In situ study on radiation response of tungsten manufactured by laser powder bed fusion
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Abstract:

Tungsten (W) produced by laser powder bed fusion (LPBF) was examined by in situ
Krypton (Kr) ion irradiation at 400 °C up to 2.52 displacements per atom (dpa) to investigate its
radiation response. Dislocation loops with identical Burgers vectors form aligned raft structures,

inducing significant grain misorientation accumulation. Defect saturation was observed beyond
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0.36 dpa, marked by constant loop density and raft spacing. WO; nanoparticles are found in the
as-printed matrix and served as efficient defect sinks. Dislocation loops were absorbed at the
W/WO:s interface, facilitating defect annihilation and suppressing defect accumulation. These
findings highlight the role of LPBF microstructure and oxide interfaces in mediating radiation-

induced defect evolution, offering insights for designing radiation tolerant W-based materials.

Key words: Tungsten (W), laser powder bed fusion (LPBF), in situ irradiation, dislocation loop
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1. Introduction

Tungsten (W) is considered a primary candidate material for plasma facing components
(PFCs) in future fusion reactors owing to its exceptional thermal conductivity, high melting point,
and low sputtering yield [1-5]. In the harsh fusion environment, W will be subjected to intense
fluxes of 14.1 MeV neutrons and 3.5 MeV helium (He) ions, leading to damage levels on the order
of hundreds of displacements per atom (dpa) within a 3 - 5 year operational period [6]. These
conditions promote the formation of various radiation induced defects, including vacancy and
interstitial dislocation loops, He bubbles, and voids, which seriously degrade the mechanical and
thermal properties of W-based components [6-8]. Therefore, understanding the fundamental
evolution of these defects is critical for predicting the long-term performance and lifetime of W in
fusion systems.

Heavy ion irradiation is commonly employed to simulate neutron damage in W considering
its ability to produce comparable displacement cascades in a shorter timeframe compared to
neutrons [9-11]. In early studies, Haussermann et al. [12-14] irradiated W using 20-70 keV Au

ions to fluences below 10! ions/m? at room temperature, revealing that the dominant defect species

1 .
at low doses were edge-type vacancy loops with S<111> Burgers vector. More recently, Yi et al

[15-17]. conducted self-ion irradiation experiments and identified the coexistence of both %<1 11>

and <100> interstitial loops. The reported loop formation behavior was attributed to the Eyre—

Bullough mechanism [18], where faulted loops initially nucleate on the closest-packed {110}

planes and subsequently rotate their habit plane to {111}, forming pure edge %<1 11> loops during

the early stage of damage accumulation.
At higher irradiation doses, the microstructural evolution becomes increasingly complex.

Under self-ion irradiation up to 1.4 x 10'8 ions/m? (corresponding to 0.89 dpa), tangled dislocation
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networks decorated with discrete loops have been reported [19]. Detailed Burgers vector analysis

further confirms the coexistence of %1 11> and <001> interstitial loops at doses up to 0.4 dpa at

300 °C, with approximately 75% of the loops possessing %<1 11> character [15]. A distinctive

feature at these higher doses is the formation of dislocation loop rafts: linear arrays of loops aligned
in parallel with one another, which are believed to significantly influence irradiation induced
hardening and embrittlement [15, 20-23]. El-Atwani et al. [24] studied the rafting mechanism and
confirmed the simulation result by Wen et al. [22]. The latter showed the raft formation was driven
by the rotation and alignment of Burgers vectors within clustered interstitial loops. It is noted that
most of these prior studies are based on post-irradiation analysis, where the microscopy analyses
were conducted after the irradiation experiments. /n situ irradiation study in transmission electron
microscope (TEM) is relatively scarce for W and W related alloys.

To improve the irradiation tolerance properties in W, various strategies have been explored,
including the development of high-entropy alloys, grain refinement, and the introduction of
precipitates [25-29]. Among these, introducing precipitates is a widely recognized approach, as
phase boundaries have been shown to act as effective defect sinks, thereby mitigating radiation-
induced damage [26, 30-33]. For example, Titanium carbide (TiC) dispersoids in bulk W matrix
have been shown to reduce dislocation loop density by acting as vacancy sinks [30]. Despite these
advances, the specific interaction mechanism between interstitial loops and such dispersoids
remains insufficiently explored, representing a critical gap in the mechanistic understanding of
loop-precipitate interactions under irradiation.

Most of the prior irradiation studies have focused on bulk W and W-based alloys [34].
Recently, laser powder bed fusion (LPBF) has emerged as a promising additive manufacturing

(AM) approach to produce near-net-shape W components [35-37]. LPBF-W often exhibits
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microstructural defects such as cracks and porosity, which may arise from the vaporization of
tungsten oxide (WOs) during laser melting, given that its vaporization temperature is lower than
the melting point of W [38, 39]. Due to the rapid solidification rates inherent to LPBF, residual
WO:s particles may be entrapped within the W matrix. Despite rapid advancements in AM
technologies, the radiation tolerance of LPBF-W remains insufficiently explored.

In this study, we investigate the real-time Kr ion irradiation response of LPBF-W under Kr
ion irradiation using in situ TEM. By tracking dislocation loop dynamics, loop rafting behavior,
and loop-precipitate interactions as a function of the dosage in real time, we aim at exploring the
fundamental defect generation and annihilation mechanisms in the unique microstructures of
LPBF-W (e.g., in situ formed WOs particles) and evaluate their defect characteristics that favor
the designs of radiation-tolerant W. These findings will facilitate the defect engineering design
and processing of AM-W as future PFCs.

2. Materials and methods

Pure W cubes with the dimension of 5 x 5 x 8 mm? were fabricated using a Nikon-SLM-
125HL machine with a laser power of 250 W, scanning speed of 200 mm/s, hatch spacing of 80
um, and a layer thickness of 20 um. The transmission electron microscopy (TEM) sample was
prepared by Focused Ion Beam equipped on the same Helios G4 Dual Beam microscope and was
irradiated in the intermediate voltage electron microscope (IVEM) with a 300 kV electron beam
attached to a Tandem accelerator at Argonne National Laboratory to a fluence of 1.4 x 103
ions/cm? with 1 MeV Kr** at 400 °C. Before and after radiation, the sample was examined using
a ThermoFisher TALOS 200X microscope operated at 200 kV with a Super-X energy-dispersive
X-ray spectroscopy (EDS) system. Electron energy-loss spectroscopy (EELS) was performed

using a ThermoFisher Scientific Themis Z double aberration corrected TEM operated at 300 kV.



During the irradiation process, a CCD camera was used to capture video at 15 frames per second.
The ion beam was incident at 30° relative to the electron beam and ~ 15° off the foil normal to
ensure complete sample exposure. The average dpa values were calculated to be 2.52 dpa using
the Stopping Range of Tons in Matter (SRIM) 2008 with this incidence geometry (Kinchin-Pease
method with the displacement energy of 90 eV [7]). The simulated depth dependent damage and
Kr ion concentration profiles are shown in Fig. S1. The inverse pole figure (IPF) maps for bulk
AM W were acquired by electron backscattered diffraction (EBSD) method on a ThermoFisher
Scientific Helios G4 Dual Beam scanning electron microscopy (SEM) with the step size of 1 um.
The high resolution IPF maps for TEM specimens were captured using a NanoMegas ASTAR
precession electron diffraction system in a ThermoFisher Scientific Talos 200X TEM microscope
with a step size of 10 nm.
3. Results and discussion

The EBSD IPF maps of the as-printed W in Fig. 1a and 1b, obtained from the YZ (parallel
to the building direction) and XY (perpendicular to the building direction) planes, respectively,
reveal elongated columnar grains aligned along the build direction (Z direction), indicating
epitaxial grain growth typical in LPBF processing [37]. Fig. 1c and 1d present high-resolution IPF
maps of the in situ TEM sample acquired using the ASTAR system before and after irradiation.
Corresponding STEM images of the red-boxed areas in Fig. 1¢ and 1d are shown in Fig. 1g and
1h, respectively. Prior to irradiation, the dislocation density is relatively low and those dislocations
are produced by residual stresses from the repeated compression-tension cycles due to local
thermal inhomogeneity during LPBF solidification [40, 41]. After irradiation, the formation of
high-density dislocation loop rafts is evident. These rafts exhibit a spacing of approximately 20 -

70 nm as shown in Fig. 1h. Fig. S2a and S2b show the HAADF and STEM-DF images of the as-



printed sample, displaying oxygen-rich nanoparticles (indicated by yellow arrows) that appear
dark in HAADF but bright in the STEM-DF mode. The average diameter of the nanoparticles is
measured to be 28 + 6 nm based on statistics from over 20 particles. The sample thickness in this
region is determined to be 110 - 115 nm using EELS, as shown in Fig. S3. Assuming all particles
are spherical, the volume fraction of the particles is estimated to be 0.13%. The corresponding
EDS compositional profile along the yellow line in Fig. S2d is shown in Fig. S2¢c, suggesting the
particle is primarily composed of W and O elements. The high-resolution TEM (HRTEM) image
of a nanoparticle embedded in the W matrix is shown in Fig. S4a. The fast Fourier transform (FFT)
pattern obtained from the center of the particle (Fig. S4c) matches well with the monoclinic WOs
structure, confirming that the particle is primarily composed of WOs. After irradiation, the EDS
line scan of the same particle reveals that oxygen content within the particle region decreases, as
shown in Fig. S5. This reduction indicates active oxygen outward diffusion into the W matrix
during irradiation, potentially leading to the formation of non-stoichiometric or mixed-phase
tungsten oxides within a single particle [42, 43].

To quantify local lattice distortion, misorientation angle maps were extracted along the
yellow arrows in Fig. 1c and 1d before and after radiation. As shown in Fig. le, the accumulated
point-to-origin misorientation increases from ~5° in the as-printed (unirradiated) sample (line 1—2)
to ~17° in the irradiated sample (line 3—4) over a 1 um distance. In contrast, the point-to-point
misorientation (Fig. 1f) remains below 0.6° in both cases. This result indicates that loop rafts
generate gradual, unidirectional lattice distortion, which culminates in significant local
misorientations comparable to those near high-angle grain boundaries (GBs) [44]. Grain
refinement has recently been observed in nanocrystalline W-Ta-Cr-V-Hf refractory high-entropy

alloys subjected to heavy ion irradiation [45], despite grain coarsening being more commonly



reported under irradiation due to enhanced GB mobility and diffusive solute transport [46, 47].
The grain refinement has been attributed to defect clustering at sub-grain boundaries that form cell
structures, as well as overlapping displacement cascades of similar scale to the initial grain size
(~10 nm), which induce localized grain fragmentation [45, 48]. In the present study, we observe
the formation of dislocation loop rafts that organize into cellular-like structures (as shown in Fig.
1h), accompanied by lattice orientation gradients. While no new grains are observed, this raft
network may represent an incipient stage of radiation-induced grain subdivision, serving as a
framework for accommodating irradiation damage and potentially delaying or preventing grain

coarsening, thereby helping to preserve structural integrity.
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Figure 1. (a, b) SEM-EBSD IPF map of the YZ plane and XY plane of the LPBF-W. (c, d) TEM-
ASTAR IPF map of the as-printed W and irradiated W sample. (e, f) Point to origin and point to
point misorientation angle distribution of the yellow line in (¢) and (d). (g, h) STEM-DF image of
the red dash box area in (¢) and (d) showing dislocation structures in unirradiated and irradiated
conditions. After radiation, well-aligned dislocation loop rafts form.

Weak-beam dark-field (WBDF) TEM images in Fig. 2a-c show the progression of defect

morphology with dose. At 0.36 dpa (Fig. 2a), the microstructure is dominated by small, discrete
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dislocation loops. As the dose increased to 1.08 dpa (Fig. 2b), loops began to align along parallel
directions, forming loop rafts. At 2.52 dpa (Fig. 2¢), larger, bright features appear, which are likely
loop clusters, suggesting coalescence of individual loops at high damage levels. The quantitative
evolution of loop number density and average loop diameter is plotted in Fig. 2d by counting over
50 loops in the same 100 nm % 100 nm region. Loop density increases sharply between 0.36 dpa
and 0.72 dpa, followed by a significant decrease at higher doses beyond 1.80 dpa. In contrast, the
average loop diameter remains stable (~2.8 nm) up to 2.16 dpa, after which it increases to ~3.4 nm
and ultimately ~4.8 nm at 2.52 dpa. This inverse relationship between loop density and size
suggests that beyond 1.80 dpa, the governing mechanism shifts from nucleation to loop coarsening
and coalescence, leading to fewer but larger loops. Fig. 2e-g show the BF TEM images containing
loop rafts indicated by yellow dotted circles. At 0.36 dpa (Fig. 2¢), several short rafts are already
visible, and their density increased markedly by 1.08 dpa and 2.52 dpa (Fig. 2f-g). The dynamic
process of loop rafts formation can be found in Video S1. The evolution of average loop raft
spacing is shown in Fig. 2h. A sharp reduction in spacing occurs between 0.36 dpa and 0.72 dpa,
dropping from 55 to 37 nm, coinciding with the sharp rise in loop number density. Beyond this
dose, the spacing stabilizes at approximately 30 nm. This trend indicates the saturation of loop raft
formation at high dose levels, where spatial rearrangement dominates over further loop nucleation.
The observed plateau in loop raft spacing at about 1.08 dpa (Fig. 2h), along with the gradual
increase in loop number density between 0.72 and 1.08 dpa, suggests the onset of defect saturation.
This behavior aligns with the dynamic equilibrium model proposed by Wang et al.[49], where a
stable defect configuration emerges beyond 0.2 dpa, marked by constant loop and dislocation
densities, reflecting a balance between defect generation and annihilation under continued

irradiation.
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Figure 2. (a-c) Weak-beam dark-field TEM images in different dpa showing discrete dislocation
loop in red arrows, loop rafts in yellow dotted circles, and loop clusters in red arrows. (d) The
evolution of dislocation loop density and average loop diameter as a function of irradiation dose.
(e-g) Bright field TEM images showing loop rafts at irradiation dose of 0.36 dpa, 1.08 dpa, and
2.52dpa. The loop rafts are shown in yellow dotted circles. (h) The evolution of loop raft spacing
as a function of irradiation dose.

Fig. 3 presents STEM images of the same irradiated region acquired under three different
diffraction vectors (g =[011], [200], and [110]) to identify the Burgers vector of dislocation loops.
In irradiated W, dislocation loops typically possess Burgers vectors of either <111> or <001> type
[50, 51], corresponding to seven possible variants. The applied g vectors and the resulting g-b
products for each Burgers vector variant are summarized in Table 1. The [011] and [200] g vectors
are taken under the [011] zone axis, while the [110] g vector is taken under [111] zone axis.
According to the invisibility criterion, when g-b = 0, the dislocations are invisible. As shown in
Fig. 3a and 3b, the same set of loop rafts (shown in yellow dotted circles) remains clearly visible

under g = [011] and g = [200] but becomes invisible under g = [110] (Fig. 3c). This contrast
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behavior indicates that the loops have a common Burgers vector of b =[111], for which g-b=10
under g = [110] but nonzero under the other two conditions. Moreover, most loop rafts are
consistently aligned along the <110> crystallographic direction, which is perpendicular to the
Burgers vector. The rafting direction may also be influenced by thin foil thickness (i.e. alignment
along a local thickness gradient toward the foil edge [52]). Notably, in Fig. 3c, raft segments with
other orientations are also observed (some of them are circled in red), indicating that multiple
rafting directions can coexist within the same grain [53]. The formation of those directional
dislocation loop rafts in irradiated LPBF-W is largely driven by elastic interactions among glissile
interstitial loops with similar Burgers vectors. As these loops migrate, they tend to align along a
common direction due to mutual repulsion and minimize elastic energy by forming low energy
configurations. In addition, prior studies have shown that mobile interstitial clusters can undergo
self-trapping into less mobile configurations [54]. Mobile interstitial point defects may flow in and
be preferentially trapped in the tensile region of an interstitial loop to form smaller interstitial
clusters, which can subsequently interact elastically with the loop and participate in the rafting

process. The loop raft characteristic is similar to the traditionally processed W.

Table 1. g-b values for various g vectors used for analysis and the seven possible Burgers vectors

of the dislocation loops in Kr irradiated W in this work.

b\g g=[011] g=[200] g=[110]
[111] 0 2 2
[111] 0 2 0
[111] 2 2 0
[117] 2 2 2
[001] | 0 0
[010] B 0 1
[100] 0 2 I
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Figure 3. Burgers vector analysis of dislocation loops in the rafts. (a) STEM image of the same
area under [011] g vector. (b) STEM image of the same area under [200] g vector. (¢) STEM
image of the same area under [110] g vector. Loop rafts are shown in yellow and red dotted circles.

An intriguing feature of LPBF-W is the presence of dispersed oxide nanoparticles, which
serve as natural second-phase defect sinks. Fig. 4a shows a series of in sifu snapshots capturing
the behavior of an interstitial loop (red arrow) interacting with a W/WQOs phase boundary (marked
by yellow dotted line). Between 0.74 and 0.76 dpa, the loop gradually dissolved into the interface
over ~13 seconds, suggesting that interstitial clusters can migrate, redistribute and be gradually
absorbed at the oxide boundary within this timeframe. Video S2 shows the dynamic process of
loop absorption. The detailed mechanism is to be discussed. This dynamic absorption highlights
the potential of such interfaces to act as effective defect sinks. Fig. 4b and 4c reveal the spatial
distribution of loop rafts around oxide particles at 0.72 and 2.52 dpa, respectively. Local specimen
thickness can significantly affect defect evolution in TEM foils because the two free surfaces act
as sinks for point defects [49, 55]. As shown in Fig. 4b, the raft density is lower in the lower-left
region but higher in the upper-right region. This trend can be attributed to enhanced surface sink
effects in the thinner region, where a larger fraction of dislocation loops is removed from the free

surfaces, thereby suppressing loop accumulation and raft development. Thickness measurement
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(Fig. S6) has been performed around one of the particles to rule out the effect of the film thickness
variation on the dislocation contrast. The region showing dislocation loop-precipitate interaction
has an average thickness of 67 nm, as shown in Fig. S6. A distinct raft denuded zone,
approximately 35 nm in radius, is observed surrounding the oxide particle at 0.72 dpa, while loop
rafts are dense in the surrounding matrix. At 2.52 dpa, this depletion zone contracts to ~25 nm,

likely due to the higher defect flux overwhelming the sink efficiency of the interface.
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Figure 4. (a) Representative in situ video snapshots illustrating the absorption of dislocation loops
into the W/WO; phase boundary. Yellow dash line shows the W/WO; phase boundary, red arrow
shows an interstitial loop along the phase boundary. Video can be found in supplementary video
S2 (b) Bright field TEM image under 0.72 dpa showing the WO; particle breaks the loop rafts
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forming raft depleted area near the particle. (c) Bright field TEM image under 2.52 dpa. Higher
irradiation dose results in much longer loop rafts, which are interrupted by WO; particle, forming
a smaller raft depleted area.

Fig. 5a-c show the HRTEM image of a WO; particle and the surrounding W matrix after
radiation. Despite the reduced oxygen content, the FFT result in Fig. 5b confirms that the core of
the particle retains the monoclinic WO; structure. The orientation relationship based on the FFT

result can be summarized as: [113] WO;// [111] W, (211) WO3// (110) W.

W Zone axis: [111]

Figure 5. (a) HRTEM image of a WO; nanoparticle and the surrounding W matrix. (b) Fast Fourier
transform (FFT) of the center of the particle area in red dash box in (a). (c) FFT of the W matrix
area in yellow dash box in (a).

According to prior studies, heterogeneous phase interfaces preferentially absorb interstitial

defects, resulting in surrounding regions enriched in vacancies [26]. In this work, direct in situ
14



evidence of dislocation loop dissociation at the W/WOj; phase boundary is captured in Fig. 4a,
indicating that the interface acts as an efficient sink for irradiation-induced interstitial loops. Under
the irradiation temperature used in this study (i.e., 400 °C), vacancies have sufficient mobility to
diffuse over moderate distances [56, 57]. Shang et al [58] proposed that spontaneous
recombination between the interstitial and vacancy type Frank loops can occur at coherent twin
boundaries. Similarly, we suggest that the W/WOs interfaces may also absorb the vacancies that
promote local recombination at the interface, leading to the observed disappearance of interstitial
loops over time, as shown in the in situ snapshots (Fig. 4a). Hence, the W/WO:s interface can act
as a dynamic recombination site, contributing to localized defect depletion and microstructural

stabilization under irradiation.

4. Conclusions

In situ heavy ion irradiation was conducted on a LPBF-W with oxide nanoparticles at
400 °C to 2.52 dpa. This is the first study to report the radiation behavior of W made by LPBF.
Compared to conventionally processed W, LPBF-W exhibits similar dislocation loop behavior,
including the formation of aligned loop rafts with ~30 nm spacing and identical Burgers vectors.
Notably, these loop rafts induce significant lattice distortion, leading to gradual grain
misorientation up to 17°, which may represent an incipient stage of grain refinement, a
phenomenon rarely reported in previous work. Distinctively, LPBF-W includes tungsten oxide
nanoparticles with a volume fraction of ~0.13% acting as defect sinks. These particles disrupt the
surrounding loop rafts and create localized raft depleted zones. In future studies, the deliberate
incorporation of similar precipitates network with reduced spacing via LPBF may provide an
effective pathway to enhance high-dose irradiation tolerance in W-based materials, given the

inherent flexibility of additive manufacturing in compositional and microstructural design.
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