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A B S T R A C T

This work shows that novel manufacturing routes combining wire arc additive manufacturing (WAAM) and in 
situ deformation enable control of size, shape, and particle/matrix interface characteristics. To this end, pre
cipitation of the Al3Sc phase in aluminum alloys was studied in specimens fabricated by as-built (W), as-built and 
thermally post-processed WAAM, as well as in specimens produced by WAAM combined with in-process rolling 
(HR-W). The experimentally determined equilibrium shape of Al3Sc precipitates in HR-W specimens is a large, 
elongated ellipsoid with coherent interfaces, a morphology not previously reported for this phase. No Al3Sc 
particles were detected in W specimens, whereas P-W specimens exhibited the conventional rhombicuboctahe
dral precipitates with semi-coherent interfaces. Theoretical calculations, together with positron annihilation 
spectroscopy, confirm that excess vacancies drive this morphological transition. The combination of atom probe 
tomography, density functional theory, and thermal desorption spectroscopy revealed that coherent Al3Sc‖Al 
interfaces trap H, whereas a semi-coherent boundary does not trap hydrogen. These findings highlight the 
interplay between non-equilibrium processing, defect dynamics, and hydrogen trapping, offering a more 
fundamental understanding of hydrogen behavior in aluminum alloys.

1. Introduction

The growing demand for lightweight structures in hydrogen tech
nologies calls for high-strength aluminum alloys that can maintain 
mechanical integrity in hydrogen-rich environments [1–4]. At the same 
time, there is increasing pressure to reduce energy consumption, mate
rial waste, and overall production costs. Metal additive manufacturing 
(AM) has emerged as a promising solution by enabling the fabrication of 
components with complex geometries, previously unachievable by 
conventional methods, without compromising material efficiency [5–7]. 
These capabilities are particularly valuable in hydrogen-related appli
cations, where optimized designs can reduce weight, enhance func
tionality, and improve system-level performance [8].

During AM, the material undergoes repeated thermal cycling and 
solid-state transformations. The resulting microstructure is highly sen
sitive to the cooling rate, which is, in turn, governed by the specific AM 

technique and process parameters [9,10]. Recently, several studies have 
focused on taking advantage of in-process heat treatments during AM to 
eliminate post-processing steps. This approach allows for the intentional 
redesign of nanoprecipitates, grain boundary structures, and nanoscale 
chemical distributions during the build [11–13]. For example, AM of 
Al–Mg alloys has been shown to increase the solid solubility of alloying 
elements due to rapid solidification and the associated lattice expansion. 
The high cooling rates suppress equilibrium phase formation and allow 
greater retention of solute atoms within the matrix, which can signifi
cantly enhance mechanical and corrosion properties and alter precipi
tation behavior during subsequent thermal or mechanical treatments 
[14]. This means that by in situ controlling the microstructure, the 
process becomes more efficient, while also enabling the production of 
high-performance components with tailored microstructures.

A major microstructural limitation in additively manufactured 
metals is the formation of columnar grains, which result from directional 
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solidification and cause anisotropic properties and reduced resistance to 
cracking [15–18]. These grains typically extend across multiple layers, 
limiting grain boundary area and leading to poor mechanical perfor
mance in directions perpendicular to the build [19]. To address this, 
high-pressure rolling during or immediately after deposition has been 
recently explored as an effective method to refine grain structure, 
fragment columnar grains, and stimulate dynamic recrystallization, 
promoting the formation of fine, equiaxed grains and enhancing overall 
structural integrity [20,21]. Another effective strategy involves the 
addition of grain-refining solute elements such as scandium (Sc), which 
promote the formation of stable primary particles and inhibit columnar 
grain growth by acting as heterogeneous nucleation sites during solidi
fication. Ren et al. [22] demonstrated that during WAAM, at Sc contents 
below 0.15%, Sc was fully dissolved in the Al matrix without inducing 
grain refinement, resulting in only a slight improvement in mechanical 
properties. However, at a Sc content of 0.3%, the primary Al3Sc phase 
precipitated in the as-deposited material, leading to a notable change in 
microstructure, significant grain refinement, and marked improvements 
in mechanical performance. After heat treatment at 350 ◦C for 1 h, 
further grain boundary refinement occurred, accompanied by the pre
cipitation of the secondary Al3Sc phase.

While several studies have demonstrated that high-pressure rolling 
effectively alters microstructural defects in wrought aluminum alloys 
[23–27], affecting the kinetics of precipitation during 
thermo-mechanical or heat treatments, there is still a lack of in-depth 
research on its impact when applied in-process during the additive 
manufacturing of these alloys. Therefore, this study aims to investigate 
the combined effect of Sc addition and in-process high-temperature 
rolling on the precipitation kinetics and morphology of Al3Sc particles in 
aluminum alloys produced by wire arc additive manufacturing 
(WAAM). A comparative analysis will be conducted among specimens 
fabricated via (i) standard WAAM, (ii) WAAM followed by 
post-processing heat treatment, and (iii) WAAM combined with 
high-pressure in-process rolling. Advanced characterization techniques, 
including atom probe tomography and high-resolution electron micro
scopy, will be employed to analyze the distribution, size, and shape of 
the precipitates. Special attention will be given to understanding the 
underlying mechanisms responsible for the formation of uniquely sha
ped Al3Sc particles in the specimen produced by WAAM combined with 
in-process rolling.

Subsequently, we investigated the hydrogen trapping behavior of the 
Al3Sc particles by directly observing the distribution of hydrogen 
isotope within these precipitates. This analysis was motivated by pre
vious studies suggesting that dispersoids can act as effective hydrogen 
traps in metallic systems [28,29]. Hydrogen traps are typically catego
rized as reversible or irreversible based on their binding energies with 
hydrogen atoms [30–33]. To evaluate this, thermal desorption spec
troscopy (TDS) and density functional theory (DFT) calculations pro
vided insights into the hydrogen binding energy and revealing the 
atomic-level mechanisms of hydrogen trapping inside these particles. 
Together, these techniques provided a comprehensive understanding of 
their role in hydrogen trapping.

2. Experimental procedure

2.1. Materials and processing

Two cuboid Al-Mg-Sc alloy components were fabricated using a 
multi-pass, multi-layer approach via two processing routes: (i) a hybrid 
method combining rolling and WAAM (HR-W), and (ii) standard 
WAAM. Fig. 1 illustrates the single-pass, multi-layer deposition process 
employed in the hybrid robotic WAAM system. As can be seen in Fig. 1, a 
roller, positioned immediately after the arc source, is ordered to 
continuously roll the surface of the newly deposited layer. In both pro
cessing routes, a 1.2 mm diameter Al-Mg filler wire was employed, with 
its chemical composition provided in Table 1. The Mg content in this 

alloy was selected below the maximum solubility limit in the Al matrix 
(1.5 wt% in room temperature) to prevent the formation of the β 
(Al3Mg2) phase [34]. Therefore, no second phase particles can be seen in 
SEM images of the specimens in Fig. 1. An inert gas (95% Ar + 5% CO2) 
atmosphere protects the process while the welding arc melts the feed 
wire, allowing for layer-by-layer metal deposition. Heat flows from the 
freshly deposited top layer down to the substrate plate. The substrate 
material was a wrought Al-Mg aluminum alloy plate with dimensions of 
250 mm × 200 mm × 20 mm. Building upon a standard WAAM setup, 
the HR-W system incorporates a rolling device and integrated control 
software to enhance the process.

The HR-W process involves three main forming stages: melting, so
lidification, and rolling. During the deposition of each new layer, an 
infrared sensor monitors the alloy's temperature to ensure it remains 
within the optimal range of 400 ± 5 ◦C before rolling. The detailed 
manufacturing parameters used in the processes are provided in Table 2. 
After preparing the components, three different types of specimens were 
obtained for further investigation: (i) an as-built WAAM specimen 
(hereafter W), (ii) a post-processed WAAM specimen subjected to heat 
treatment at 300 ± 5 ◦C for 2 h (hereafter P-W), and (iii) an as-built 
specimen produced by HR-W processing route (hereafter HR-W).

Fig. 1. Schematic of the single-pass, multi-layer deposition and rolling process 
used in the hybrid robotic additive manufacturing system.

Table 1 
Chemical compositions of welding wire and substrate (mass fraction%).

Alloys Mg Sc Mn Fe Si Zn Al

AlMgSc wire 1.33 0.31 0.22 0.16 0.14 0.05 Balance
Al-Mg substrate 5.91 0.01 0.34 0.30 0.23 0.05 Balance

Table 2 
Manufacturing parameters of WAAM and HR-W processes.

Mode of Operation Constant Current mode

Voltage (V) 28
Current (A) 200
Welding speed (mm/min) 700
Wire feed speed (m/min) 4.5
Welding penetration (mm) 1
The overlapping ratio between adjacent welding beads 25%
Rolling reduction in thickness 30%
Shielding gas 95% Ar + 5% CO2

Shielding gas flow rate (L/min) 18
Nozzle to plate distance (mm) 12.1
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2.2. Characterization of second-phase particles

To analyze the microstructure of these specimens at the atomic scale, 
atom probe tomography (APT) was performed. To avoid Ga contami
nation, APT samples were prepared by electropolishing with a 20 V 
voltage in 20 % perchloric acid (70-72 %) in acetic acid (100 %). In a 
second polishing step, 2 % perchloric acid in butoxyethanol was used. 
APT analysis was performed with a LEAP 4000X HR instrument (Cameca 
Instruments, Madison, WI, USA) at 30 K, at a detection rate of 0.3 %, and 
with a laser wavelength of 355 nm at a pulse energy of 30 pJ and a pulse 
rate of 100 kHz. APT reconstruction and data evaluation were per
formed with AP Suite 6.3 (Cameca).

High resolution transmission electron microscopy (HR-TEM) and 
TEM samples were initially ground to a thickness of approximately 200 
μm, followed by jet polishing using a Twin-Jet Polisher with a solution of 
25% nitric acid and 75% methanol at − 30 ◦C and an applied voltage of 
~8 V. After perforation, the thin foils were further thinned using a low- 
energy ion mill operated at 500 V. To mitigate knock-off damage during 
observation, an amorphous protective film (~2 nm thick) was deposited 
on the reverse side of the foil. Details about the observation of the 
precipitates can be found in our previous publication [28,35].

Differential scanning calorimetry (DSC) was performed with a 
Netzsch DSC 204 F1 Phoenix. Each run covered 50 ◦C to 450 ◦C at a 
constant heating rate of 10 K min− 1. Circular specimens (Ø 4.8 mm) 
were punched from the test alloy, and matching discs of high-purity 
aluminum were prepared as the reference. Positrons were generated 
from a 0.5 MBq22Na source, encapsulated in Kapton foil and sandwiched 
between two identical alloy specimens (10 × 10 × 1 mm3). After 
entering the alloy, the positrons annihilated and emitted characteristic 
511 keV γ-rays. A fast-timing system correlated each annihilation pulse 
with the β+-decay start signal, yielding individual lifetimes. Approxi
mately 105 events were accumulated per spectrum. Measurements 
began either immediately after the HR-W process or after brief artificial 
ageing, followed by ~1s of handling at 300 ± 5 ◦C. All experiments in 
this study were performed at least three times to ensure reliability and 
reproducibility, and all specimens were carefully selected from the 
center of each component.

2.3. Hydrogen interaction with second-phase particles

For hydrogen mapping, specimens were electrochemically hydrogen- 
charged for 48 h in a 3.5 wt% NaCl solution at a constant current density 
of 10 mA cm− 2. Immediately after charging, they were kept in liquid 
nitrogen to minimize hydrogen loss. TDS was then conducted, recording 
the hydrogen partial pressure while the temperature was ramped at 300 
◦C h− 1.

To investigate hydrogen trapping behavior at coherent Al3Sc pre
cipitate interfaces, first-principles calculations based on DFT were per
formed using the Vienna Ab initio Simulation Package (VASP). A bilayer 
model comprising eight (001) atomic planes of face-centered cubic (f.c. 
c.) Al and eight (001) planes of Al3Sc was constructed to simulate a 
coherent (001)Al‖(001)Al3Sc interface. The interface was modeled in a 
cube-on-cube orientation to replicate a fully coherent configuration. 
Hydrogen atoms were systematically inserted into all non-equivalent 
tetrahedral interstitial sites at incremental distances from the interface 
mid-plane. For each configuration, atomic positions were fully relaxed 
until the forces on each atom were below 0.01 eV/Å.

To assess the solution energy (ΔEs) of hydrogen at these sites, the 
total energy of the relaxed hydrogen-containing system was compared 
with that of the pristine system and an isolated hydrogen atom. The 
hydrostatic strain field induced by the coherent lattice match was also 
evaluated. The same methodology was applied to a second model where 
the precipitate exceeded its critical radius and lost coherency. This was 
achieved by introducing a periodic array of 〈110〉 60◦ edge dislocations 
at the interface to mimic the relaxation of misfit strain. The impact of 
coherency loss on hydrogen trapping was quantified by calculating the 

solution energy at interfacial and dislocation core sites. More informa
tion can be found in our previously published paper [28].

3. Results

3.1. Characterization of second-phase particles

Fig. 2a presents a bright-field TEM image revealing dense dislocation 
tangles formed in the W-specimen which was in as-built WAAM condi
tion. These are attributed to the complex thermal cycles inherent to the 
layer-by-layer deposition process [36]. A high density of dislocations is 
observed both at grain boundaries and within grain interiors, indicating 
substantial internal stress and plastic deformation introduced during 
rapid solidification. The figure also includes corresponding EDS Mg and 
Sc elemental maps, which show that no secondary phases have precip
itated from the aluminum matrix, even in regions with high dislocation 
density. These findings are consistent with the APT results shown in 
Fig. 2b and c, which further confirm the absence of significant solute 
clustering or second-phase precipitation. In particular, the atom pair 
correlation analysis in Fig. 2c shows that the experimental Sc–Sc dis
tribution closely matches that of a randomized dataset, indicating a 
homogeneous distribution without clustering or segregation. In a 
random solid solution, such distributions typically follow a Gaussian 
profile; in this case, the experimental data (black curve) closely matches 
the randomized dataset (red curve), confirming the absence of Sc clus
tering or segregation. Together, these observations support the conclu
sion that the alloy retains a supersaturated solid solution with high 
defect density because of the additive manufacturing process.

In the W- specimen, no Sc-containing precipitates were observed in 
the microstructure, despite the presence of 0.3 at. % Sc in the alloy. This 
result is notable because according to the Al–Sc binary phase diagram, 
this Sc content is higher than the equilibrium solubility limit (~0.23 % 
at the eutectic temperature), which is sufficient for the formation of 
Al3Sc precipitates under conventional processing conditions [37]. This 
finding can be explained by the unique thermal conditions of the WAAM 
process, particularly the repeated thermal cycling followed by fast 
cooling. These conditions influence the microstructure in several ways 
that collectively prevent the formation of Al3Sc precipitates. First, the 
limited thermal exposure restricts atomic diffusion, making it difficult 
for Sc atoms to nucleate and grow into precipitates [11,38,39]. Second, 
the short dwell times at elevated temperatures, as shown in our previous 
study [14], are insufficient to activate precipitation kinetics, resulting in 
a retained solid solution. Third, the fast cooling induces lattice expan
sion, which increases the solubility limit of Sc in the Al matrix, further 
stabilizing the supersaturated solid solution (Fig. 2d).

For P-W specimen, after the WAAM process, the aluminum alloy 
specimens were aged at 300 ± 5 ◦C for 2 h, leading to the formation of 
spherical precipitates (Fig. 3). Comparison of the TEM images in Fig. 2a 
and 3a show that ageing eliminates many dislocations and introduces a 
small population of fine particles. Because the alloy's Mg content is 
below the critical threshold for β-phase formation in the Al–Mg phase 
diagram [34], β-phase particles are not expected in the matrix even in 
nano-scale as can be seen in the observation corroborated by the 3D-APT 
and reconstructions of Mg and Sc in Fig. 3d. Fig. 3e further reveals that 
the Mg concentration inside the particles is low and that the chemical 
composition of particles matches Al3Sc. Although the precipitate num
ber density and size are relatively small, Fig. 2f demonstrates that a 
fraction of Sc atoms exhibit significantly shorter nearest-neighbor 
(d-pair) distances than those in a random solid solution, indicating 
pronounced spatial correlation (see arrow in Fig. 3f) and presence of 
Al3Sc particles in matrix.

Integrating established theory, literature, and our observations, the 
ageing sequence can be summarized as follows: During aging, the 
microstructural evolution is governed by the dislocation recovery and 
precipitation [40]. In the microstructures containing a high density of 
dislocations and vacancies, typical of the WAAM process [11,41], the 
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high-temperature aging process includes recovery mechanisms, such as 
dislocation annihilation and a reduction in dislocation density, in 
addition to precipitation [42]. This outcome is evident in Fig. 3a, which 
shows a noticeably lower dislocation density after aging. As the aging 
progresses, solute-like Sc-atoms begin to diffuse through the aluminum 
matrix and nucleate coherent Al3Sc precipitates, often using remaining 
dislocations and subgrain boundaries as favorable nucleation sites [41]. 
This occurred because the rapid solidification during WAAM created a 
supersaturated solid solution of Sc in the aluminum matrix, as shown in 
Fig. 2. Then, thermal activation during aging allowed solutes like Sc 
atoms to further diffuse and react with aluminum, resulting in the 
growth of second phase particles. These precipitates generally exhibit a 
spherical shape to minimize interfacial energy and maintain coherency 
with the aluminum lattice [43,44]. In some regions, we observed misfit 
dislocations at the particle–matrix interfaces (Fig. 3b and c), indicating 
partial loss of coherency due to lattice mismatch, and the nature of the 
particles is semi- or semi-coherent.

Although precipitation and recovery may occur concurrently, pre
vious studies indicate that recovery tends to initiate slightly earlier due 
to its lower activation energy [37,45]. For example, Røyset and Ryum 
[37] reported that Al3Sc particles preferentially nucleate at dislocations, 
but recovery begins before the onset of detectable precipitation. This 
sequence is further supported by our DSC results, presented in the 
following section, which clearly show that recovery precedes the onset 
of Al3Sc precipitation during aging. Therefore, the notable dislocation 
density decrease can be seen in the specimen, while the particle growth 
was not significant.

Fig. 4 illustrates the microstructure that forms during WAAM, fol
lowed directly by inter-pass rolling in the Check specimen label; likely 
HR-W specimen, without any subsequent heat treatment. Dark-field 
TEM (Fig. 4a) picks out the formation of the ellipsoidal Al3Sc pre
cipitates embedded in the matrix. HR-TEM (Fig. 4b) shows lattice fringes 
that pass seamlessly from matrix to precipitate, confirming the cube-on- 
cube orientation relationship, and the filtered IFFT image (4d) reveals 
no interfacial contrast anomalies, evidence that these ellipsoidal 

particles are fully coherent and free of misfit dislocations. A 3D-APT 
reconstruction (Fig. 4e) depicts just a handful of high-aspect-ratio Sc- 
rich plates in the matrix. The accompanying 1D concentration profile 
(Fig. 4g), taken in the direction shown in Fig. 4f, rises abruptly to ~25 
at. % Sc, the stoichiometry of Al3Sc, then drops to matrix level with only 
a slight Sc shoulder, signaling early solute clustering. Collectively, these 
observations show that the coupled thermal and mechanical cycling of 
WAAM + rolling drives the development of large, coherent, plate- 
shaped Al3Sc precipitates, in sharp contrast to the finer, semi- 
coherent, spheroidal particles produced in the P-W condition.

The equilibrium shape of Al3Sc precipitates is governed by the 
minimization of both interfacial and elastic strain energies, with their 
relative importance assessed using the L parameter introduced by 
Thompson et al. [46]. This parameter is defined as L = e2C44 l

γ , where e is 
the misfit strain between the precipitate and the matrix, C44 is the elastic 
shear modulus of the matrix, l is the precipitate size, and γ is the inter
facial energy. For the Al/Al3Sc system, using typical values such as e =
0.0125, C44 = 28.5 GPa, and l = 5 nm [47], the calculated L value is 
approximately 0.1. This low value indicates that interfacial energy 
dominates the shape evolution rather than elastic strain energy. Wulff 
constructions using interfacial energies obtained by Hyland et al. [47] 
and Asta et al. [48] for Al3Sc particles predict that Al3Sc precipitates 
adopt faceted shapes dominated by {100}, {110}, and {111} planes, 
forming a complex equilibrium morphology known as the Great 
Rhombicuboctahedron. Our results obtained by HR-TEM, shown in 
Fig. 3b, confirm these predictions, with dominant {110} facets and 
visible {100} facets observed in the aged Al3Sc precipitates. However, 
our investigations using APT and HR-TEM (Fig. 4) show that there are 
fewer visible facets in the particles observed in the HR-W specimen. This 
suggests that the shape of precipitates in HR-W specimen cannot be 
reliably predicted using current knowledge and models. Further inves
tigation is needed to understand this behavior, and this will be discussed 
in more detail in Section 4.

Fig. 2. (a) Representative bright-field TEM image and corresponding EDS elemental maps showing the microstructure and distribution of Mg and Sc in the as-built 
WAAM specimen. (b) 3D APT reconstruction revealing a homogeneous distribution of alloying elements. (c) Atom pair correlation analysis indicates no clustering or 
segregation of Sc atoms, consistent with a random solid solution. (d) Schematic representation highlighting the formation of a supersaturated solid solution because 
of rapid cooling in the WAAM process.
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Fig. 3. (a) Bright-field TEM micrograph of the WAAM-fabricated alloy aged at 300 ± 5 ◦C for 2 h, (b) HR-TEM image of a representative Al3Sc precipitate, and (c) 
inverse fast-Fourier-transform (IFFT) pattern highlights misfit dislocations at the particle–matrix interface. (d) 3D-APT reconstruction revealing the distribution of Sc- 
rich particles within the matrix. (e) 1D-APT concentration profile across a precipitate, confirming pronounced Sc enrichment and Mg depletion. (f) Atom-pair- 
correlation (d pair) analysis of the APT data, demonstrating Sc–Sc clustering.

Fig. 4. (a) Dark-field TEM image, (b) HR-TEM micrograph of a representative particle; the lattice fringes continue seamlessly from matrix to precipitate, indicating a 
cube-on-cube orientation relationship. (c) FFT of the region in (b), (d) Inverse FFT filter of the interface, (e) 3D-APT reconstruction (orange = Mg, purple iso-surface 
= Sc), (f) Schematic defining the analysis direction in (g); (g) 1-D solute concentration profile normal to a particle. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.)
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3.2. Hydrogen trapping in second-phase particles

To investigate the nature of hydrogen trap sites, we conducted a 
detailed analysis of hydrogen-charged specimens using TDS which was 
shown in Fig. 5. This Figure demonstrates that the two WAAM build 
strategies create fundamentally different hydrogen-trapping landscapes. 
TDS measurements show different hydrogen mapping profile in the 
specimens, showing four distinct desorption peaks at ~130 ◦C, ~348 ◦C, 
~450 ◦C, and ~540 ◦C in the HR-W specimens (Fig. 5a), while three 
distinct peaks were observed for the P-W specimen. Peaks at 130 ◦C, 348 
◦C, and 540 ◦C are common to both builds. According to the literature, 
the first, second, and fourth peaks correspond to the hydrogen residing 
in the aluminum lattice [49–51], dislocations [51,52] and grain 
boundaries [23,53], respectively. The higher height of the second peak 
in the HR-W specimen compared to the P-W specimen can be attributed 
to the higher dislocation density in the HR-W specimen. The third, 
high-temperature peak at ~450 ◦C, which appears only in the HR-W 
specimen, indicates a population of relatively irreversible traps that 
release hydrogen at elevated temperatures. Because the emergence of 
the third peak in HR-W specimens coincides uniquely with the formation 
of ellipsoidal particles in this specimen (Fig. 4), Peak 3 can be attributed 
to hydrogen trapping in these particles. By contrast, the P-W alloy 
contains only small, semi-coherent and spherical Al3Sc precipitates; the 
corresponding TDS spectrum lacks the 450 ◦C peak entirely, confirming 
that such particles do not provide effective deep-trapping sites.

4. Discussion

4.1. Effect of in-process rolling on precipitation and precipitate shape in 
wire arc additively manufactured specimens

4.1.1. Effect of excess vacancies
During the process, HR-W beads experience a brief but intense 

compressive stress (≈30 % height reduction delivered in ~5 ms at 
ε̇ ≈ 102 s− 1). During this pulse, according to the theory proposed by 
Militzer et al. [54], two vacancy sources are active, and the vacancy 
source term can be expressed as follows: 

Π= χ σΩ0

Qf
ε̇ + ζ

CjΩ0

4b3 ε̇, (1) 

where the first (mechanical) part scales directly with the rolling stress 
(σ ≈ 100 MPa) and the very high strain rate, while the second (thermal- 
jog) part remains active because the bead temperature sits near 0.6 Tm. 
Ω0, Qf , and b are the atomic volume, vacancy formation energy and 
Burger's vector, respectively. The jog density (Cj) can be obtained by Eq. 
(2) where μ and ν are shear modulus and Poisson's ratio, respectively. 
The neutralization factor (ζ) represents the partial cancellation of 
vacancy-emitting and vacancy-absorbing jogs; ζ = 0.5 means no 
cancellation (maximum thermal production), while ζ →0 corresponds to 
perfect neutralization [55]. Because the rolling takes only a few seconds, 
ζ cannot evolve much below 0.5, so both terms in Eq. (1) remain 
significant. 

Cj = exp
(

−
Ej

kT

)

,Ej =
μb3

4π(1 − ν) , (2) 

It is known that vacancies are eliminated by diffusion to sinks, pre
dominantly dislocations with a density of ρ and grain boundaries with 
spacing of L [56]. Thus, the annihilation rate can be obtained by: 

η= x2
(

Dνρ+Dν

L2

)

cex, (3) 

where Dν is the diffusion rate of vacancies, and x is the cell-structure 
factor; according to the TEM image in Fig. 4a, x ≈ 16. The comparison 
of dislocation densities in Fig. 2a (1.12 × 1015 cm− 2) and Fig. 4a (1.2 ×
1015 cm− 2) shows that there is no significant difference between the W 
and HR-W specimens. This might be because rolling is performed at high 
temperatures, which does not introduce additional dislocations; instead, 
dislocations are mainly generated by thermal stresses during solidifi
cation [9,10]. On the other hand, in the as-built specimen, the first term 
in the vacancy production equation (Eq (1)) is absent meaning that it 
should contain a lower vacancy concentration. Therefore, in HR-W 
specimen, because ρ is still close to its as-deposited value at the start 
of rolling, η cannot balance the suddenly huge Π. The net equation (Eq. 
(4)) drives a vacancy overshoot of roughly 102–103 times the equilib
rium concentration in HR-W specimen (as schematically illustrated in 
Fig. 6a); by contrast, in as-built specimen where ε̇ ≈ 0, only the weak 
thermal term in Eq (1) survives and dislocations or other sinks can hold 
the vacancy level near equilibrium. Although the arc deposition step is 
nominally mechanically induced strain-free, a modest vacancy flux still 
arises from thermally activated jog motion, solidification shrinkage and 
transient thermal stresses [11]. Because the macroscopic strain rate is 
practically zero, this source is tiny compared with Eq (1) and the existing 
dislocations and grain boundaries absorb the vacancies almost as soon as 
they form, so the un-rolled wall remains at its near-equilibrium baseline 
(i.e. cex = cth) as shown schematically in Fig. 6a. 

dcex

dt
=Π − η (4) 

Fig. 5. TDS result for (a) HR-W and (b) P-W specimens.
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4.2. Effect of deformation-induced vacancies on precipitation

According to what was discussed in the previous section, excess va
cancies can be generated through in-process deformation. These excess 
vacancies can play a critical role in further boosting diffusion rates as 
Armstrong et al. [57] have shown. They showed that under deformation, 
the excess vacancies significantly augment the effective self-diffusivity 
beyond what is achievable via dislocation-mediated pipe diffusion 
alone. In this case, self-diffusivity takes the form 

D=Db

(

1+
cex

cth

)

(1 − g) + gDp, (5) 

where Db is the lattice diffusion coefficient, Dp is the pipe diffusivity, and 
g is the fraction of atoms associated with the pipe. Because g ≪ 1, Eq (5)
simplifies the following equation: 

D=Db

(

1+
cex

cth
+ g

Dp

Db

)

(6) 

The activation energy of pipe diffusion is similar to that of grain 
boundary diffusion, which was measured to be Qgb = 0.45 eV in 
aluminum [58]. The pre-exponential factor, on the other hand, can be 
taken from lattice diffusion, so that it can be written as: 

D
Db

= exp
(

Q − Qgb

kT

)

(7) 

We calculated the enhancement of self-diffusion D
Db 

for steady-state 
conditions of deformation, i.e. cex = cs and ρ = ρs for aluminum at 
400 ◦C (0.6 Tm). The results were presented in Fig. 6b where the green 
line indicates the contribution from pipe diffusion. The results indicate 
that at low strain rates or when the strain rate is close to zero, the 

enhancement of diffusion is due to the pipe diffusion. At higher strain 
rates, as in the case of the HR-W specimen, the higher excess-vacancy 
concentration leads to significantly additional enhancement. There
fore, the appearance of second-phase particles in the HR-W specimen 
can be attributed to accelerated diffusion along the excessive vacancies 
generated by the synergistic effects of deformation-induced excess va
cancies and the heat provided by additive manufacturing

In the P-W specimen, the vacancies created during deposition can be 
significantly annealed within the few microseconds before ageing be
gins. This is evident in Fig. 7a, which presents positron annihilation 
measurements conducted on the specimens both before ageing and after 
ageing for various specified durations. In aluminum alloys, positron 
annihilation can be resolved into three characteristic lifetime compo
nents, as illustrated in Fig. 7a and detailed in Ref. [59]. Positrons that 
annihilate in the defect-free aluminum matrix exhibit the shortest life
time (τ1 ≤ 160 ps). A longer lifetime (τ2 ≈ 215 ps) arises when anni
hilation occurs inside solute clusters or coherent precipitates, while the 
longest one (τ3 ≈ 220 ps) is associated with positrons trapped at 
vacancy-type defects. In the as-built W specimen and HR-W specimen, a 
high positron lifetime of ≥220 ps is observed (Fig. 7a), which indicates 
that a significant portion of positrons are annihilating in vacancies or 
vacancy-solute complexes. The higher positron lifetime in the HR-W 
specimen confirms the theoretical calculations, indicating a higher va
cancy concentration in this specimen. Upon ageing at 300 ◦C for only a 
few seconds, the positron lifetime sharply decreases by to around 170 or 
180 ps. This reduction suggests a substantial decrease in the vacancy 
concentration in both specimens, resulting in more positrons annihi
lating in the aluminum bulk, where the lifetime is approximately 160 ps. 
Therefore, vacancy diffusion does not play an active role in particle 
formation during aging. Instead, three-dimensional lattice diffusion, 
potentially aided by pipe diffusion along immobile dislocations (as 

Fig. 6. (a) Schematic representation of the time dependence of the excess vacancy concentration; (b) Strain rate dependence of the enhancement factor for lattice 
self-diffusion in aluminum by contribution of pipe diffusion and excessive vacancies.

Fig. 7. (a) One-component positron lifetimes during aging of HR-W and W/P-W specimen; The arrow indicates the difference in initial vacancy concentrations 
between the two specimens. (b) DSC curves of the HR-W specimen (green line) and the W specimen aged for 1 s (red line) to form P-W specimen, showing the 
importance of excessive vacancies in formation of Al3Sc particles. (The W specimen, after aging, is transformed into the P-W specimen). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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shown in Fig. 6b), may facilitate the slow migration of Sc atoms within 
the matrix. In this case, due to the limited diffusivity, the particles grow 
only a few nanometers. Because their radius surpasses the coherency 
limit, yet the surrounding matrix cannot elastically relax, the particles 
lose their lattice match early and are therefore observed as fine but 
semi-coherent, as observed in Fig. 2.

By contrast, the HR-W specimen undergoes intense plastic defor
mation, which generates a denser population of excess vacancies 
(Fig. 7a). These vacancies facilitate Sc diffusion via a vacancy-mediated 
mechanism that can be up to two orders of magnitude faster than lattice 
diffusion [60], while the matrix remains supersaturated (Fig. 2). As a 
result, Sc atoms are rapidly transported to a few energetically favorable 
sites, where they coalesce into ellipsoidal Al3Sc precipitates aligned on 
{100} planes (Fig. 4). Vacancies indeed play a crucial role in enabling 
coherent interfaces [61] in HR-W specimens. They promote fast, uni
form solute diffusion, which helps precipitates grow with lattice planes 
aligned to the matrix. In addition, vacancies assist in locally relaxing the 
slight misfit strain through elastic deformation of the lattice due to the 
growth of Al3Sc particles, avoiding the need for dislocations [62]. 
Because this growth occurs while the matrix can still elastically 
accommodate the slight lattice misfit, the resulting precipitates remain 
large yet fully coherent with the Al lattice. This elastic accommodation is 
possible because the matrix is expected to be softened and a 
vacancy-rich state due to intense deformation and elevated temperature. 

Under these conditions, the aluminum lattice remains flexible enough to 
absorb the small mismatch without generating defects. The DSC data in 
Fig. 7b supports this interpretation. Comparing an HR-W specimen with 
an aged for just 1 s to intentionally remove the vacancies, the Al3Sc 
formation peak is appreciably lower after the brief ageing step, indi
cating that eliminating excess vacancies (which was shown in Fig. 7a) 
suppresses further Al3Sc precipitation. DSC also shows a peak that pre
cedes Al3Sc precipitation. Based on literature [63,64], this earlier peak is 
due to the dynamic recovery, implying that recovery is largely complete 
before ageing begins and that pipe diffusion contributes little to the 
subsequent growth of Al3Sc particles. Thus, the dominant diffusion 
mechanism during precipitation, slow lattice diffusion after WAAM 
versus rapid vacancy-driven diffusion during deformation, determines 
whether the alloy ends up with a dispersion of fine, semi-coherent Al3Sc 
particles or larger, coherent particles.

4.3. Interaction of hydrogen with Al3Sc precipitates

To test and verify hydrogen trapping by coherent Al3Sc particles 
observed by APT, we created a DFT model to probe the behavior of 
hydrogen at a phase boundary in a coherent (001)Al‖(001)Al3Sc bilayer; 
eight Al and eight Al3Sc (001) planes were included. Hydrogen was then 
placed in all non-equivalent tetrahedral sites at incremental distances 
from the interface mid-plane, and then each configuration was fully 

Fig. 8. Conceptual sketch of (a) coherent and (b) semi-coherent Al3Sc‖Al interfaces; (c) 3-D model of available vacancies, a hydrogen solute atom (red sphere), Al 
(blue spheres), Sc (purple spheres); (d) Solution energy profiles corresponding to (d) coherent and (e) semi-coherent interfaces for a hydrogen atom in the determined 
positions via 1-3 in (a) and (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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relaxed (as shown in Fig. 8a and b). The results indicated that when the 
Al3Sc precipitate is fully coherent, the cube-on-cube lattice match im
poses a 0.9 ± 0.1 % tensile hydrostatic field in the first Al layer. Inserting 
a single H atom into that interfacial tetrahedral site gave a solution 
energy (ΔEs) of − 0.02 eV (Table 3), which is about 0.7 eV lower than the 
+0.71 eV we obtained for bulk f. c.c. Al. This ΔEs makes the coherent 
interface the most favorable location for hydrogen in the microstructure.

To model that loss of coherency, we put a semi-coherent particle in 
the matrix and relaxed the misfit by introducing a periodic array of 
〈110〉 60◦ dislocations. With the long-range relaxation of the tensile 
residual stress, the interfacial solution energy increased to 0.54 ± 0.03 
eV (Table 3). This indicates that hydrogen cannot favorably dissolve at 
the particle–matrix interface, and the P-W specimen, dominated by 
semi-coherent Al3Sc precipitates, does not provide effective hydrogen 
trapping sites. These calculations explain the particles formed during in 
process hot-rolled WAAM builds, showing better hydrogen tolerance 
than P-W specimens, in which the particles become semi-coherent.

The results indicate that by combining in-process hot rolling with 
WAM, we drive Al3Sc away from its usual near-spherical shape into 
ellipsoidal precipitates that spread widely in the {001} planes yet 
remain fully coherent. Such flattened particles have not been reported 
before in Al–Sc systems. More interestingly, their low solution energy 
(− 0.02 eV) value can be considered as one of the most favorable solution 
energies reported for any Al-based dispersoid system to date [49,53,65]. 
It provides a benchmark against which alternative dispersoids (Al3Zr) or 
complex core–shell particles. This study also shows that the alloy's final 
properties are engineered by the coupling of additive manufacturing 
with an in-process thermomechanical step that injects vacancies and 
shapes the microstructure in real time.

5. Conclusion

We investigated the formation and hydrogen-trapping behavior of 
Al3Sc precipitates in Al-1.4 Mg-0.3Sc alloy specimens fabricated by 
WAAM, WAAM and post-process aging, as well as in specimens pro
duced by WAAM combined with in-process rolling, and found: 

● In as-built WAAM specimens, despite the presence of 0.3 at. % Sc 
(higher than the solubility limit), no Al3Sc particles form due to 
suppressed diffusion and elevated solubility from rapid solidifica
tion. The alloy remains a supersaturated solid solution with high 
defect density.

● post-processing at 300 ◦C for 2 h of the as-built WAAM specimens 
leads to the precipitation of fine, spheroidal Al3Sc particles with 
semi-coherent interfaces. This is attributed to limited diffusivity 
governed by lattice diffusion and vacancy annihilation prior to 
precipitation.

● Combination of hot rolling and WAAM processing induces a high 
density of excess vacancies via intense in-process deformation, which 
dramatically enhances solute diffusivity and drives the rapid nucle
ation and growth of large, elongated ellipsoid Al3Sc precipitates 
along {001} planes with coherent interfaces, a morphology not 
previously reported for this phase.

● Positron annihilation lifetime spectroscopy confirms a high vacancy 
concentration immediately after HR-W processing and shows rapid 
vacancy depletion upon artificial ageing.

● Correlative APT and TDS analyses show that only the coherent Al3Sc 
precipitates act as deep hydrogen traps, evident from a distinct 
desorption peak at ~400 ◦C and localized deuterium at Sc-rich 
ellipsoidal particles. DFT calculations reveal a solution energy of 
ΔE ≈ − 0.02 eV for H at coherent Al3Sc/Al interfaces, compared to 
+0.54 eV at semi-coherent interfaces and +0.71 eV in bulk Al. This 
makes coherent Al3Sc one of the most favorable hydrogen trap sites 
reported for Al alloys.

These findings demonstrate that coupling additive manufacturing 

with in-process thermomechanical rolling enables control over precipi
tate coherency, shape, and hydrogen interaction, offering a novel 
pathway to engineer hydrogen-resistant lightweight alloys through 
vacancy-mediated microstructure design.
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