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Abstract: Additive friction stir deposition (AFS-D) is considered a productive method of additive
manufacturing (AM) due to its ability to produce dense mechanical parts at a faster deposition
rate compared to other AM methods. Al6061 alloy finds extensive application in aerospace and
nuclear engineering; nevertheless, exposure to radiation or high-energy particles over time tends to
deteriorate their mechanical performance. However, the effect of radiation on the components manu-
factured using the AFS-D method is still unexamined. In this work, samples from the as-fabricated
Al6061 alloy, by AFS-D, and the Al6061 feedstock rod were irradiated with He+ ions to 10 dpa at
ambient temperature. The microstructural and mechanical changes induced by irradiation of He+
were examined using a scanning electron microscope (SEM), energy-dispersive X-ray spectroscopy
(EDS), transmission electron microscopy (TEM), and nanoindentation. This study demonstrates
that, at 10 dpa of irradiation damage, the feedstock Al6061 produced a bigger size of He bubbles
than the AFS-D Al6061. Nanoindentation analysis revealed that both the feedstock Al6061 and
AFS-D Al6061 samples have experienced radiation-induced hardening. These studies provide a
valuable understanding of the microstructural and mechanical performance of AFS-D materials in
radiation environments, offering essential data for the selection of materials and processing methods
for potential application in aerospace and nuclear engineering.

Keywords: Al6061 alloys; additive friction stir deposition; radiation damage; He bubbles; irradiation
hardening

1. Introduction

A wide range of applications are possible for the Al6061 alloy due to its exceptional
mechanical properties such as ductility, high specific strength, wear resistance, light weight,
heat resistance, and corrosion resistance [1–4]. It has been widely utilized in aerospace,
marine, automobile, and many other industries. Production of aluminum alloy parts from
traditional methods like casting and wrought processing are strongly impacted by the
cooling rate, which leads to unique microstructures and mechanical properties. Compared
to traditional methods, additive manufacturing (AM) is promising as it can print complex
parts on demand using computer-aided design fed to high-precision printers, without
additional machining and tooling. Aluminum alloys are usually built layer by layer in AM,
mostly using techniques such as direct energy deposition (DED) [5] and laser powder bed
fusion (L-PBF) [6]. However, the parts produced from the AM technique are generally not
cost-efficient due to the slow deposition rate. Moreover, defects, such as pores and cracks
due to material fusion, impact the mechanical performance [7,8], which limits the Al alloy
types suitable for DED and L-PBF processes.
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Additive friction stir deposition (AFS-D), also termed as MELD additive manufactur-
ing, is a novel technology that can produce highly dense and large-sized parts compared to
other AM methods [9,10]. The parts reported in this study were fabricated using a MELD
L3 system, which has a building volume of 1150 mm × 590 mm × 595 mm. The AFS-D
employs heat produced by friction between the spinning tool and feedstock rod with the
previously printed layer or the substrate, to make feedstock plastically deform and bring
it to a plastic or pasty state. The temperature generated by friction heat should remain
below the melting temperature of the feedstock during printing, which makes the process
a solid-state AM method. Due to this, the AFS-D is capable of printing different types of Al
alloys with low residual stresses compared with the previously mentioned DED and L-PBF
AM methods, which are fusion-based processes [11].

The primary mechanisms involved in grain refinement are severe plastic deformation
and recrystallization. The rotating feedstock rod is gradually pushed towards the substrate.
As a result, heat is generated by the friction between the rotating feedstock and the sub-
strate/tool. This heat softens the feedstock material (plastically deforms) filling the space
between the deposition tool surface and substrate. The MELD tool starts extruding the
materials once the actuation force and torque settle. Finally, the deposition tool head starts
depositing the material based on the instructions provided by G-code. The grain size of the
deposited material becomes smaller compared with the original feedstock sample due to
severe plastic deformation and recrystallization during the fabrication process [12]. The
stirring process applies significant mechanical stress to the material, which significantly de-
forms and breaks the grains into smaller sizes. Meanwhile, the heat produced by the stirring
causes recrystallization of the grain, which forms finer grains throughout the AFS-D parts.
As a result, the AFS-D parts have unique mechanical and physical properties, which draw
interests from the additive manufacturing research community. Recently, Bhavesh et al. [13]
prepared Al6061 using friction stir powder AM and found microstructures consisting of
tiny sub-grains with an approximate size of 6.1 ± 0.2 µm in the third layer. Ben et al. [14]
found that Al6061 prepared from the AFS-D exhibits dynamic recrystallization, resulting in
the refined, equiaxed grain structure with predominantly high-angle grain boundaries. The
investigation performed by Phillips et al. [15] discovered that raising tool parameters such
as the actuator feed rate, rotation, and traversal speed enhances the hardness of Al6061.
Despite a growing number of studies on Al6061 fabricated by AM methods, the majority of
previous research was concentrated on finding the relationship between the mechanical
properties and the distribution of grain structures after deposition. However, an irradiation
damage study of Al6061 fabricated from the AFS-D method has not been performed. Prior
irradiation research has mostly examined how irradiation affects aluminum alloys made
through conventional manufacturing techniques. To the best of the authors’ knowledge,
this study is the first to investigate the irradiation effects of Al6061, fabricated through
the AFS-D method. The Al6061 is an aerospace material that is expected to work under
space irradiation [16]. Moreover, it is also used in research nuclear reactors as a potential
cladding material due to its excellent corrosion resistance, low neutron absorption, and
high thermal conductivity [17–20].

Therefore, it is crucial to study the effect of irradiation on its microstructure, which
helps to understand how irradiation influences the mechanical performance and provides
information on how it behaves in harsh conditions.

In this work, the irradiation effect on the Al6061 alloy made with the AFS-D method
was investigated. The feedstock samples and the AFS-D Al6061 samples were irradiated
with 200 KeV He+ ions to the peak damage of 10 displacements per atom (dpa) at ambient
temperature. The microstructures were characterized by transmission electron microscopy
(TEM), scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy
(EDS). Nanoindentation was used to provide an estimation of the mechanical properties
before and after irradiation. The results provide insights on the service life estimation of
these AFS-D-processed alloys under a harsh irradiation environment.
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2. Experimental and Simulation Methods

Square rods of Al6061 (508 mm × 9.5 mm × 9.5 mm), with the elemental composition
of Al97.54Si0.44Mg1.63Fe0.16Cu0.23 (wt.%), are used as feedstock for 3D printing. The tensile
strength of T6-6061 aluminum is approximately 290 MPa (42 ksi) and a yield strength
of around 240 MPa (35 ksi), with an elongation at break of 8–10%. In terms of thermal
properties, it has a thermal conductivity of about 167 W/m·K and a melting point of
approximately 585 ◦C. Figure 1 presents a schematic diagram of the AFS-D process.
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Figure 1. Schematic diagram of the AFS-D process.

AFS-D operates through frictional heating and severe plastic deformation induced by
a rotating tool, which causes the material to soften below its melting point. The softened
material is then plastically extruded and deposited layer by layer, enabling the fabrication of
bulk structures with strong metallurgical bonding. This solid-state additive manufacturing
technique promotes fine microstructure evolution and minimizes defects commonly associ-
ated with fusion-based processes. A MELD L3 machine produced by Meld Manufacturing
Corporation located in Christiansburg, VA, USA was employed to print the Al6061 samples
with the following processing parameters: 300 RPM as a tool rotating speed, 152.4 mm/min
as a feedstock feed rate, and 254 mm/min as a tool traversing speed. With a layer thickness
of 1.5 mm, a total of 34 layers are needed to form a block of 50 mm in height. The length
of the deposited block is around 180 mm, and the width of the deposition track is around
40 mm. The outer layer of the feedstock rod is covered with graphite to prevent jamming
inside the deposition tool. The friction force stemmed from the spinning of the feedstock
rod against the substrate deforms the rod plastically, making it easier to be deposited into a
plasticized state. The friction force-induced heat generation is around 4 to 7 kW. Figure 2
shows a macro image of the square-shaped feedstock rod following the AFSD process.
The overall working mechanism of the L3 machine is succinctly explained in a previous
publication [21].

The as-deposited Al6061 and feedstock rods were sectioned using an electrical dis-
charge machine into 5 mm × 5 mm squares with a thickness (height) of 0.3 mm. The sample
surfaces were mechanically polished using SiC grit papers up to P-4000 and diamond
slurry of 3 and 1 µm on the polishing cloth. For the final polishing step, samples were
kept in the VibroMet Vibratory Polisher for more than 24 h to give a mirror finish using
a 0.05 µm alumina solution on the polishing cloth. The implantation of He ions on the
mirror-finished feedstock and the AFS-D Al was performed using 200 keV He+ ions to a
fluence of 3 × 1017 ions/cm2 at ambient temperature on the 200 kV Danfysik ion implanter
of Los Alamos National Laboratory. The He ion irradiation damage and implantation depth
profiles of the Al6061 alloy were predicted using the SRIM Monte Carlo simulator [22], as
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shown in Figure 3. The SRIM profile shows that the irradiation-induced peak damage is lo-
cated around 900 nm, while the He implantation peak is located around 950 nm. Threshold
displacement energy of 27 eV was used for Al while other minor elements were ignored in
the SRIM calculations.
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Figure 3. The SRIM profile of irradiation damage and He+ concentration in Al6061 exposed to 200 keV
He ions at 3 × 1017 ions/cm2.

The surface morphology after irradiation was measured with SEM (Ametek. Model:
APOLLO XL, Berwyn, PA, USA). The TEM specimens were prepared with a ThermoFisher
Helios 600 Nanolab Ga+ FIB/SEM equipment, at CINT Gateway at LANL. A 30 kV ac-
celerating voltage was first applied to lift out the TEM foils, followed by thinning with
decreasing voltages to make a wedge. To minimize the FIB-induced damages, the lamellas
were subsequently polished with 8 keV and 5 keV Ga ions, then the final cleanup was per-
formed with 2 keV Ga ions. The under- and over-focus technique under TEM was utilized
to characterize the cavities after He ion irradiation. A nanoindentation hardness test was
performed on the polished top surfaces before and after irradiation using the Nano Indenter
G200 manufactured by Agilent Technologies Inc. (CA, USA). A Berkovich-tipped nano
indenter was used for nanoindentation testing to assess the effect of irradiation hardening.
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The hardness depth profile was ascertained using the constant stiffness measurement (CSM)
mode. Twenty-five indents were performed in a 5 × 5 matrix on each sample to obtain the
average modulus and depth-dependent hardness with a peak loading penetration depth of
1000 nm.

3. Results and Discussions
3.1. Surface Morphology and Microstructure Characterization

The surface morphology was investigated for both the feedstock and the AFS-D sam-
ples after irradiation, and grain structures were not discernible, as demonstrated in Figure 4.
Figure 4a,b show the surface morphology of feedstock with varying magnifications, while
Figure 4c,d demonstrate that of the AFS-D samples. With a close observation, in comparison
with the feedstock samples showing a smooth surface (Figure 4a) and very tiny particles
(indicated by black arrows in Figure 4b), the AFS-D samples exhibited distinctly rougher
surfaces (Figure 4c) with larger precipitates (highlighted by black arrows in Figure 4d). To
evaluate the composition distribution on the surfaces depicted in Figure 4, EDS mapping
analysis was employed and is illustrated in Figure 5. As per Figure 5, the precipitates seen
in Figure 4 predominantly consist of the segregation of Si and Mg elements. Zeng et al.’s
earlier study deduced that the Si-Mg segregation mainly comprises the Mg2Si phase [23].
Furthermore, Zeng et al. [23] found that the feedstock samples contained a high density of
precipitates compared to the AFS-D samples, as evidenced by the X-ray diffraction study.
The precipitates in the AFS-D samples appear to have a larger size while their density is
lower compared to those in the feedstock samples, suggesting that the precipitates have
gone through a long growth phase. The variation in precipitates between the AFS-D Al6061
alloy sample and the feedstock counterpart is hypothesized to result from the high tem-
perature generated due to the friction stir process and the plastic deformation of material
during deposition.
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The He bubbles produced by irradiation are characterized by TEM in different focus
conditions. The under-focused image gives the best contrast for the He bubble features.
Figure 6 refers to a peak band of bubble formation at around 970 nm from the surface,
which is consistent with the SRIM prediction of the peak He concentration region. The
bubbles are bigger in the middle of the band (region (B) in Figure 6 and smaller at the two
sides of the band, (A) and (C). Note that the central region labeled (B) is the intersection
between the vacancy, refer to the damage depth profile in Figure 3, and the interstitial
region, refer to the He depth profile; that is where the bubble could grow bigger, more than
the two other regions. Moreover, one can note that region (A) in Figure 6 is wider than
region (C). The former belongs to the damage tail, and the latter would belong to the end
of the range. Combining these observations, we believe that the bubble size distribution is
mainly affected by the concentration of deposited He ions in the material and the vacancy
distribution, where vacancies helped further the growth of the He bubbles. The defect
distribution, revealed by TEM, appears consistent with the evolution of He ions with depth,
as generated by SRIM. The distinct size of the bubbles is a synergic result of irradiation
defects and the He ion stopping range in the peak band. The peak damage region (around
900 nm) provides more vacancies induced by irradiation for the formation of bubbles.
Furthermore, the irradiated He ions reached the peak damage region and accumulated to
form more enlarged faceted bubbles. As the distance away from the peak depth, both the
damage and He content decrease, resulting in smaller bubbles at the side of the bubble
band. Similar faceted larger dense He bubble morphology was also reported by Zhang
et al. [24] after He implantation of 1.5 × 1017 He ions/cm2 on Al metal at room temperature,
which is exactly half of the He fluence used in this experiment, suggesting a certain level of
resemblance in bubble formation properties under varying fluence.

Similarly, Figure 7 shows TEM images of AFS-D Al6061. It is found that the AFS-D
Al6061 has He bubbles formed at an 800–1000 nm depth from the surface. Figure 7 reveals
the He bubbles’ size in the AFS-D Al6061 is smaller than that observed in the feedstock, and
these smaller bubbles exhibit a homogeneous distribution throughout the microstructure.
The observed inconsistency in the size of the helium bubbles’ formation between the AFS-D
and the feedstock could have been attributed to the difference in grain sizes of pristine
Al6061. As reported by Zeng et al. [23], the AFS-D as-deposited Al6061 exhibits a smaller
grain size, approximately 6 µm, while the feedstock exhibits a larger grain size, measuring
around 165 µm. Smaller grain sizes increase the number of grain boundaries (GBs) or the
interfaces between neighboring crystalline grains. It is widely accepted that heterointerfaces
and GBs serve as effective regions in the material for sinking and trapping irradiation-
induced point defects and thus improve the irradiation tolerance of materials [25–29]. The
capacity of GBs to annihilate point defects and defect clusters caused by collision cascades
in materials has also been confirmed by atomistic simulations [26,30,31]. The large grain
size provides the longer path for the diffusion of defects, promoting the coalescence of He
bubbles in the feedstock samples. It was assumed that the imperfect hexagonal shape of He
bubbles in the feedstock was an outcome of the diffusion of defects during the irradiation
along the grain boundary or dislocation lines [24,32].
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Figure 7. TEM bright-field images of the AFS-D Al6061 alloy with higher magnification to see the
detail of He bubbles.

3.2. Nanoindentation Hardness Test

To examine the impact of He irradiation on the hardness, a nanoindentation hard-
ness test was performed for both the AFS-D and the feedstock Al6061 alloys. The re-
sults of the hardness tests on the unirradiated and irradiated samples are illustrated in
Figure 8a and 8b, respectively. Comparing the nanoindentation curves before and after
irradiation for both samples, pronounced irradiation hardening was observed. The nano-
hardness value is high around the surface for both samples, and it keeps dropping with
the increasing depth, which is identified as the indentation size effect (ISE). To extract
reasonable hardness from the indentation curves, the Nix–Gao model (NGM) [33] was
implemented to eliminate the ISE. The following function can be used to represent the
hardness (H) measured by nanoindentation, according to the NGM relation:

H = H0

√
1 +

h∗

d
(1)
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where h* represents the characteristic length of the indenter tip, d is the depth of the indent,
and H0 is the bulk-equivalent hardness at infinite depth. By plotting H2 versus 1/d as
shown in Figure 9a for the Al6061 feedstock sample and Figure 9b for the AFS-D Al6061,
the intercept of the linear extrapolation of the data points yields the equivalent hardness
in bulk. In the case of the unirradiated samples, linear fitting was used on the whole
set of data points due to the uniform microstructures and linear trend in the hardness
test. However, for the irradiated samples with a limited damage region, the H2 vs. 1/d
plots show a clear inflection in the hardness around 0.0033 (i.e., 300 nm). To avoid this
effect, the linear fitting on the irradiated samples was only applied to the data within the
first ~300 nm. From the graph, it can be visualized that both unirradiated samples have
a linear relationship between H2 and 1/d, which was demonstrated by the ISE. The H0
for the irradiated and unirradiated samples are shown in Table 1 and were determined
by fitting the hardness data from Equation (1). Before irradiation, the feedstock Al6061
nano-hardness is 1.36 GPa and AFS-D as-deposited Al6061 is 0.83 GPa. The density and
size of precipitates inside a material’s microstructure are important factors when it comes
to the material nano-hardness.
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Figure 8. Experimental nanoindentation hardness test with depth prior and after He implantation for
(a) feedstock Al6061, (b) as-deposited Al6061.
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Figure 9. Plots of nanoindentation hardness H2 versus 1/d prior and after He implantation for
(a) feedstock Al6061, (b) AFS-D Al6061.

After irradiation, the hardness for the feedstock sample increased by 0.52 GPa, and
the increase for the as-deposited Al6061 was 0.91 GPa. According to the classic hardening
models given by either Friedel–Kroupa–Hirsch (FKH) [34] or Dispersed Barrier Hardening
(DBH) [35], the hardness is associated with the size and density of the obstacle for dis-
location movement. After irradiation in this study, the most unyielding obstacles in our
experiments are the He bubbles and precipitates. Since the bubble size in the feedstock
Al6061 is extremely high with significant overlap, the quantitative analysis may not be
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reliable and was not applied. The qualitative visualization of precipitation and He bubbles
is summarized in Table 2.

Table 1. Calculated H0 using the Nix–Gao model.

Alloy Type H0 (GPa)

Feedstock Al6061 Unirradiated 1.36
Feedstock Al6061 Irradiated 1.88

AFS-D Al6061 Unirradiated 083
AFS-D Al6061 Irradiated 1.74

Table 2. Comparative study of microstructural properties for the feedstock Al6061 and the as-
deposited Al6061 after irradiation.

Obstacles
Precipitation He Bubbles

Size Density Size Density

Feedstock Al6061 small high large low
AFS-D Al6061 large low small high

Despite the variations in the precipitation and He bubbles in terms of size and density,
the feedstock and the AFS-D samples after irradiation seem to have a similar level of
nano-hardness (1.88 GPa and 1.74 GPa, respectively). The feedstock Al6061 is characterized
by a small size and high density of precipitation, whereas the AFS-D Al6061 has a large
size and low density of precipitation. Similarly, the feedstock Al6061 exhibits a large
size and low-density He bubbles, whereas the as-deposited Al6061 has a small size and
high-density helium bubbles. It is interesting to note that the two samples’ post-irradiation
nano-hardness was very similar since the opposing characteristics of precipitation and He
bubbles in terms of size and density appear to balance each other’s effects. The previous
literature shows that bubbles generated by He irradiation block the dislocation motion
and increase the hardness of irradiated materials [36–38]. Cui et al. [36] used 200 keV He
ions to implant modified novel high-silicon (MNHS) martensitic steel and found that He
bubbles and dislocation loops are the primary causes of irradiation-induced hardening.
Cao et al. [39] demonstrated the influence of precipitation on irradiation hardening. They
utilized two high-entropy alloy (HEA) samples of (CoCrFeNi)94Ti2Al4, one in its initial
cast state with no precipitates and the other aged to produce large precipitates. These two
HEA samples were irradiated at room temperature with Au ions to 10, 25, and 29 dpa. The
hardness of HEA with no precipitates increased by more than 30% after irradiation. For
the sample containing more precipitates, the irradiation hardening was minimum due to
disordering as well as dissolving of precipitates by the irradiation.

The structure of precipitates is diverse and complicated, containing coherent, semi-
coherent, and incoherent interfaces. While this work provides valuable qualitative insights
into the relation between nano-hardness and precipitates, it does not conclusively identify
the precise mechanism responsible for the observed irradiation-hardening effect in AFS-D
Al6061. Further investigation is needed to fully comprehend the irradiation-hardening
effect due to the presence of these pre-existing precipitates.

If more doses of irradiation are applied to the material, the previously formed He
bubbles will trap more He atoms and expand the He bubble because of coalescence form-
ing voids and cavities. If bubbles were bigger than a critical radius, they would obvi-
ously have a negative impact on the properties of the material, such as swelling and
embrittlement [40,41]. This will result in the depletion of structural material properties
and shorten the lifetime of the material after irradiation [42,43]. The irradiation-induced
hardening is less severe in the AFS-D Al6061 compared with its original feedstock Al6061
sample. This is confirmed by the nature of bubble formation between these two samples.
The sizes of He bubbles are significantly smaller and are homogeneously distributed in
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AFS-D Al6061, possibly meaning a high irradiation-tolerance capacity. The parts produced
from the AFS-D show some promising properties compared to the original feedstock ma-
terial. It is expected that the AFS-D methods can be applied to other material systems
where high irradiation-tolerance properties are required. These findings highlight some
of the possible causes of the hardening effect due to irradiation caused by He ions in the
feedstock and the AFS-D Al6061 samples. However, to fully understand the He bubble
generation and its impact on the mechanical performance of AM alloys, additional research
on the dislocation mechanism is required for more AM-fabricated samples. Furthermore,
more studies with atomic-scale simulation are required to provide more information on
the behavior of helium segregation at GBs and He bubble effects on the mechanical and
structural performance of materials, especially on those fabricated from the AFS-D method
where a large shear stress is applied.

4. Conclusions

In this study, the feedstock rod and the AFS-D Al6061 samples were irradiated at room
temperature with helium ions to a dose of 10 dpa. The microstructural and mechanical
changes after irradiation have been investigated based on the bubble formation on both
samples. The TEM analysis revealed that the helium bubble size is much larger in the
feedstock sample of Al6061 than the AFS-D Al6061 sample. TEM images of the feedstock
sample show that bigger size bubbles formed around the center (700–900 nm depth) and
smaller-sized bubbles at two end sides; their size distribution along the depth suggests
the joint effects of the vacancy and He depth distribution. The change in hardening
between the feedstock and the AFS-D Al6061 after irradiation is caused by the variation
in He bubble formation and is possibly due to pre-existing precipitates. This variation in
bubble formations suggests that additional factors such as dislocation or defect mobility
could influence the result and suggest further investigation is necessary to clarify the
understanding of irradiation effects. Overall, the AFS-D Al6061 has a smaller size of He
bubbles, showing its better tolerance towards irradiation compared to the feedstock Al6061.
Therefore, parts developed from the AFS-D Al6061 are highly promising and the AFS-D
method could be an excellent choice for developing structural materials in the future for
different applications.
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