of 2 × 10−7 Pa, where it was further heat-treated at 873 K. Fe-
x%Cr (x = 0, 10, 20) films, with a thickness ranging from 180 to 200 nm, were deposited onto
the substrate using the electron beam evaporation technique while keeping the substrate at
RT (UHV deposition system, EIKO Corp., Tokyo, Japan). During the deposition process,
the film thickness was monitored using a calibrated quartz crystal oscillator film thickness
gauge, while the crystal growth was observed in real-time through reflection high-energy
electron diffraction (RHEED). After deposition, a 15 min heat treatment at 873 K was
conducted in UHV to achieve high-quality thin films.

The film specimens were irradiated with 30 keV He+ at RT using a light-element
accelerator system at the Research Institute for Applied Mechanics of Kyushu University.
The ion flux was 1.5 × 1013 ions/(cm2s), and the total dose was 3.0 × 1017 ions/cm2.



Metals 2024, 14, 568 3 of 12

Figure 1 shows the damage and residual helium profiles of Fe-20%Cr alloy, which were
calculated using the Stopping and Range of Ions in Matter (SRIM) code with a threshold
energy of 40 eV [19]. Most of the damage and residual helium are distributed widely
throughout the thickness of the film. The highest damage level is located at a depth of
95 nm, with an estimated approximately 19 dpa.
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2.2. Characterization of Microstructure and Magnetism

In order to investigate the microstructures and magnetic properties of film specimens
before and after irradiation, the following experiments were conducted.

The crystal structure and orientation relationship of the film were investigated us-
ing electron backscatter diffraction (EBSD, Oxford Instruments HKL Channel5, Oxford
Instruments, Abingdon, UK), both before and after irradiation. The diffraction profile
perpendicular to the film plane was measured using a conventional X-ray diffraction (XRD)
θ–2θ measurement system (Rigaku Ultima IV with a CuKa radiation, Rigaku Corp., Tokyo,
Japan). Furthermore, thin sections were cut from both the unirradiated and irradiated
specimens using the micro-sampling method of the focused ion beam of 30 keV Ga+ (FIB,
MI-4050, Hitachi High-Tech Corp., Tokyo, Japan). Transmission electron microscopes were
used to examine the microstructural characteristics of the cross-section of the film. In order
to analyze the distribution of elements, a transmission electron microscope with an energy
dispersive spectroscopy (EDS) attachment and aberration correction capability was utilized
(TEM, JEM-2100 and ARM200FC, JEOL Ltd., Tokyo, Japan).

Magnetization curves were obtained at RT using a vibrating sample magnetometer
(VSM, Toei VSM-5-15, Toei Industry Co., Ltd., Tokyo, Japan). The specimen holder was
adjusted to apply a magnetic field within the plane of the film. By rotating the specimen on
the holder, magnetization curve data were collected in both the easy and hard magnetization
orientations. The maximum magnetic field strength applied during the measurement was
around 5 kOe.

3. Results
3.1. Epitaxial Structure and Lattice Expansion

Figure 2 shows the in situ observed RHEED patterns and schematic diagrams of an
Fe-20%Cr film that was heat-treated at 873 K after a 200 nm deposition. The electron
beam is incident in the (a) [100]MgO direction and (b) [110]MgO direction. The diffraction
patterns are streaky, and the distance between streaks in Figure 2a is wider than that in
Figure 2b. These patterns indicate that the film’s surface is flat, and the BCC structure of
Fe-20%Cr (001) was epitaxially grown with a 45-degree rotation in relation to the MgO (001)
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lattice. Similar diffraction patterns were also observed in an Fe-10%Cr film. The orientation
relationship between the film and the substrate is as follows.

BCC Fe-Cr (001) [110]//MgO (001) [100]
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Figure 2. RHEED patterns, schematic diagrams of the patterns, and observation direction after
UHV annealing of an Fe-20%Cr film. The incident electron beam is parallel to (a) [100]MgO and
(b) [110]MgO.

Figure 3 shows the results of structural observations of an Fe-20%Cr film obtained
through ex situ EBSD measurement. These figures display phase maps, inverse pole figure
(IPF) maps, and {100}BCC pole figures of both unirradiated (Figure 3a) and irradiated
(Figure 3b) films, respectively. Furthermore, Figure 3c illustrates a schematic drawing of
the epitaxial relationship. The results of the unirradiated film (Figure 3a) are consistent
with the findings of RHEED observations (Figure 2), and these remain unchanged after
irradiation (Figure 3b), suggesting that irradiation does not affect the crystal structure and
orientation of the film. Similar results have been confirmed for Fe-10%Cr thin films, as well
as for pure iron, as reported in the previous study [18].
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Figure 4 shows out-of-plane XRD profiles of Fe [18], Fe-10%Cr, and Fe-20%Cr films,
covering a diffraction angle 2θ range from 43.5 degrees to 80 degrees, and d002 lattice spacing.
The intensity of the MgO 002 peak (2θ = 42.92 degrees) from the single crystal substrate
is excessively high. Therefore, we measured the profile from the angle of the shoulder on
the right side of the MgO 002 peak and investigated in detail the BCC 002 peak of the film,
as expected from RHEED and EBSD measurements. After irradiation, the intensity of the
BCC 002 peak decreased, the peak width broadened, and the peak position shifted to lower
angles (Figure 4a–c). These findings indicate that the lattice spacings perpendicular to the
film plane have broad distributions and elongation. Figure 4d provides a summary of the
d002 lattice spacings derived from the XRD profiles. After irradiation, the lattice spacing
of the Fe-20%Cr film increased by 1.3% in the out-of-plane direction. In the present study,
the lattice spacings along the in-plane direction of the Fe-Cr films were not measured. It
is presumed that they have changed very little due to the effect of substrate constraint, as
reported in the previous study on iron films [18].
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3.2. Formation of Cavities

Figure 5 shows TEM images of (a) unirradiated and (b) irradiated Fe-20%Cr specimens.
The under-focused image of the irradiated specimen in Figure 5b exhibited numerous
bright contrasts at a nanometer scale. Similar contrasts were observed in an iron film
irradiated with He+ under the same conditions [18], where the irradiation led to the
formation of cavities, likely helium bubbles. The number density of the cavities, calculated
assuming the TEM specimen thickness of 100 nm, was 1.2 × 1024/m3. It was noted that
the number density and size of the cavities in the Fe-20%Cr film closely resemble those
observed in the Fe film. In this study, TEM observation has not been conducted on the Fe-
10%Cr film. However, since the similar lattice expansion has been confirmed in Fe-10%Cr



Metals 2024, 14, 568 6 of 12

(Figure 4), it indicates that the film possesses similar microstructures with cavities of high
number density.
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Figure 5. Cross-sectional TEM observation of the Fe-20%Cr film before and after irradiation:
(a) unirradiated; (b) irradiated Fe-20%Cr film. The top layer of platinum is a protective coating
that was deposited during FIB processing.

In the introduction, we mentioned the possibility of phase separation induced by
irradiation. To verify whether this phenomenon is occurring, we examined the composition
distribution of the cross-section of an Fe-20%Cr film. Figure 6a is a STEM-BF image, while
Figure 6b–e are EDS elemental mappings of Fe, Cr, Pt, and Ga, respectively. In Figure 6b,c,
noticeable distributions in iron and chromium concentrations are not confirmed at this
scale of observation. The cavities in this specimen are on a nanometer scale and are densely
distributed. Considering that the thickness of the cross-sectional specimen is around 100 nm,
there may be an overlapping and averaging of fine structures along the thickness direction.
To elucidate the phase separation behavior induced by irradiation, high-resolution atom
probe measurements are the best approach, although there are challenging issues that will
be discussed later.
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Figure 6. Compositional analysis of the cross-section of the irradiated Fe-20%Cr film using aberration-
corrected STEM-EDS. (a) STEM-BF image, and EDS elemental mapping of (b) Fe, (c) Cr, (d) Pt, and
(e) Ga.

3.3. Irradiation Effects on Magnetization Curves

The magnetization of the specimens was measured before and after irradiation using
a VSM. Figure 7a–c show the magnetization curves of unirradiated Fe, 10%Cr, and 20%Cr
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films, while Figure 7d,e show irradiated ones. In the calculation of magnetization, a
thickness of 200 nm was used for the Fe and Fe-10%Cr films, and 180 nm for the Fe-20%Cr
film. The red lines represent the curves when a magnetic field is applied in the [100]
BCC direction, while the blue lines represent the curves when the field is applied in the
[110] BCC direction. In the case of the unirradiated specimens (Figure 7a–c), all curves
indicate that the [100]BCC and [110]BCC are the easy and hard magnetization directions,
respectively, consistent with the characteristic of magnetocrystalline anisotropy in bulk
iron. The addition of chromium to iron leads to a decrease in saturation magnetization
and a reduction in the difference between the easy and hard directions (Figure 7b,c).
As reported in the previous study [18], the magnetization curves of the Fe film remain
unchanged after irradiation, indicating the resilience of its magnetic properties against
cavity formation (Figure 7a,d). In contrast, the behavior of the chromium-containing alloys
exhibits significant differences. After irradiation, the magnetization curve exhibited an
inclination, making it difficult to reach magnetization saturation (Figure 7e,f). This effect is
more pronounced in the Fe-20%Cr alloy with a higher chromium concentration, where the
saturation magnetic field reaches around 1 kOe (Figure 7f).
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Figure 7. Magnetization curves of the Fe-x%Cr (x = 0, 10, 20) films before and after irradiation.
(a,d) Fe adapted from Ref. [18], (b,e) Fe-10%Cr, and (c,f) Fe-20%Cr films, as well as (a–c) unirradiated
and (d–f) irradiated films. Red and blue curves represent the applied magnetic field parallel to the
[100]BCC and [110]BCC directions, respectively.

First, the magnetization curves of the unirradiated films in the hard direction are
analyzed, and then compared with those of the irradiated films. The magnetization is
assumed to be confined within the (001) film plane (x-y plane) due to the demagnetizing
effect. By considering the magnetic field applied along the [110]BCC direction, the angle
between the magnetization direction and [100]BCC is represented as θ, and the saturation
magnetization is denoted as Ms. The direction cosine αi and magnetization M follow
Equation (1). Using the crystalline magnetic anisotropy constant Ki, the crystalline magnetic
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anisotropy energy EA is expressed as Equation (2), and the total energy E is determined
by Equation (3). Minimization of this energy yields the magnetic field H, as described
by Equation (4). The magnetization curve can be calculated using Equations (1) and (4).
Figure 8 shows an enlarged view of the first quadrant of the magnetization curve of the
unirradiated films (Figure 7a–c) and the calculated curve. The values of Ms and K1 used in
the calculation are summarized in Table 1. With an increase in Cr concentration, the values
of Ms and K1 decrease, consistent with the trends observed in bulk alloys [19,20]. The
saturation field HS in the hard direction is determined by HS = 2K1/Ms from Equation (4).
The HS value of the unirradiated Fe-20%Cr film is 319 Oe (Figure 8c), whereas that of the
irradiated film is 1 kOe (Figure 7f), which is more than three times larger. The mechanism
of this phenomenon will be discussed in the next section.

(α1, α2, α3) = (cosθ, sinθ, 0) M = Mscos(π/4 − θ) (1)

EA = K1

(
α2

1α2
2 + α2

2α2
3 + α2

3α2
1

)
+ K2α2

1α2
2α2

3 = K1(1 − cos4θ)/8 (2)

E = EA − MH = K1(1 − cos4θ)/8 − MsHcos(π/4 − θ) (3)

H = K1sin4θ/(2Mssin(π/4 − θ)) (4)
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region. (a) Fe, (b) Fe-10%Cr, (c) Fe-20%Cr. Red and blue curves represent experimental data with an
applied magnetic field parallel to [100]BCC and [110]BCC, respectively. The green curves represent the
calculated values for the [110]BCC direction.

Table 1. Saturation magnetization and anisotropy constant used in the calculation in Figure 8.

Fe Fe-10%Cr Fe-20%Cr

Ms (emu/cm3) 1.63 × 103 1.39 × 103 1.13 × 103

K1 (erg/cm3) 4.8 × 105 3.4 × 105 1.8 × 105

4. Discussion

In this section, we will discuss the magnetic hardening phenomenon of Fe-Cr films
induced by irradiation. When subjected to helium ion irradiation, both Fe and Fe-Cr films
exhibited the formation of cavities with similar number densities, accompanied by an
increase in the lattice spacing perpendicular to the film plane. Notably, no significant
changes were observed in the magnetization curves of the pure iron film. However, an
enhancement in the saturation magnetic field was detected in the Fe-Cr films, particularly
in the specimen with higher chromium concentrations. This phenomenon is believed to be
linked to the presence of chromium atoms, suggesting that the rearrangement of chromium
atoms caused by irradiation plays an important role. However, this hypothesis has not been
directly verified through microstructural observations. Therefore, a phenomenological
approach is adopted based on the analysis of the magnetization curve shape to discuss
several mechanisms that could potentially cause the hardening.
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Various models have been proposed for analyzing the shape of the magnetization
hysteresis curve [21,22]. Here, a phenomenological analysis using the hyperbolic tangent
function is conducted. Assuming that the magnetization curve of the irradiated Fe-20%Cr
film can be decomposed into two components, one with low coercivity and hard magne-
tization m1, and the other with high coercivity and rectangular shape m2, the saturation
magnetization, Ms, is assumed to be the same as that of the unirradiated Fe-20%Cr film
(1.13 × 103 emu/cm3 in Table 1), with two components existing with volume fractions v1
and v2. The upper side (magnetic field decreasing side) of the curve is represented as m+

i ,
and the lower side (increasing side) is represented as m−

i . The total magnetization M± is
calculated by adding the two as shown in Equation (5). The variable x±i of the hyperbolic
tangent function is expressed in terms of the effective magnetic field Heff, the shift parame-
ter Hci, and the normalized variable σi in Equation (6). Here, the Heff is expressed in terms
of the external field Hext and the demagnetization factor Ni in Equation (7). Figure 9 shows
the magnetization curve derived from this model, and the values of the parameters are
summarized in Table 2.

M± = m±
1 + m±

2 = v1Mstanh
(
x±1

)
+ v2Mstanh

(
x±2

)
(5)

x±i = (Heff ± Hci)/σi (6)

Heff = Hext − Nim±
i (7)
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Table 2. Parameters used in the calculation of the magnetization curve in Figure 9.

i vi Hci(Oe) σi(Oe) Ni

1 0.65 15 3 1.3

2 0.35 123 30 0

The shape of the magnetization curve of the irradiated Fe-20%Cr film can be well
reproduced by the superposition of two components, m1 and m2 (Figure 9). The volume
fraction of the two magnetization components is 0.65 and 0.35, respectively. The presence
of the characteristic hard magnetization component m1 in this model is attributed to the
demagnetizing field effects. In ferromagnetic materials, a significant demagnetizing field
arises when the cross-sectional area is large in the field direction, which results in magnetic
hardening. For example, in small-shaped ferromagnetic materials fabricated by lithography
processing where strong and weak demagnetizing field regions coexist, a magnetization
curve with a shape similar to Figure 9a can be obtained [23,24]. It has been reported that the
cavities in irradiated Fe-Cr alloys tend to become covered with chromium-rich regions due
to segregation [25,26]. When the chromium concentration of Fe-Cr alloy increases above
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70%, the Curie temperature of the alloy decreases below room temperature, making it non-
magnetic [20]. If the cavities enclosed by non-magnetic shell regions are interconnected and
the ferromagnetic matrix is fragmented, the demagnetizing field effects may be intensified,
resulting in magnetic hardening.

Apart from the aforementioned demagnetizing field effects, there are other factors
that could play a role in magnetic hardening. While the precise relationship with the
microstructures remains ambiguous, potential factors such as vertical magnetic anisotropy
and/or antiferromagnetic (AF) coupling might be implicated. The positive magnetostric-
tion constant of bulk Fe-Cr alloy increases with higher chromium concentrations [27]. The
irradiated Fe-Cr films exhibited expansion perpendicular to the film plane, which may
induce out-of-plane anisotropy and potentially hinder in-plane magnetization. As another
possibility, if the AF coupling exists in the film, a well-known phenomenon observed
in Fe layers of Fe/Cr/Fe multilayers, a large magnetic field is required to disrupt the
coupling [28]. If iron-rich regions in irradiated Fe-Cr films exhibit some kind of AF cou-
pling with each other through chromium-rich regions, the magnetization process may be
hindered, leading to magnetic hardening.

All the discussions described above are speculations based on the shape analysis
of the hysteresis curve, and there has been no direct experimental confirmation from
microstructural viewpoints. Preliminary experiments are being conducted on irradiated
films using atom probes to accurately evaluate nano-scale structures. But we found there are
currently some challenges. When there are high-density small holes in specimens, careful
corrections are required for elemental analysis due to the differences in field evaporation
behaviors between the hole regions and the matrix [29]. This complicates the process of
conducting precise composition analysis. Furthermore, although not mentioned in this
discussion, there are reports to consider regarding the influence of short-range order on the
magnetism [30]. Considering these factors, it will be essential to conduct a more thorough
analysis of the atomic arrangement of chromium in upcoming research.

The current irradiation was conducted at room temperature as part of the initial study,
whereas the operating temperature range of the blanket would be higher (573–823 K).
This could potentially result in enhancing phase separation and cavity coarsening. By
altering the irradiation conditions, such as temperature, fluence, and flux, and conducting
detailed microstructural analysis of iron–chromium films, useful magnetic data could be
collected for FEM calculations of electromagnetic loads on the blanket. These studies will
deepen the understanding of the magnetic behaviors of ferritic alloys irradiated in fusion
reactor environments.

5. Conclusions

In this study, the effects of helium ion irradiation on the microstructures and magnetic
properties of pure iron and iron–chromium alloys (10%Cr and 20%Cr) were thoroughly
investigated. The epitaxial bcc iron and iron–chromium films were irradiated with 30 keV
He+ up to 3.0 × 1017 ions/cm2 at RT. Microstructural observations were conducted using
XRD and TEM, and magnetization curve measurements were performed using a VSM
before and after irradiation. The results obtained are as follows:

(1) The helium irradiation did not affect the crystal structure and orientation of epitaxially
grown films.

(2) In all specimens, an approximate 1% increase in the lattice distance perpendicular to
the film plane was confirmed. Furthermore, small high-density cavities with a similar
number density were observed in both Fe and Fe-20%Cr films.

(3) After irradiation, significant magnetic hardening was observed in the magnetization
curves of Fe-10%Cr and 20%Cr films, whereas no change was confirmed in the Fe
film. The saturation magnetic field of Fe-20%Cr reached around 1 kOe.

(4) The magnetization curve of the irradiated Fe-20%Cr film can be decomposed into two
components: one characterized by low coercivity and hard magnetization, and the
other exhibiting high coercivity and a rectangular shape.
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(5) The magnetic hardening in iron–chromium alloys is believed to be caused by cavity
formation and rearrangement of chromium atoms induced by irradiation.

This work demonstrates that severe irradiation and the formation of cavities have
significant effects on the magnetization process of iron–chromium alloys. Further research
involving detailed analysis of microstructure and experiments under various ion irradiation
conditions will provide valuable insights into understanding the magnetic behaviors of
ferritic alloys used in fusion reactor environments.
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