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Abstract
Molybdenum is used as a plasma-facing component (PFC) in tokamaks where
it is exposed to high-energy neutrons and plasma particles (He and H ions).
This study examines the effects of high-energy copper ion beam with varying
doses (0.108, 1.08, and 10.8 dpa) on the microstructure and mechanical prop-
erties of molybdenum samples, to emulate the impact of high-energy particle
cascade damage. Following exposure to high-energy copper ion beams, changes
in microstructure, crystal size, lattice constant, micro-strain (%), and surface
morphology were observed. Lower ion dose (0.108 dpa) resulted in severe crack-
ing as shown in SEM images, attributed to a high dislocation density as a result
of increased micro-strain (%) and decreased crystal size. Features like dents,
melt craters, and a rough surface were observed at high ion doses of 1.08 and
10.8 dpa.Initially, crystal size decreased (fragmentation) at low ion dose of 0.108
dpa. However, at higher ion doses of 1.08 and 10.8 dpa an increase in crystal
size (growth) was observed and the microstrain was dropped to lower values.
Decrease in lattice constant seems linear with the ion dose as clear from XRD
results, indicating the progressive radiation damage. The change in hardness
with increasing dose was nonlinear. Hardness was observed to increase first at
lower ion dose (0.108 and 1.08 dpa), however at higher ion doses of 10.8 dpa,
a decrease in hardness is observed due to crystal size coarsening and structure
recovery/recrystallization effects.
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Abstract
Molybdenum is used as a plasma-facing component (PFC) in tokamaks where
it is exposed to high-energy neutrons and plasma particles (He and H ions).
This study examines the effects of high-energy copper ion beams with varying
doses (0.108, 1.08, and 10.8 dpa) on the microstructure and mechanical prop-
erties of molybdenum samples to emulate the impact of high-energy particle
cascade damage. Following exposure to high-energy copper ion beams, changes
in microstructure, crystal size, lattice constant, micro-strain (%), and surface
morphology were observed. Lower ion dose (0.108 dpa) resulted in severe crack-
ing as shown in SEM images, attributed to high dislocation density resulting
from increased micro-strain (%) and decreased crystal size. Features like dents,
melt craters, and a rough surface were observed at high ion doses of 1.08 and 10.8
dpa. Initially, crystal size decreased (fragmentation) at the low ion dose of 0.108
dpa. However, at higher ion doses of 1.08 and 10.8 dpa, an increase in crystal
size (growth) was observed and the micro-strain dropped to lower values. The
decrease in lattice constant appears linear with ion dose as evident from XRD
results, indicating progressive radiation damage. The change in hardness with
increasing dose was nonlinear. Hardness increased first at lower ion doses (0.108
and 1.08 dpa), but at the higher ion dose of 10.8 dpa, a decrease in hardness was
observed due to crystal size coarsening and structure recovery/recrystallization
effects.

Keywords: radiation defects, radiation hardening, dislocation density, recrys-
tallization, softening

Introduction
Nuclear fusion is envisaged as an attractive source of sustainable, green energy
due to its zero-carbon emission, high energy density, and abundant fuel supply.
During both transient events and steady-state operation, high-energy particles
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and heat loads in the range of MW/m² to GW/m² are expected to reach the
first wall material of the tokamak. Plasma-facing components (PFCs) will be
exposed to 14 MeV neutrons, which can cause more than 15 dpa damage over a
year to tungsten and molybdenum PFCs. Due to these intense loads, cracking,
melting/re-deposition, and swelling can occur, leading to severe damage. Al-
though mitigation techniques are implemented to reduce heat loads to tolerable
limits for plasma-facing components, heat fluxes reaching them can still be as
high as ~1 MJ/m², causing severe damage.

Tungsten is considered the most reliable material for harsh environments due
to its high melting point, low sputtering yield, high thermal conductivity, and
low tritium retention. However, low-energy helium irradiation can cause fuzz
formation on tungsten surfaces, leading to reduced thermal conductivity and
degraded mechanical and structural properties. Additionally, bending, milling,
and machining of tungsten are challenging because of its high hardness. Hydro-
gen isotopes escaping from the plasma core can penetrate irradiated tungsten
structures and combine with dislocations, resulting in swelling and cracking of
PFCs. On the other hand, molybdenum, being a refractory metal, has emerged
as another attractive candidate for PFCs in tokamak devices and is also used
in plasma optical diagnostic mirrors.

Molybdenum possesses the required properties to be used as an alternative to
tungsten. Its high evaporation temperature helps prevent evaporated particles
from entering the plasma and mitigates plasma cooling/quenching problems.
It also prevents the retention of hydrogen atoms in the temperature range of
823-1073 K. Hydrogen retention in molybdenum is lower in a narrow operating
temperature window compared with tungsten, which has a wider hydrogen re-
tention temperature range (1000-2000 K). Molybdenum can also accommodate
transient heat loads during disruption events like edge localized modes (ELMs)
and vertical displacement events (VDEs).

Energetic particles produced by particle accelerators (like the Large Hadron
Collider at CERN), ion implanters, and nuclear reactors interact with matter
and induce four main effects: ionisation, nuclear transmutation, displacement
damage, and phase transformation. These effects can alter surface morphology,
microstructure, and degrade material properties. Among them, displacement
damage, transmutation, and phase transformation effects are critical to material
performance and must be thoroughly addressed before materials are deployed
in nuclear reactors. Displacement damage causes lattice disorder in the crystal
structure through ion-matter interaction. When high-energy particles interact
with matter, they transfer energy that results in the formation of lattice defects.
Part of the incoming ion’s energy is also dissipated as phonons, electronic exci-
tations, secondary electrons, photons, and heat, leading to localized remelting
and recrystallization. Lattice defects are further classified as point defects (va-
cancies and interstitials), line defects (screw or edge dislocations), and plane
defects (voids, pores, or cracks). On the surface, radiation damage can manifest
as craters, adatoms, and ripples. Transmutation effects cause production of he-
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lium and hydrogen inside the structure, and coalescence of these gas atoms with
vacancies results in bubble formation and swelling. Phase transformation can
produce undesirable precipitates or dissolve desirable ones, causing deterioration
of mechanical properties.

Irradiation damage is a critical issue in nuclear reactors. In early-stage irradia-
tion damage, dislocations are produced through population multiplication and
clustering. These defect clusters lead to void formation and degrade the me-
chanical properties of materials. When molybdenum is used as a plasma-facing
component in tokamaks, it encounters high-energy neutrons, high heat flux, and
hydrogen and helium ions. Neutron irradiation can degrade the molybdenum
surface and affect the component’s lifespan. Surface damage can limit the use
of molybdenum as optical diagnostic mirrors and as PFCs in tokamaks. Ion
damage level and operating conditions can affect the retention and desorption
of hydrogen and helium ions. For molybdenum, numerous ion irradiation stud-
ies have focused on transition metal or noble gas ions (e.g., Fe, Xe, Kr, Si,
He) over dose ranges of 1-100 dpa and temperatures spanning from room tem-
perature to 900°C. These investigations have revealed important phenomena
such as dislocation loop formation, void nucleation, radiation-induced harden-
ing, and phase stability changes, typically using characterization techniques like
transmission electron microscopy (TEM) and nanoindentation. Despite these
advances, several important gaps remain in the literature. Firstly, copper ion
irradiation of Mo has been rarely explored, even though Cu ions exhibit dis-
tinct nuclear stopping powers and may produce different cascade morphologies
compared to commonly studied ions. Secondly, the early stages of radiation
damage (at sub-dpa levels) are poorly characterized for Mo, limiting our un-
derstanding of defect nucleation and incubation regimes. Furthermore, much
prior work emphasizes TEM-based defect imaging and nanoindentation hard-
ness testing, with comparatively fewer studies correlating bulk crystallographic
changes (e.g., lattice strain, defect-induced broadening) from X-ray diffraction
(XRD) with mechanical property evolution. The response of materials under se-
vere harsh environments can be understood by gaining knowledge of irradiation
effects on microstructure, transmutation, phase transformations, precipitation,
and dislocation/defect behavior.

In this research, our objective was to understand the influence of high-energy
copper ion beams with varying doses (sub-zero to tens of dpa) on the surface mor-
phology, microstructure, residual strain, and hardness of molybdenum samples.
A Pellatron accelerator (5 MV) was utilized to generate ion beams with the de-
sired parameters. Following irradiation, characterization techniques including
X-ray diffraction (XRD), scanning electron microscopy (SEM), Micro-Vickers
hardness testing, and electron probe microanalysis (EPMA) were employed to
evaluate modifications in microstructure, residual strain, surface morphology,
roughness, and hardness within the crystal lattice.
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Materials and Methods
Molybdenum, being an attractive candidate as PFCs in tokamaks, was selected
as the sample material to decipher its response under extreme radiation environ-
ments. The composition of the samples (99.9% pure Mo) was confirmed using
energy dispersive spectroscopy (EDS). Samples of 5 mm thickness were cut from
a molybdenum rod with a diameter of 6 mm. To relieve stresses induced during
disc cutting and machining, samples were annealed at 600°C for 6 hours in an
inert gas environment using a tube furnace.

Rough polishing was performed using silicon carbide emery papers of 400, 600,
1200, 1500, 2000, 3000, and 4000 micron grit sizes to achieve a smooth sur-
face. Fine polishing was then carried out using diamond paste of 5-micron and
alumina powder of 1 to 0.012 micron grit sizes in aqueous medium. To remove
impurities, dirt, and oil contaminants, samples were cleaned ultrasonically using
an acetone bath.

A Pellatron accelerator (5 MV) was utilized to generate 5 MeV copper ion beams.
Irradiation was conducted at room temperature under a vacuum of 4×10−6 mbar
pressure at different fluences. Copper ion beams are used to create high cascade
damage in materials, as heavy ions are preferred for achieving high displacement
damage. The flux used for sample irradiation was 1 × 1012 ions/cm2-s.

The crystal structure, crystal size, and micro-strain (%) of pristine and irradi-
ated samples were characterized using a Rigaku Smartlab XRD machine. The
𝜃-2𝜃 scan was used to obtain diffraction patterns. A copper radiation source
was used for the scans with Cu K𝛼 average wavelength of 𝜆 = 0.15406 nm. The
scan rate was set at 0.083 degrees per second with an increment of 0.01 degrees
in the range of 30 to 90 degrees. It is important to note that the broadening of
the Bragg peak encompasses both instrument-related broadening and sample-
induced broadening. To determine the instrumental broadening 𝛽instrument, the
line broadening measured from a standard silicon sample was subtracted from
the measured total broadening (𝛽total) to obtain the actual sample broadening.
The instrumental corrected broadening 𝛽sample, corresponding to each diffrac-
tion peak from molybdenum before and after irradiation, was calculated using
the following equation [31]:

𝛽sample = √𝛽2
total − 𝛽2

instrument

Molybdenum has a body-centered cubic (BCC) structure; therefore, the diffrac-
tion peaks analyzed in the study are {110}, {200}, {211}, and {220}.

Surface morphology and elemental composition of pristine and irradiated
samples were examined using field emission scanning electron microscopy (FE-
SEM) and energy dispersive spectroscopy (EDS). Electron probe microanalysis
(EPMA, Rigaku) was also used to confirm elemental composition and surface
morphology. Changes in hardness of irradiated samples were measured through
micro-Vickers hardness testing using varying indentation loads (10-100 gf).
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Results and Discussion
Simulation

SRIM simulation code was used to simulate the irradiation conditions. A dis-
placement threshold energy of 60 eV for molybdenum [29] was used in the sim-
ulation. The Quick Calculations of Damage (Q-C) model was used to calculate
irradiation parameters. The results indicate that under the irradiation condi-
tions, copper ions penetrate molybdenum to a peak depth of 1.8-2.0 µm, causing
peak damage at a depth of 1.3-1.4 µm. The following values and calculations
(Equation 1) are used to calculate the displacement damage per atom (dpa) for
the 5 MeV copper ion beam fluences of 1 × 1014, 1 × 1015, and 1 × 1016 Cu/cm2.

Total vacancies = 0.69 V/(A-ion)

dpa = Φ×𝑁vac
𝑁at

Copper ion beam irradiation parameters for the molybdenum samples are listed
in Table 1. The copper ion concentration in molybdenum and the total number
of vacancies produced due to irradiation are shown in Figures 1(a) and 1(b). The
calculated peak value of dpa after calculations is 10.8 at a peak depth of 1.3 µm
for the copper ion fluence of 1×1016 Cu/cm2, as shown in Figure 2(a). Electron
(𝑆𝑒) and nuclear (𝑆𝑛) stopping powers of copper ions in molybdenum are shown
in Figure 2(b). For 5 MeV copper ions, energy loss by electronic collision is 4.7
keV/nm and energy loss by nuclear collision is 0.4 keV/nm. Electronic stopping
power increases with copper ion energy, showing that cascade damage tendency
decreases with ion energy.

X-Ray Diffraction

X-ray diffraction patterns of pristine and copper ion beam irradiated molybde-
num samples are presented in Figure 3, where the black-line pattern represents
the pristine sample. Distinct molybdenum peaks can be observed at 2Θ angles
of 40.4°, 58.57°, 73.58°, and 87.56°. After copper ion beam irradiation, peaks
show variations in position, intensity, and full width at half maxima (FWHM).
Molybdenum peaks shift slightly to the right with increased intensity for the
ion dose of 0.108 dpa, while peaks shift to higher 2Θ values with decreased in-
tensity at ion doses of 1.08 and 10.8 dpa, as can be seen in the zoomed (110)
peak in Figure 3(a). This peak shift is due to multiple factors including strain,
interplanar spacing, and instrumental error. The value of peak shift versus ion
beam fluence is shown in Figure 3(b). Figure 3(c) illustrates the variation in
lattice constant with ion dose, showing a linear decrease after irradiation.

The lattice constant declines with increasing ion dose, which is indicative of
radiation damage in the microstructure. Ion irradiation leads to three primary
processes that modify the crystal lattice: (1) ballistic collisions, where energetic
ions displace atoms from their lattice sites, creating point defects (vacancies
and interstitials); (2) thermal spikes, in which excess primary knock-on atom
(PKA) energy is rapidly dissipated as localized vibrations and heat, potentially
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causing localized melting, phase changes, or amorphization and recrystalliza-
tion; and (3) atomic displacement cascades, resulting in the formation of de-
fect clusters and dislocations. These processes significantly influence the lattice
constant by introducing defects that distort the crystal lattice and alter in-
teratomic spacing. Lattice constant variations accompanied by point defects,
phase transformation/amorphization, and dislocations can degrade physical and
mechanical properties. Specifically, such damage can reduce thermal/electrical
conductivities, lower ductility, promote hardening, and increase the tendency
for microcracking. Variation in lattice constant as observed by XRD serves as an
atomic-scale indicator of irradiation damage. Radiation can also modify lattice
spacing through segregation effects, such as local depletion and enrichment of
alloying or implanted species (such as copper in this study). Therefore, the ob-
served decrease in lattice constant with increasing ion dose is consistent with the
accumulation of defects and elemental redistribution and is a well-established
signature of radiation damage in metals.

To estimate the effect of irradiation on the microstructure of molybdenum crys-
tals, the Williamson-Hall method was used for better accuracy and reliability.
An increase in ion dose (1.08 dpa) leads to a decrease in the intensity of major
diffraction peaks, indicating that radiation causes localized amorphization or
structural disorder. Variation in crystal size and micro-strain as estimated by
the Williamson-Hall (W-H) method is shown in Figure 4. According to the W-H
method, micro-strain is obtained from the slope of the line and crystal size from
the intercept using the following linear equation:

𝛽 cos 𝜃 = 𝑘𝜆
𝐷 + 4𝜖 sin 𝜃

Where the intercept is 𝑘𝜆
𝐷 and the slope is 4𝜖. From XRD analysis it is clear

that crystal size refinement occurs with an increase in ion dose (0.108 dpa)
due to fragmentation and recrystallization. The crystal size of pristine samples
is 113 nm. After irradiation, crystal size varies from 63.3 nm at 0.108 dpa
to 135 nm at 1.08 dpa and 121 nm at the higher dose of 10.8 dpa. Crystal
size refinement occurs at lower ion dose, while crystal growth is observed at
higher ion dose with crystal size increasing to 135 nm at 1.08 dpa and 121
nm at 10.8 dpa. Variation in micro-strain (%) is also observed. For pristine
samples, micro-strain of 0.0426% is observed. Residual strain increases at the
lower ion dose of 0.108 dpa to a value of 0.0497%. At higher ion doses of
1.08 dpa (0.0462%) and 10.8 dpa (0.0431%), micro-strain decreases. At lower
ion dose (0.108 dpa), micro-strain increases while crystal size decreases. At
higher ion doses, micro-strain decreases to lower values (0.0462 at 1.08 dpa)
while crystal size increases; however, at an ion dose of 10.8 dpa, micro-strain
decreases to 0.0431 while crystal size decreases to 121 nm. A reverse trend
between micro-strain and crystal size is observed at the higher ion dose (10.8
dpa). This behavior at higher ion dose might be related to the growth of defects
or formation of nanocrystals due to recrystallization. These nanocrystallites
are stress-free, resulting in decreased micro-strain and decreased dislocation
density as observed in this study. This decrease in dislocation density results in
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decreased hardness of the material. Material recovery or recrystallization has
been observed at higher ion doses by other researchers.

The increase in ion dose leads to a decrease in peak intensity of major peaks
(radiation causing amorphization or disorder), accompanied by an increase in
micro-strain, while crystal size refinement occurs within the range of <1.5 dpa.
XRD results can be used to estimate dislocation density in pristine and irradi-
ated samples. The dislocation density is composed of two contributions: the
domain contribution and the deformation contribution. The domain contribu-
tion is given by equation 2 and the deformation contribution is given by equation
3, where k is the material constant, D is the crystallite size, 𝜖 is RMS micro-
strain, and b is the Burgers vector. The Burgers vector for BCC is calculated
using (𝑎/2)×

√
ℎ2 + 𝑙2 + 𝑘2, and the slip plane in BCC structure is (110). Using

values of domain and deformation contributions, we obtain equation 7, which is
used to estimate dislocation defect density before and after irradiation:

𝜌 = 2
√

3𝜖
𝐷𝑏

Where 𝜖 is micro-strain, D is crystal size (nm), and b is the Burgers vector. The
value of Burgers vector used for calculations is 0.272 nm. By extracting dislo-
cation density information, one can correlate the effect of displacement damage
with dislocation density. It is observed that with increasing ion dose, disloca-
tion density first increases at lower ion dose and then decreases at higher ion
dose, as shown in Table 3. At higher dose, chances of dislocation coalescence
to voids increase and dislocation density decreases. Dislocation density is in-
versely related to crystal size and directly related to micro-strain. Increase in
micro-strain results in increased dislocation density.

Scanning Electron Microscopy

Changes in surface morphology were observed using field emission scanning elec-
tron microscopy (FE-SEM). The FE-SEM micrographs of the pristine sample
are shown in Figure 5(a), showing a smooth surface finish without polishing
marks. Micrographs of molybdenum samples irradiated with ion doses of 0.108,
1.08, and 10.8 dpa are shown in Figure 5(b-n). Additionally, Figure 5(j) presents
the EDS spectrum after ion beam irradiation.

Crack formation is observed on the surface of samples irradiated with an ion
dose of 0.108 dpa (Figure 5b-e), while dents and melt crater formation are ob-
served at 1.08 dpa (Figure 5f-i). Defect clusters and deep pit formation are
observed on samples irradiated with 10.8 dpa (Figures 5k-n). At low ion dose,
high dislocation density (as calculated in the XRD section) increases material
flow stress above the inherent fracture stress, resulting in brittle fractures and
cracks. Crack formation, voids, blistering, and melt craters have been observed
by many researchers following ion beam irradiation, highlighting the need to de-
velop molybdenum alloys for the harsh tokamak environment. There are greater
chances of forming higher dislocation density, defects, and vacancies at low ion
dose, resulting in cracks. At low fluence, accumulation of high dislocation den-
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sity elevates material flow stress above its inherent fracture stress, promoting
brittle fracture and crack formation.

Higher ion dose (1.08 dpa) can result in dent and melt crater formation, as
observed in our study and many others. Small deep pits are observed in Figure
5(f,i) and some pores can also be observed at higher ion dose (10.8 dpa). At
higher ion dose (10.8 dpa), the growth rate of voids is limited due to void
annihilation and low mobility at room temperature. Temperature plays an
important role in void formation and defect coalescence. According to Jizhong
Zhang et al., at 1×1015 ions/cm2, surface damage with irregularly shaped voids
and dents of varying sizes was evident. At a higher fluence of 1×1016 ions/cm2,
a peeling-off effect on the surface caused deep voids. With increasing ion fluence,
they observed increased void length.

Elemental analysis confirms the samples are molybdenum with 99 weight% Mo,
and after irradiation, no new peaks are observed in XRD and EDS patterns,
indicating no phase change in the material, as shown in Figure 5(j).

Electron Probe Microanalysis

EPMA works by bombarding the specimen with a beam of monoenergetic elec-
trons to generate characteristic X-rays. Because atoms have discrete electron
energy levels, excitation by the electron beam causes them to emit photons
at specific energies in the X-ray region. These characteristic X-rays uniquely
identify each element and enable quantitative microanalysis. EPMA results are
shown in Figure 6 to confirm radiation damage and observe changes in surface
morphology of samples irradiated under varying ion doses. Figures 6(a-c) rep-
resent surface morphology at low ion dose (0.108 dpa), while Figures 6(d-f) and
(g-i) represent morphology at 1.08 and 10.8 dpa. It can be seen from Figure 6
that pit size increases with ion beam fluence while pit density decreases with
increasing fluence (Figure 6c, 6f, and 6i).

Vickers Hardness

Irradiation hardening is the primary cause of embrittlement in structural mate-
rials. To evaluate the effect of copper ion beams on the mechanical properties of
molybdenum, sample hardness before and after irradiation was measured using
a Vickers microhardness tester with indentation loads of 10, 25, 50, and 100 gf.
Figure 7(a) shows Vickers hardness versus indentation loads for both pristine
and copper ion beam treated molybdenum samples. It is clear from Figure 7(a)
that hardness increases after ion beam irradiation compared to pristine samples
at ion doses of 0.108 and 1.08 dpa. However, hardness decreases at the higher
ion dose of 10.8 dpa, as observed by other researchers. Figure 7(b) shows hard-
ness variation at different ion doses. Hardness increases up to 1.08 dpa, but at
10.8 dpa there is a decrease compared to lower dose samples.

All irradiated samples reveal hardening phenomena compared to unirradiated
samples. For 0.108 dpa, hardness increases are observed at 10, 25, 50, and 100 g

chinarxiv.org/items/chinaxiv-202508.00363 Machine Translation

https://chinarxiv.org/items/chinaxiv-202508.00363


loads. At lower ion dose, there are more chances of interstitial and vacancy de-
fects, unstable phase transformation, and grain size refinement (fragmentation).
Higher dislocation density at low ion dose can impede dislocation movement/slip
and result in hardening. At higher ion dose (10.8 dpa), a decrease in hardness is
observed compared to pristine samples. At higher ion dose, coarsening of crys-
tal size or increase in dislocation size occurs with decreased dislocation density,
which is the main cause of the hardness decrease at higher fluence.

The change in hardness for different ion doses at an indentation load of 10 gf
is shown in Figure 7(b). Hardness increases after molybdenum irradiation have
been observed by several authors and might be due to defects like vacancies, SIA,
and dislocation clusters/loops that affect dislocation mobility. Higher defect
density is produced at lower ion beam fluence, resulting in hardness increases at
lower ion doses (0.108 to 1.08 dpa). At higher ion dose (10.8 dpa), crystal growth
and dislocation clustering cause the hardness decrease. Decreased hardness can
also be attributed to defect recombination and some recrystallization/recovery.
At higher dose, chances of dislocation coalescence increase and dislocation loop
size increases. Formation of large dislocation loops contributes to material hard-
ness reduction. Therefore, hardness decrease at higher doses could be due to
two reasons: increased crystal size and formation of large dislocation loops or
swelling.

The Hall-Petch relationship predicts hardness changes with grain size, reporting
that hardness increases with decreasing grain size. The reason behind increased
hardness is that with decreasing crystal size, there are reduced chances of dislo-
cation formation and movement, retarding plastic deformation of the material
(high resistance to deformation and high hardness). The values of average hard-
ness for pristine and irradiated molybdenum samples and hardness changes are
shown in Table 4. The observed variation in Vickers hardness with increasing
irradiation dose from a pristine value of approximately 260 HVN, rising sharply
to 371 HVN at 0.108 dpa and 401 HVN at 1.08 dpa, and subsequently declining
to 336 HVN at 10.8 dpa is consistent with the known dose-dependent evolution
of irradiation-induced defect structures in body-centered cubic (BCC) metals
such as molybdenum. At low dose, hardness increases, but at higher dose, a
decline is observed in this study.

Discussion
Copper ion beam irradiation induces significant structural damage in molybde-
num, thereby altering its mechanical properties. Evidence of this structural dam-
age is obtained from X-ray diffraction (XRD) analysis, which reveals changes in
peak intensity, peak position (shift), and full width at half maximum (FWHM).
These variations indicate irradiation-induced modifications in lattice spacing
arising from either strain accumulation or relaxation mechanisms such as dy-
namic recovery. Grain growth or coarsening is also observed post-irradiation,
which can influence mechanical properties according to the Hall-Petch rela-
tionship. At the lowest dose of 0.108 dpa, collision cascades generated by 5
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MeV Cu ions produce a high density of point defects and small defect clusters.
These defects act as strong barriers to dislocation motion, leading to pronounced
radiation-induced hardening. XRD results suggest an increased density of such
defect clusters, which are highly effective in obstructing plastic deformation.
Consequently, a peak in microhardness is observed at 1.08 dpa, corresponding
to a 54.2% increase compared to the unirradiated sample.

At higher doses (10.8 dpa), several competing mechanisms reduce the effec-
tiveness of these irradiation-induced obstacles. Overlapping collision cascades
promote dynamic recombination and annihilation of point defects, lowering net
defect retention. Additionally, dislocation loops can grow and coarsen via de-
fect absorption and cascade-induced mobility. As loops become larger and more
widely spaced, their strengthening effect diminishes due to the inverse relation-
ship between obstacle spacing and strengthening, as described by Orowan’s law.
Furthermore, in thin ion-irradiated layers (typically a few micrometers thick),
free surfaces act as strong sinks for point defects, enhancing their annihilation
and reducing retained damage. Even at room temperature, athermal mecha-
nisms such as ballistic recombination within cascades and defect cluster migra-
tion induced by collision spikes can promote dynamic recovery. As a result,
the defect population evolves from a high density of small, strong obstacles to
a lower density of larger, less effective obstacles, leading to hardness decrease
with continued irradiation. This phenomenon of initial ion irradiation-induced
hardening followed by saturation or even softening at higher doses is widely
reported in the literature for metals, including molybdenum, and reflects the
complex competition between defect production, evolution, and annihilation
processes under irradiation conditions. Further radiation-induced recrystalliza-
tion nucleates strain-free nanocrystallites, resulting in lower dislocation density
and decreased hardness. It is now evident that with increasing ion dose on
molybdenum samples, hardness first increases (54.2%) up to 1.08 dpa, but then
decreases (29.23% softening) at the high dose of 10.8 dpa due to increased crys-
tal size, decreased dislocation density, and recovery/recrystallization of strain-
free nanocrystallites. In summary, hardness evolution with increasing ion dose
reflects typical behavior observed in irradiated metals: initial hardening due
to defect accumulation, followed by saturation and softening at higher doses,
governed by the complex interplay between defect generation, migration, re-
combination, and recovery processes.

Conclusions
Copper ion beam irradiation at doses of 0.108, 1.08, and 10.8 dpa resulted in
significant changes in the microstructure, surface morphology, and mechanical
properties of molybdenum samples. XRD results reveal that irradiation caused
shifts in diffraction peaks, indicating variations in crystal size, lattice strain,
and interplanar spacing. At a low ion dose of 0.108 dpa, crystal size decreased
(fragmentation) to 63.3 nm, suggesting defect accumulation. At higher doses
(1.08 and 10.8 dpa), crystal size increased (to 135 and 121 nm), consistent with
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radiation-induced grain growth or defect recovery (radiation annealing effects).
Micro-strain increased at 0.108 dpa (from 0.0426 to 0.0497%), indicating initial
lattice defect accumulation, but decreased at higher doses (0.0462% at 1.08
dpa, 0.0431% at 10.8 dpa), consistent with strain relaxation due to annealing.
Crystal lattice contraction is observed with increasing ion dose.

At low ion dose of 0.108 dpa, surface cracking was observed, attributed to
irradiation-induced hardening and increased flow stress exceeding fracture stress
due to high dislocation density. Surface damage like dents, pits, and melt craters
is observed at ion doses of 1.08 and 10.8 Cu/cm2. The progression of surface
damage with fluence indicates increasing radiation-induced defect clustering and
surface morphology changes. Sample hardness increased at lower ion doses
(0.108 and 1.08 dpa) due to higher dislocation density and crystal size refine-
ment. However, at higher ion dose (10.8 dpa), material hardness decreased due
to crystal growth (reducing grain boundary strengthening) and decreased dislo-
cation density. The hardness trend indicates initial irradiation-induced harden-
ing at low doses, followed by softening at higher doses due to defect recovery
and coarsening effects. Pure molybdenum is unable to bear high damage levels;
therefore, development of molybdenum alloys is recommended to withstand the
harsh tokamak environment.

Acknowledgements
The authors would like to express gratitude to the faculty of the School of
Nuclear Science and Technology, Lanzhou University, China. Financial support
from the National Science Foundation of China through research project NSFC
No. U2267253 is acknowledged. The authors are also grateful to the members of
the National Center for Physics, Pakistan for their support in providing copper
ion beams.

Credit Author Statement
Bilal Muhammad: Writing original draft, Data curation, Methodology, Investi-
gation, Formal analysis.
Limin Zhang: Data curation, Validation, Supervision, Data analysis.
Kunshan Yang, Kashif Shahzad, Turab Ali, Zahoor Ahmad: Data curation,
Writing review & editing.
Tieshan Wang: Project administration, Supervision, Funding acquisition.

Declaration of Competing Interest
The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported
in this paper.

chinarxiv.org/items/chinaxiv-202508.00363 Machine Translation

https://chinarxiv.org/items/chinaxiv-202508.00363


References
[1] J. N. Brooks, L. El-guebaly, A. Hassanein, and T. Sizyuk, “IAEA Fusion
Energy Conference 2014 Plasma Facing Material Alternatives to Tungsten 1,”
in 1 IAEA Fusion Energy Conference, 2014, pp. 1-8.

[2] M. Bilal, K. Ahmad, M. T. Saleem, S. Gulfam, and Z. Ahmad, “Recent
progress, liquid metal use as plasma facing component and vapor shielding
of high heat flux,” Rev Mod Plasma Phys, vol. 6, no. 1, p. 9, 2022, doi:
10.1007/s41614-022-00070-8.

[3] X. Yang, L. Chen, W. Qiu, H. Deng, and J. Tang, “Irradiation effects of
tungsten-potassium alloy under 5 MeV proton,” Nucl Instrum Methods Phys
Res B, vol. 490, no. January, pp. 55-60, 2021, doi: 10.1016/j.nimb.2021.01.009.

[4] J. Linke, “High Heat Flux Performance of Plasma Facing Materials and
Components under Service Conditions in Future Fusion Reactors,” vol. 1055,
no. November, 2017, doi: 10.13182/FST06-A1144.

[5] F. I. Allen, P. Hosemann, and M. Balooch, “Key mechanistic features of
swelling and blistering of helium-ion-irradiated tungsten,” Scr Mater, vol. 178,
pp. 256-260, 2020, doi: 10.1016/j.scriptamat.2019.11.039.

[6] C. Ji, J. Hu, Z. Zhuang, and Y. Cui, “Atomistically-informed hardening and
kinetics models of helium bubble in irradiated tungsten,” Int J Plast, vol. 165,
no. April, p. 103620, 2023, doi: 10.1016/j.ijplas.2023.103620.

[7] C. Sun et al., “Disordering of helium gas bubble superlattices in molybdenum
under ion irradiation and thermal annealing,” Journal of Nuclear Materials,
vol. 539, p. 152315, 2020, doi: 10.1016/j.jnucmat.2020.152315.

[8] A. T. Krawczynska, Ł. Ciupiński, and P. Petersson, “Impact of material mi-
gration and radiation damage on the reflectivity of molybdenum mirrors: Labo-
ratory test for DEMO,” Phys Scr, vol. 2020, no. T171, 2020, doi: 10.1088/1402-
4896/ab3e81.

[9] A. Litnovsky, M. Matveeva, and L. Buzi, “Studies of protection and re-
covery techniques of diagnostic mirrors for ITER,” no. August, 2015, doi:
10.1088/0029-5515/55/9/093015.

[10] A. Chamani, S. M. M. Abtahi, and M. A. Tafreshi, “The investigation of the
destructive effects of high-energy hydrogen ions on molybdenum and copper,” J
Radioanal Nucl Chem, vol. 330, no. 3, pp. 737-745, 2021, doi: 10.1007/s10967-
021-08005-2.

[11] K. Nordlund et al., “Primary radiation damage: A review of current un-
derstanding and models,” Journal of Nuclear Materials, vol. 512, pp. 450-479,
2018, doi: 10.1016/j.jnucmat.2018.10.027.

[12] M. N. Martins and T. F. Silva, “Electron accelerators: History, ap-
plications, and perspectives,” Chemistry, 78-85, 2014, Radiation Physics

chinarxiv.org/items/chinaxiv-202508.00363 Machine Translation

https://chinarxiv.org/items/chinaxiv-202508.00363


10.1016/j.radphyschem.2012.12.008.

[13] S. Felch, Current M.I., and Taylor M. C, “Ion Implantation for Semicon-
ductor Devices: the Largest use of Industrial Accelerators,” Proceedings of
PAC2013, pp. 740-744, 2013.

[14] M. Bilal et al., “Effect of helium ion irradiation on the microstruc-
ture, mechanical properties and surface morphology of Inconel 625 al-
loy,” Mater Chem Phys, vol. 319, no. March, p. 129286, 2024, doi:
10.1016/j.matchemphys.2024.129286.

[15] M. Lee, G. Kim, Y. Jung, and S. Ahn, “Radiation-induced swelling and pre-
cipitation in Fe++ ion-irradiated ferritic/martensitic steels,” Journal of Nuclear
Materials, vol. 555, Nov. 2021, doi: 10.1016/j.jnucmat.2021.153137.

[16] A. Kaleem et al., “Carbon ion irradiation effects on surface modifications
and field emission properties of molybdenum,” Appl Phys A Mater Sci Process,
vol. 128, no. 7, pp. 1-20, 2022, doi: 10.1007/s00339-022-05679-7.

[17] F. Li et al., “Rate theory and experimental study of the irradia-
tion induced defects in Compd, 159751, Alloys 2021, molybdenum alloy,”
10.1016/j.jallcom.2021.159751.

[18] M. Y. Lavrentiev et al., “Effects of self-irradiation on deuterium retention
and reflectivity of molybdenum, fusion plasma-facing material: Combined ex-
perimental and modeling study,” J Appl Phys, vol. 132, no. 12, 2022, doi:
10.1063/5.0099051.

[19] D. Yun et al., “Characterization of high energy Xe ion irradiation effects in
single crystal molybdenum with depth-resolved synchrotron microbeam diffrac-
tion,” Journal of Nuclear Materials, vol. 471, pp. 272-279, Apr. 2016, doi:
10.1016/j.jnucmat.2015.12.007.

[20] M. E. Downey and B. L. Eyre, “Neutron irradiation damage in molyb-
denum,” Philosophical Magazine, vol. 11, no. 109, pp. 53-70, 1965, doi:
10.1080/14786436508211924.

[21] M. Li, M. Eldrup, T. S. Byun, N. Hashimoto, L. L. Snead, and S. J. Zinkle,
“Low temperature neutron irradiation effects on microstructure and tensile prop-
erties of molybdenum,” Journal of Nuclear Materials, vol. 376, no. 1, pp. 11-28,
May 2008, doi: 10.1016/j.jnucmat.2007.12.001.

[22] S. V. Starikov et al., “Radiation-induced damage and evolution of defects
in Mo,” Phys Rev B Condens Matter Mater Phys, vol. 84, no. 10, Sep. 2011,
doi: 10.1103/PhysRevB.84.104109.

[23] X. Zhang et al., “Research Progress on Ion Irradiation Damage Behavior
of Molybdenum Metal,” Feb. 01, 2024, Science Press. doi: 10.12442/j.issn.1002-
185X.20230062.

[24] G. M. Cheng, W. Z. Xu, Y. Q. Wang, A. Misra, and Y. T. Zhu, “Grain
size effect on radiation tolerance of nanocrystalline Mo,” Scr Mater, vol. 123,

chinarxiv.org/items/chinaxiv-202508.00363 Machine Translation

https://chinarxiv.org/items/chinaxiv-202508.00363


pp. 90-94, Oct. 2016, doi: 10.1016/j.scriptamat.2016.06.007.

[25] H. Zou et al., “Effect on mechanics properties and microstructure of molyb-
denum by high intensity pulsed ion beam irradiation,” Surf Coat Technol,
vol. 384, Feb. 2020, doi: 10.1016/j.surfcoat.2020.125333.

[26] Y. Zhang, I. Bae, K. Sun, C. Wang, and M. Ishimaru, “Damage profile and
ion distribution of slow heavy ions in compounds,” J Appl Phys, vol. 104901,
no. May 2009, 2020, doi: 10.1063/1.3118582.

[27] R. E. Stoller, M. B. Toloczko, G. S. Was, A. G. Certain, S. Dwaraknath,
and F. A. Garner, “Nuclear Instruments and Methods in Physics Research
B On the use of SRIM for computing radiation damage exposure,” Nuclear
Inst. and Methods in Physics Research, B, vol. 310, pp. 75-80, 2013, doi:
10.1016/j.nimb.2013.05.008.

[28] J. Crocombette and C. Van Wambeke, “Quick calculation of damage for ion
irradiation: implementation in Iradina and comparisons to SRIM,” EPJ Nuclear
Sciences & Technologies, vol. 5, no. 7, pp. 1-9, 2019.

[29] A. Yu. Konobeyev, U. Fischer, Yu. A. Korovin, and S. P. Simakov,
“Evaluation of effective threshold displacement energies and other data re-
quired for the calculation of advanced atomic displacement cross-sections,”
Nuclear Energy and Technology, vol. 3, no. 3, pp. 169-175, Sep. 2017, doi:
10.1016/j.nucet.2017.08.007.

[30] R. Phillips, K. Jolley, Y. Zhou, and R. Smith, “Influence of temperature
and point defects on the graphite,” Carbon Trends, diffraction 5, Oct. pattern
2021, X-ray 10.1016/j.cartre.2021.100124.

[31] A. Sarkar, P. Mukherjee, and P. Barat, “Effect of heavy ion irradiation
on microstructure of zirconium alloy characterised by X-ray diffraction,”
Journal of Nuclear Materials, vol. 372, no. 2-3, pp. 285-292, Jan. 2008, doi:
10.1016/j.jnucmat.2007.03.217.

[32] G. S. Was, Fundamentals of radiation materials science: Metals and alloys,
second edition. Springer New York, 2016. doi: 10.1007/978-1-4939-3438-6.

[33] L. K. Mansur, “Theory and experimental background on dimensional
changes in irradiated alloys,” 1994.

[34] S. J. Zinkle and J. T. Busby, “Structural materials for fission & fusion
energy,” Nov. 2009. doi: 10.1016/S1369-7021(09)70294-9.

[35] M. Bilal et al., “Effect of helium ion irradiation on the microstructure, me-
chanical properties and surface morphology of Inconel 625 alloy,” Mater Chem
Phys, vol. 319, no. March, 2024, doi: 10.1016/j.matchemphys.2024.129286.

[36] A. Hussain et al., “Influence of defect dynamics on the nanoindentation
hardness in NiCoCrFePd high entropy alloy under high dose Xe+3 irradiation,”
Materials Science and Engineering: A, vol. 863, no. December 2022, p. 144523,
2023, doi: 10.1016/j.msea.2022.144523.

chinarxiv.org/items/chinaxiv-202508.00363 Machine Translation

https://chinarxiv.org/items/chinaxiv-202508.00363


[37] A. Hussain et al., “Influence of defect dynamics on the nanoindentation
hardness in NiCoCrFePd high entropy alloy under high dose Xe+3 irradiation,”
Materials Science and Engineering: A, vol. 863, no. December 2022, p. 144523,
2023, doi: 10.1016/j.msea.2022.144523.

[38] N. D. Gaffin, S. J. Zinkle, and K. M. Benensky, “Nuclear and Emerging
Technologies for Space.” [Online]. Available: http://anstd.ans.org/

[39] R. Shi, Z. Nie, Q. Fan, F. Wang, Y. Zhou, and X. Liu, “Correlation between
dislocation-density-based strain hardening and microstructural evolution in dual
phase TC6 titanium alloy,” Materials Science and Engineering: A, vol. 715,
pp. 101-107, Feb. 2018, doi: 10.1016/j.msea.2017.12.098.

[40] J. Gallet et al., “Experimental measurement of dislocation density in metal-
lic materials: A quantitative comparison between measurements techniques
(XRD, R-ECCI, HR-EBSD, TEM),” Mater Charact, vol. 199, May 2023, doi:
10.1016/j.matchar.2023.112842.

[41] E. D’Agata, S. Knol, A. V. Fedorov, A. Fernandez, J. Somers, and F.
Klaassen, “The behaviour under irradiation of molybdenum matrix for inert
matrix fuel containing americium oxide (CerMet concept),” Journal of Nuclear
Materials, vol. 465, pp. 820-834, 2015, doi: 10.1016/j.jnucmat.2015.07.021.

[42] H. Zou et al., “Effect on mechanics properties and microstructure
of molybdenum by high intensity pulsed ion beam irradiation,” Surf
Coat Technol, vol. 384, no. November 2019, p. 125333, 2020, doi:
10.1016/j.surfcoat.2020.125333.

[43] F. Granberg, A. Litnovsky, and K. Nordlund, “Low energy sputtering of
Mo surfaces,” Journal of Nuclear Materials, vol. 539, p. 152274, 2020, doi:
10.1016/j.jnucmat.2020.152274.

[44] J. Zhang, Y. Gao, Z. Wang, and C. Rong, “Structure and properties of
molybdenum implanted with high-flux carbon ion,” Appl Surf Sci, vol. 220, no.
1-4, pp. 335-342, 2003, doi: 10.1016/S0169-4332(03)00831-6.

[45] M. Andurkar, V. O’Donnell, T. Keya, B. C. Prorok, J. Gahl, and S. M.
Thompson, “Fast neutron irradiation-induced hardening in Inconel 625 and In-
conel 718 fabricated via laser powder bed fusion,” Progress in Additive Manu-
facturing, no. 0123456789, 2024, doi: 10.1007/s40964-024-00730-w.

[46] A. Hasegawa, K. Ueda, M. Satou, and K. Abe, “Neutron irradiation embrit-
tlement of molybdenum rhenium alloys and their improvement by heat treat-
ment,” Journal of Nuclear Materials, vol. 258-263, no. PART 1 A, pp. 902-906,
1998, doi: 10.1016/S0022-3115(98)00262-.

[47] S. Zhao et al., “Phase transformation and amorphization resistance in high-
entropy MAX phase M2SnC (M = Ti, V, Nb, Zr, Hf) under in-situ ion irradia-
tion,” Acta Mater, vol. 238, Oct. 2022, doi: 10.1016/j.actamat.2022.118222.

chinarxiv.org/items/chinaxiv-202508.00363 Machine Translation

https://chinarxiv.org/items/chinaxiv-202508.00363


[48] H. Iwakiri, H. Wakimoto, H. Watanabe, and N. Yoshida, “Hardening behav-
ior of molybdenum by low energy He and D ion irradiation,” Journal of Nuclear
Materials, vol. 258-263, no. PART 1 A, pp. 873-878, 1998, doi: 10.1016/S0022-
3115(98)00260-8.

[49] C. Pan et al., “Grain size dependence of hardness in nanocrystalline sil-
icon carbide,” J Eur Ceram Soc, vol. 40, no. 13, pp. 4396-4402, 2020, doi:
10.1016/j.jeurceramsoc.2020.05.060.

[50] B. V. Cockeram, R. W. Smith, T. S. Byun, and L. L. Snead, “The change in
the hardness of LCAC, TZM, and ODS molybdenum in the post-irradiated and
annealed conditions,” Journal of Nuclear Materials, vol. 393, no. 1, pp. 12-21,
2009, doi: 10.1016/j.jnucmat.2009.04.025.

[51] B. V. Cockeram, J. L. Hollenbeck, and L. L. Snead, “Hardness and elec-
trical resistivity of molybdenum in the post-irradiated and annealed condi-
tions,” Journal of Nuclear Materials, vol. 336, no. 2-3, pp. 299-313, 2005, doi:
10.1016/j.jnucmat.2004.10.119.

[52] L. Xia, K. Liu, Y. Cao, and C. Jiang, “Ion-irradiation induced hardening
behavior of zirconium alloys: A combination of experimental and theoretical
study,” Int J Refract Metals Hard Mater, vol. 118, no. October 2023, p. 106432,
2024, doi: 10.1016/j.ijrmhm.2023.106432.

[53] B. B. Jung, H. K. Lee, and H. C. Park, “Effect of grain size on the in-
dentation hardness for polycrystalline materials by the modified strain gradi-
ent theory,” Int J Solids Struct, vol. 50, no. 18, pp. 2719-2719, 2013, doi:
10.1016/j.ijsolstr.2013.05.002.

[54] J. B. Ferguson, H. Lopez, D. Kongshaug, B. Schultz, and P. Rohatgi, “Re-
vised orowan strengthening: Effective interparticle spacing and strain field con-
siderations,” Metall Mater Trans A Phys Metall Mater Sci, vol. 43, no. 6,
pp. 2110-2115, Jun. 2012, doi: 10.1007/s11661-.

[55] Z. Zhang and D. L. Chen, “Contribution of Orowan strengthening ef-
fect in particulate-reinforced metal matrix nanocomposites,” Materials Science
and Engineering: A, vol. 483-484, no. 1-2 C, pp. 148-152, Jun. 2008, doi:
10.1016/j.msea.2006.10.184.

[56] T. S. Byun, M. Li, and K. Farrell, “Dose dependence of strength after
low-temperature irradiation in metallic materials,” Metall Mater Trans A Phys
Metall Mater Sci, vol. 44, no. SUPPL. 1, Jan. 2013, doi: 10.1007/s11661-012-
1309-z.

[57] L. Xia et al., “Revealing the temperature-dependent hardening mechanisms
of non-uniformly distributed defects for ion-irradiated metals: Experiments and
modeling,” Materials Science and Engineering: A, vol. 899, p. 146408, May
2024, doi: 10.1016/J.MSEA.2024.146408.

[58] A. Hussain et al., “Influence of defect dynamics on the nanoindenta-
tion hardness in NiCoCrFePd high entropy alloy under high dose Xe+3

chinarxiv.org/items/chinaxiv-202508.00363 Machine Translation

https://chinarxiv.org/items/chinaxiv-202508.00363


irradiation,” Materials Science and Engineering: A, vol. 863, Jan. 2023, doi:
10.1016/j.msea.2022.144523.

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv — Machine translation. Verify with original.

chinarxiv.org/items/chinaxiv-202508.00363 Machine Translation

https://chinarxiv.org/items/chinaxiv-202508.00363

	Ion Beam Irradiation-Induced Effects on the Microstructure and Mechanical Properties of Molybdenum
	Abstract
	Full Text
	Preamble
	Abstract
	Introduction
	Materials and Methods
	Results and Discussion
	Simulation
	X-Ray Diffraction
	Scanning Electron Microscopy
	Electron Probe Microanalysis
	Vickers Hardness

	Discussion
	Conclusions
	Acknowledgements
	Credit Author Statement
	Declaration of Competing Interest
	References


