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Hybrid heat-source solid-state additive
manufacturing of 5A06 deposition with
favorable mechanical and
electrochemical performance
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The HHSAMed 5A06 deposition, produced through hybrid heat-source solid-state additive
manufacturing (HHSAM), demonstrates a more uniform microstructure and enhanced microhardness,
with a measured value of 89.9 HV0.5. Additionally, it exhibits superior mechanical properties, including
increased yield strength (YS), ultimate tensile strength (UTS), and elongation (EL) in both the
longitudinal direction (YS-238.3 MPa, UTS-358.1 MPa, EL-27.5%) and the building direction (YS-
184.0 MPa, UTS-324.5 MPa, EL-25.7%).The heat-source enhances the material flow behavior and the
interlayer bonding strength among the stacking layers, excluding the effects of grain refinement and
precipitate strengthening. It demonstrates superior corrosion resistance relative to the AFSD
deposition and 5A06 feedstock, attributed to the most stable passive film, a greater concentration of

Alg(Fe,Mn) and the lack of AlsMgs..

Addition friction stir deposition (AFSD), an innovative solid-state metal
additive manufacturing (AM) technology, has been extensively utilized to
deposit aluminum'?, magnesium’, Inconel 625*° and copper alloys’. A
feedstock is applied as feed material to a hollow tool operating at a set
rotation speed, resulting in plastic deformation due to frictional heat at the
interface, followed by the construction of the required height through a
layer-by-layer stacking process. It may offer distinct benefits, including
reduced oxidation, refined equiaxed grains, absence of residual stress-
induced cracking and facilitation in composite development””.

Recently, the 5A06 alloy (5-series aluminum alloys, Al-Mg alloy),
characterized by its lower density, better mechanical properties, and
excellent corrosion resistance, has been widely applied in the AM fields and
marine engineering. However, due to the material being a non-heat treat-
ment element, its mechanical properties could not be improved by heat
treatment process’. It has been confirmed that the corrosion of 5-series
aluminum alloy in seawater showed local corrosion characteristics in the
early stage while uniform corrosion in the later stage. The local corrosion
primarily manifests as pitting corrosion, crevice corrosion and the inter-
crystalline corrosion'’. Consequently, it is necessary to effectively improve

the corrosion resistance of 5A06 deposition while concurrently maintaining
its mechanical properties. The pitting resistance of the AFSDed 5A06 has
been enhanced thanks to the diminishment of the secondary phase'' during
the AFSD process, successfully disperses the phase structure and dissolves a
portion of the precipitated phase, hence enhancing the corrosion resistance
of the component. Neverteless, it does not concurrently preserve the
requisite mechanical strength. Therefore, it is imperative to devise an
effective strategy to optimize the precipitation phase distribution, ensuring a
simultaneous and stable balance between strength and corrosion
performance.

The viability of the technology known as hybrid heat-source solid-state
additive manufacturing (HHSAM), which employs induction heating to
deposit the uniform Al 6061 component with the enhanced overall per-
formance, has been demonstrated'’. The induction-heating is a potential
candidate to obtain auxiliary heat source effect with the benefits of being
cost-effective, high stability and less environment sensitivities. This inves-
tigation further verifies the efficiency of enhancing the mechanical and
electrochemical properties of the fabricated 5A06 specimen. The thermal
evolution and the plastic deformation mechanism are directly examined
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using the in-situ monitoring data, including the real-time temperature, force
and torque collected from the self-developed in-situ process monitoring kit.
Simultaneously, the microstructure, microhardness, tensile properties and
electrochemical behaviors of the HHSAM deposition in 3.5 wt% NaCl
solution have also been compared to those of the 5A06 feedstock and the
AFSDed deposition. The findings of the present work serve as a valuable
reference for the solid-state additive manufacturing of 5-series aluminum
alloys and offer a novel approach for obtaining high-quality 5A06
deposition.

Results

Monitoring data analysis

The development of real-time signals, including temperature (T), upsetting
force (Fps), spindle force (Fqp), spindle torque (Mgp,;) and bending (Fyena),
gathered by the self-developed in-situ process monitoring kit during the
fabricating process are exhibited in Fig. 1. All the signals initially exhibit an
increasing trend when the hollow tool head penetrates the substrate while
rotating, akin to the plunging stage in the friction stir welding (FSW)
process'’. The initial feedstock feeding process involves the extrusion of
softened material, which is generated by friction heat, from the hollow tool.
The softened material is then deposited onto the substrate to improve
metallurgical bonding between the deposited layers. This results in an
increase in all measured parameters, with particular emphasis on Fyps
(Fig. 1b) and My; (Fig. 1c). Subsequently, all the signals stabilize and attain
the steady state of the producing process. The stable part is utilized for
comparing and assessing the difference between AFSD and HHSAM

deposition to prevent the inclusion of data associated with the transient
portion of the signal, with the relevant average values compiled in Table 1.

The effectiveness of the additional induction heating could be verified
by the observed temperature progression (Fig. 10), where the initial T
corresponds to the pre-determined value of the heating device. The
HHSAM exhibits a higher T (253.9 °C) at the steady-state deposition con-
dition compared to the AFSD (213.6 °C), meaning that the induction-heat
makes up the previous insufficient heat input generated by the severe plastic
deformation only. The elevated F,,, of HHSAM (20.8 kN) might be sig-
nificantly associated with to the heating process. The rise in temperature
during HHSAM results in swift softening and plastic deformation of the
material at the tip of the feedstock. The material flow behavior could be
constrained by the hollow tool, resulting in the generation of a reaction
force. The reaction force transfers to obstruction force for the feeding of
feedstock. Then, the larger F, is needed to push the feedstock to be
deposited on the substrate, which is about 2.2 times larger than that of the
AFSD deposition (9.4 kN).

The force exerted by the spindle (Fjy;) is the resultant force in the axial
direction, which consists of the positive friction force (along ‘+-BD’) caused
by the pushing the feedstock and the negative drag force induced by the
softened material on the spindle (along ‘—BD’). As the hollow tool was
firmly pressed against the deposited layer, the tool’s interface limited the
flow of plastic deformation flow and compressed it to a fixed layer thickness,
resulting in an upward reaction force on the tool’s interface, which subjected
the spindle to be undergone to positive pressure. At the same time, the
plastic deformation flow at the tip of the 5A06 feedstock generated a
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Fig. 1 | The monitored real-time signals of the AFSD and HHSAM depositions. The AFSD deposition is in black lines and HHSAM shows in red lines. (a-d) are the

monitored evolutions of T, Fyps Fopis Mspi and Fyeng.
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substantial static friction force against the inner wall of the hollow tool head
during the expansion and deformation of the material. As the feedstock
moved downward, leading to the hollow tool to be subjected to a downward
drag force, and the spindle could be subjected to the reverse force. The
synergistic impact of the aforementioned factors influences the evolutionary
behavior of Fgy;. For the AFSD specimens, the heat is insufficient to ade-
quately soften the feedstock to complete plastic deformation flow, causing
the positive friction force to be the main force and the positive value of F;
(9.0 kN). While, for the HHSAM specimen, the material at feedstock tip was
subjected to elevated temperature, rendering it more susceptible to plastic
deformation and improving its material flow behavior. The negative drag
force becomes the predominant force, with the corresponding Fq,; value for
HHSAM specimen being —4.4 kKN (Table 1).

Additionally, the HHSAM deposition exhibits a lower Mgy (115.1 Nm)
and slightly higher Fieng (4.0kN) compared to the AFSD deposition
(166.9 Nm and 3.4 kN). The use of induction heating thoroughly softens the
feedstock and enhances the material flow. Simultaneously, it effectively
reduces the viscosity and strain rate of the material, ultimately leading to a
decrease in Mspi”. For the HHSAM specimen, the higher heat causes the
material to soften and plastically deform. The softened material could be
squeezed out of the hollow tool during the machining process and wrapped
around the outside of the kit. On the one hand, the sufficient material flow
subjects the spindle to a significant drag force (Fp;: —4.4 kN). Otherwise,
since the Fyeng quantifies the force applied by the extruded material on the
tool during processing, elucidating the material flow behavior, the above-
mentioned softened material could hinder the lateral machining (along TD)
of the kit, which directly increase the value of Fyenq (4.0 kN, Table 2).

Microstructure observation

Figure 2 displays the cross-sections of the deposited AFSD and HHSAM
depositions, respectively. It both indicates that relatively homogenous
structure devoid of pores and cracks attributable to the merits of the AFSD
process. In the AFSD deposition (Fig. 2a), notable oscillations, shown by
white arrows, reveal the inhomogeneity of the plastic flow during AFSD,
where diminished fluidity leads to an uneven stress distribution and a
comparatively weak interlayer bonding. The HHSAM deposition presents a
denser interlayer structure (Fig. 2b), with each stacked layer remaining
mostly linear in the TD direction. It further indicates that the softened
material is consistently preserved beneath the hollow tool, thereby pro-
moting a stable deposition process.

Figure 3 presents the EBSD results (3*3 mm®) of the depositions,
together with the associated grain size distribution and the pole figures
exhibiting the ideal texture. The refined equiaxed grains formed in all
deposition, owing to the dynamic recrystallization (DRX). Meanwhile, and
the grains orientation presents periodic distribution, each stacked layer
presents a uniform and similar structure, which can be inferred that the
deposited materials achieve metallurgical bonding. Both the AFSD and
HHSAM depositions exhibit homogeneous equiaxed grains, owing to the
heat input and the intense plastic deformation produced by the stirring

Table 1| Average monitored real-time signals of the AFSD and
HHSAM depositions

sPeCimen T; oc Fupsn kN Fspi, kN Mspi; Nm Fbend’ kN
AFSD 213.6 9.4 9.0 166.9 3.4
HHSAM 253.9 20.8 —4.4 115.1 4.0

hollow tool'. It is found that the average size of the 5A06 feedstock was
about 21.6 £0.91 um (Fig. 3¢), indicating that the grain structure of the
obtained specimens is significantly refined, owing to the high shear stress
and serious plastic deformation'>'*. Upon comparison the grain size of the
two specimens, it is seen that the HHSAM exhibits marginally bigger grains
(12.5 £ 1.01 um, Fig. 3b) than those of the AFSD deposition (10.6 + 0.47 pm,
Fig. 3a). The phenomenon is attributable to the elevated degree of con-
tinuous dynamic recrystallization (CDRX) of the HHSAM specimens'’. The
incorporation of the induction heating process induces a greater thermal
evolution, promoting CDRX and leading to the growth of grain structure.

The 5A06 feedstock has a pronounce B texture ((111)[1 1 0]), with a
maximum texture intensity of 7.94 (Fig. 3c). The two specimens have a
comparable textural pattern (Fig. 3(3)), indicating that the AFSD deposition
possessed stronger shearing textures but a diminished RTc texture as
compared with HHSAM specimen. According to the standard FCC ideal
textures over (111) pole figures, which represent specific crystallographic
orientations, it is found that the main texture components of the AFSD is A
((1 11)[110]). Nonetheless, in the HHSAM deposition, the proportion of B
textures noticeably rises, with A and B textures being the predominant
textures. It has been confirmed that stronger B components were produced
in the friction stir welding based 6061 alloy because of the higher plastic
strain'®. So, the plastic flow behavior in AFSD deposition undergoes the
more serious shearing deformation than HHSAM specimen. Moreover, the
texture, which is related to grain recrystallization, is stronger in HHSAM
specimen (texture intensity = 1.65) as compared to the AFSD deposition
(texture intensity = 1.63). It has been confirmed that the higher temperature
always promotes DRX". Consequently, the texture analysis proves that the
heat generation is greater in HHSAM than that in the AFSD specimen.
Therefore, the interface bonding strength in HHSAM deposition is antici-
pated to surpass that of AFSD deposition.

The high magnification (1000X) EBSD maps and the elements dis-
tribution of the AFSD and HHSAM depositions are exhibited in Fig. 4. The
angle between 2° and 15° are defined as the low-angle grain boundary
(LAGBs), and the angle bigger than 15° belongs to the high-angle grain
boundary (HAGBs). For the 5A06 feedstock (Fig. 4c), the fractions of the
LAGBs and HAGBs are 41.7% and 58.3%, respectively. Meanwhile, it is
found that the fractions of the LAGBs and HAGBs of the AFSD and
HHSAM depositions are 13.2%/16.5% and 86.8%/83.5% respectively (Fig.
4(2)). The induction heating process induces enough heat input to multiply
the dislocations, leading to the formation of a dislocation wall through the
sliding of dislocations, which further induces the more fraction of
LAGBs™”". Besides, it has been proven that the fraction of LAGBs is tightly
related to the change of dislocations, the added enough hybrid heat-source
induces the movement and redistribution of the dislocations among the
HHSAM specimen, leading to the higher fraction of LAGBs™.

Upon examining the EDS mapping of the specimens, it is observed
that the 5A06 feedstock (Fig. 4(3)) contains two types of particles, Al;Mg,
(marked by the white arrows) and Alg(Fe,Mn) phases (marked by the red
arrows). In accordance with the findings of Gao and the co-workers”,
Alg(Fe,Mn) in disk shaped and AlsMg, in rod shaped were identified using
EDS analysis and selected area electron diffraction (SAED) patterns. For
the AFSD specimen (Figs. 4(a-3)), the above particles were likewise seen,
indicating that the AFSD process could not clearly change the type and the
morphology of the second phase in the corresponding deposition. How-
ever, the volume fraction of those particles is reduced. The difficulty in
dissolving these hard particles into the Al-based matrix during the AFSD
process is due to the comparatively inadequate heat. The above second

Table 2 | Corrosion parameters of the various depositions based on Fig. 7b

Specimen Eocp (MV) Ecorr (MV) leorr (WA/CM?) Egpit (mV) Ipass (WA/cm?)
5A06 feedstock —1003.6 +15.4 —995.2 +46.3 0.6+0.1 —779.9+10.9 1.4+0.5
AFSD —984.4+21.3 —933.1+41.4 0.5+0.1 —769.3+11.1 1.3+0.2
HHSAM —990.4 +10.1 —-929.1+17.2 0.3+0.1 —740.4+6.1 1.1+0.2
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Fig. 2 | Optical micrographs of the AFSD and
HHSAM depositions. (a, b) correspond to the
AFSD and HHSAM depositions, respectively.

phase particles could be randomly distributed with the material flows.
Different from the AFSD specimen, there are no Al;Mg, phases induced,
and only the particles with the enrichment of Al, Fe and Mn elements, i.e.,
Als(Fe,Mn) phase that marked by the red arrows, are formed in the
HHSAM deposition (Figs. 4(b-3)). It largely depends on the effect of
temperature evolution behavior. Higher heat causes the two types of pre-
cipitates to be re-dissolved into the Al-based matrix*. Meanwhile, as
proven by the finding of Machado et al. *°, the heat-treated Al-based alloy
contained lower amount of Mg element, and the mobility of grain
boundaries could be increased as lowering of Mg content, thereby causing
the reduction of the growth rate of the Al;Mg, phase at the grain
boundaries™. Furthermore, according to the related study”, a small
amount of Al;3Mg, phase were observed when the processed temperature
in the range of 100 ~ 250 °C.The monitored temperature during HHSAM
process is about 200 °C, but the temperature at the actual interface is
higher. Hence, it could be explained that there are almost no Al;Mg, phases
among the HHSAM specimen. Besides, it is noticed that the volume
fraction of the Alg(Fe,Mn) phases is increased in the HHSAM specimen. It
is due to the higher heat input, Fe and Mn atoms desolation reaction from
the a(Al) matrix through the reaction a(Al)’ — a(Al) + Als(Fe,Mn)”. The
synergistic effect of sufficient heat and plastic deformation is beneficial for
the heterogenous nucleation of Alg(Fe,Mn) phase at the grain boundaries/
phase boundaries, leading to the enrichment of the Als(Fe,Mn) among the
HHSAM deposition. Consistent with the previous findings of Chen et al. >,
the Alg(Fe,Mn) particles, displayed in a small rod around 200 nm in size,
were situated across dislocations lines and dislocation arrays in the FSWed
5A06 alloy, as observed by the TEM analysis.

Mechanical properties

Figure 5 exhibits the microhardness distribution mapping of the 5A06
feedstock and the depositions. In comparison to the 5A06 feedstock
(88.1 £0.7 HV,5), the deposited samples exhibit the similar microhardness
with the average values of 88.7+2.1 HV,5 and 89.9+2.1 HV, 5 for the
AFSD and HHSAM depositions. Firstly, the marginal increase in micro-
hardness could be explained by the solid solution strengthening and grain
refinement effects. The solid solution strengthening effect of the 5A06
feedstock primarily depends on the solid solution of Mg element, whereas
the solid solution strengthening effect of other elements is extremely limited
due to their low concentrations. Secondly, the grain structure is clearly
refined compared to 5A06 feedstock, which could increase the value of the
microhardness”. Additionally, as previously notes, the precipitations
designated as Alg(Fe,Mn) and Al;Mg, phases are identified in the 5A06
feedstock, the AFSD and HHSAM depositions, with significant variations in
their respective concentrations (Fig. 4). However, the disparity in the impact
on micro-hardness distribution is not reflected, suggesting that these par-
ticles do not have a clear strengthening effect on the micro-hardness

properties of the specimens, which agrees with the results of Chen et al. and
Gao et al.””’. While the microhardness values of the AFSD and HHSAM
deposition is almost the same, it is observed that the microhardness dis-
tribution mapping of the HHSAM specimen is more uniform without the
formation of regions where the microhardness suddenly decreases, as
shown in the AFSD deposition (Fig. 5a). It means that the incorporation of
the hybrid heat-source plays a decisive role in the uniformity of the per-
formance of the fabricated component.

Figure 6a shows the engineering stress-stain plots of various specimens
after the tensile experiments along LD and BD, and the related tensile
properties, including ultimate tensile strength (UTS), the yield strength (YS)
and elongation (EL) are listed in Fig. 6b. For the 5A06 feedstock, the values of
YS, UTS and EL are 268.9 + 4.1 MPa, 396.6 + 3.4 MPa and 21.9 +2.2%,
respectively. It is reasonable for the fabricated specimens has the lower tensile
properties than the 5A06 feedstock, which is due to the dissolution of the
particles under the high thermal evolution®. While it is noticed that the
HHSAM deposition demonstrates superior tensile performance no matter
along LD and BD. Along LD, the values of YS, UTS and EL of HHSAM are
slightly increases to 238.3 +2.2 MPa, 358.1 £2.7 MPa and 27.5+1.9% as
compared to that of the AFSD deposition (187.1 + 4.7 MPa, 355.9 + 3.4 MPa
and 27.2 + 2.6%). The improvement of the tensile properties along BD of the
HHSAM specimen is more significant, values of YS, UTS and EL are increase
to 184.0 + 3.5 MPa, 324.5 +2.9 MPa and 15.7 + 2.2%. However, the AFSD
deposition along BD presents the low tensile performance
(YS=179.6 £ 3.7 MPa; UTS = 302.4 + 3.5 MPa), especially the EL is very low
with the value of 4.9 + 1.4%. Hence, in conjunction with prior research', it is
determined that the use of hybrid heating process increases the heat input,
allowing adequate material flow behavior. The improved thermal cycles
directly contribute to the enhancement of interface bonding strength and the
associated tensile properties (i.e., YS and UTS) of the HSSAM deposition. The
notable enhancement in tensile strength along BD further underscores the
need of induction heating process, particularly for materials like the 5-series
Al-based alloys that cannot undergo heat treatment.

Electrochemical behavior

Figure 7a, b indicates the E,, and PD plots of the 5A06 feedstock, AFSD and
HHSAM depositions, and the corrosion parameters based on the PD curves
are summarized in Table 2. It is found that the depositions exhibit the nobler
E,epand E,, than that of 5A06 feedstock (—1003.6 mV and —995.2 mV). It
might be related to the various distribution of the induced precipitation in
the specimens (Fig. 4). As displayed in Table 2, the I, ranking of the testing
specimens is as follows: 5A06 feedstock (0.6 pA/cm®) > AFSD deposition
(0.5 pA/cm®) > HHSAM  deposition (0.3 pA/cm®), meaning that the
HHSAM deposition exhibits the better corrosion resistance. Meanwhile, it is
found that the pitting corrosion behavior is clearly modified, and the Ey;; is
increased to —769.3mV and —7404mV for the AFSD and HSAM
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Fig. 3 | The EBSD results of the AFSD, HHSAM depositions and 5A06 feedstock. Among that, (1) are the PF results, (2) show the grain size distributions, and (3) represent
the PF images along {111} of the (a) AFSD, (b) HHSAM depositions and (c) 5A06 feedstock.

Table 3 | Fitted EIS parameters of the various depositions

based on Fig. 7c-e

s 5A06 feedstock AFSD HHSAM
Rs (Q-cm?) 14.1 26.2 24.9

Ry (10° Q-cm?) 0.2 0.3 0.3

Qo (10° F-cm?) 0.5 0.4 0.1

Ny 0.916 0.928 0.951
R; (10° Q-cm?) 1.7 2.3 3.0

Q; (10°F-cm? 6.2 4.2 1.2

ng 0.832 0.920 0.997
X3(10%) 0.120 0.245 0.445

depositions as compared to 5A06 feedstock (—779.9 mV). Then, it could be
deduced that the HHSAM is easier to reach the passive region, forming the
passive film to inhibit the pitting corrosion. The HHSAM also shows the
lowest Iss (1.1 pA/cm?) than the AFSD deposition (1.3 pA/cm?®) and 5A06
feedstock (1.4 wA/cm?), further indicating that the induced passive film on
the HHSAM deposition is more protective to curb the attack of the NaCl
solution.

In order to examine the properties of the induced passive film, the
Nyquist and Bode plots of the 5A06 feedstock, the AFSD and HHSAM
depositions are fitted by the model, i.e., Ry(Qy(Ry(QRy))) as inset in Fig. 7c. Ry
is the solution resistance, and it often indicates a little change for different
specimens’". Ry, the Q,, represent the resistance and capacitance of the double-
layer, and the R¢ the Qr are the resistance and capacitance of the induced
passive film, respectively”’. The fitted parameters are organized in Table 3,

npj Materials Degradation | (2025)9:58


www.nature.com/npjmatdeg

https://doi.org/10.1038/s41529-025-00595-6 Article

S AL AR
. > 25 um
X U
> 15°f11468:=83.5%

A

Nl
\ Q.
~N

> 15°firyen=58.3%

ol (< :‘=(:
cas —41.7%

)

15°f,,

—) -~

Fig. 4 | The high magnification EBSD results and EDS mappings of the tested specimens. Among that, (1) are the high magnification EBSD results (1000X) images, (2)
show the grain boundaries graphs and (3) are the corresponding EDS mapping results of (a) AFSD, (b) HHSAM depositions and (c) 5A06 feedstock.

showing that the chi-square (X*) is in the 10~ level and means that the fitted ~ (0.5%10° F.cm’and 6.2¥10° F-cm®), as well as the highest values of R,
results are reliable. Firstly, it is found that the HHSAM exhibits the lowest ~ (0.3*¥10° Q-cm?”) and Ry (3.0%10° Q-cm®) as compared to that of the AFSD
values of Q, (0.1¥10°Fcm®) and Q (1.2*10°Fcm’®) than the deposition (0.3*10° Q-cm® and 2.3*10°(Q-cm®) and 5A06 feedstock
AFSD deposition (0.4*¥10°F-cm’and 4.2%¥10° F-em®) and 5A06 feedstock  (0.2*¥10° Q-cm® and 1.7*10° Q-cm?), respectively. As confirmed by the
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previous findings of Orlikowski et al.”, the values of the above-mentioned
parameters are tightly related to the thickness and the uniform degree of the
induced passive film. Therefore, it indicates that the formed passive film on
the HHSAM deposition is more stable and thicker, with a higher Rgand a
lower Q. The neof HHSAM is close to 1 (0.997) as compared to that of 5A06
feedstock (0.832) and the AFSD specimen (0.920), which further suggests that
the more integrated the film is formed on the surface of the HHSAM
deposition.

The scanning results of SECM, as shown in Fig. 8, can help to verify the
characteristics of passivation films formed on these three specimens. It is
found that the 5A06 feedstock has the highest scanned current with the
average value of 7.89 nA (Fig. 8a), indicating that the corresponding surface
is active for the regeneration of Fe(CN)s*~ from the Fe(CN)¢’ ™ at the Pt
probe, and leads to the availability of Fe(CN)*~ at the probe. The current of
the tested area is in the range of 7.79 ~7.96 nA, and it shows that the
regeneration reaction activity is clearly enhanced on the 5A06 feedstock due
to the faster dissolution of the formed passive film. As exhibited in Fig. 8b,
the average current of the AFSD deposition is about 6.35 nA, meaning that
the surface activity is decreased. The drop in electrochemical activity shows
the regeneration of the electro-active species is hindered, which is due to the
protective character of the oxide layer produced on the surface during the
immersion experiment™. While it is noticed that the current range of the
HHSAM deposition is from 5.75 nA to 6.71 nA with the average current of
6.16 nA (Fig. 8c), meaning the induced passive film on the HHSAM spe-
cimen is the densest, and it can better act as a barrier against the attack of
corrosive NaCl solutions.

Discussion

Based on the above results and analysis, the corrosion mechanism of the
5A06 feedstock, the AFSD and the HHSAM depositions are explained as
following. According to reaction (1), the protective performance of the
passivation film formed by the 5A06 feedstock during the first stage of
corrosion is poor. Under the continuously attack of the Cl~ ions, the passive
film is damaged and could be dissolved based on reaction (2), leading to the
further dissolution of the 5A06 matrix. So, the 5A06 feedstock possesses
lowest corrosion resistance (Fig. 7)*".

Al+30H™ — Al(OH); + 3¢~ (1)
Al(OH); 4+ 3CI” — AICly + 30H™ 2)
Mg+ 20H™ — Mg(OH), + 2e”~ 3)
Fe +20H™ — Fe(OH), + 2¢~ 4)
Mn + 20H™ — Mn(OH), + 2¢~ (5)

For the AFSD deposition, the formation of the precipitation, ie.,
Al;Mg, and Alg(Fe,Mn) phases, plays an important role in affecting its
electrochemical behaviors (Fig. 4). The increase in the proportion of par-
ticles increases the active degree of metal ions, promotes the formation of
passivate film. And the types of passivation film also become diversified,
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Fig. 8 | SECM images of the tested specimens. Among that, (a—c) represent to the scanned surface of 5A06 feedstock, AFSD and HHSAM in the feedback mode, and the tip

potential in feedback mode was +-0.51 V vs. SCE.

forming oxides containing Mg, Fe and Mn simultaneously, i.e., Mg(OH),,
Fe(OH), and Mn(OH),, as given from reaction (3-5)*. Though the high-
resolution XPS spectra results of the 5A06 feedstock, AFSD and HHSAM
depositions (Fig. 9), the formation of the passive film after the SECM
experiments could be confirmed. Figure 9a displays the full spectrum of the
specimens, allowing the main elements present on the specimen covered by
the passive film to be identified, i.e., Al, Mg Fe and O. The high-resolution Al
2p, Mg 1 s, Fe 2p core level spectra are exhibited in Fig. 9I-IIL. From the fitted
XPS spectrum of the corroded 5A06 specimen (Fig. 9b), the Al 2p peak, i.e.,
Al(OH); (754 eV), ALO; (74.5eV) and metallic Al peaks (74.0 eV), the
Mg(OH); (1305.5 eV) and MgO peak (1304.3 V) and the Fe,O; (723.1 eV)
and metallic Fe peak (709.7 V) are detected, meaning that the formed
passive film consists of AI(OH)s, Al,O3, Mg(OH),, MgO and Fe,05*.
While, for the AFSD specimen, the intensity of the Al,O5; and MgO
peaks is markedly improved and the FeO peak (724.9 eV) is also observed in
the associated passive film (Fig. 9c). Duan and the co-workers reported the
detection of MgO and FeO peaks in the corroded 5A06 alloy using the XPS
method”. The fitted spectrum suggests that the newly produced passive film
on the AFSD specimen is more stable and could not directly damaged,
which helps to curb the corrosion behavior, as proven by the higher R¢than
that of the 5A06 feedstock (Table 3). However, the presence of Al;Mg,

phases in AFSD deposition adversely affects the corrosion process. The
corrosion potential of the Al;3Mg, phase (—1.29 V) was lower than the Al
matrix (-0.73 V), indicating that the Al;3Mg, could be dissolved as an anode
under the micro-galvanic corrosion process. The enhancement of corrosion
resistance resulting from the creation of a passivation film is diminished.
For the HHSAM deposition, the absence of Al;Mg, particles
effectively avoids the influence of the micro-galvanic corrosion effect on
the corrosion process (Fig. 4). The induced diversified and dense pas-
sivation film could be confirmed by the corresponding XPS results. The
intensity of the Al,0;, MgO, FeO and Fe,Oj; peaks are the strongest for
the HHSAM depositions (Fig. 9d). The developed passive film could
fully protect the matrix from Cl~ ion erosion, leading to optimal cor-
rosion resistance, as seen by the lowest I.,,,, the highest Rrand the lowest
Qs values (Table 2 and Table 3). Moreover, aside from the influence of
the formed passive film, the increased volume fraction of the
Alg(Fe,Mn) particles among the HHSAM deposition significantly
enhances the associated corrosion resistance. It has been reported that
Alg(Fe,Mn) particle itself is a stable phase, which effectively resist
corrosion processes when dispersed within the microstructure™.
Therefore, based on the above analysis, it is concluded that the syner-
gistic effect of the denser passive film and the higher proportion of the

npj Materials Degradation | (2025)9:58


www.nature.com/npjmatdeg

https://doi.org/10.1038/s41529-025-00595-6

Article
(a) SA06 feedstock Ols
AFSD
HHSAM Cls
= Mg 1s Fe 2p
= Al 2p
& 0 1s
2
= Cls
=
D
= Mg 15
= | Ve Fe 2p
Al 2p
Mg Is - Ol Cls
L e Al 2p
1350 1200 1050 900 750 600 450 300 150 0
Binding energy (eV)
®-n Al2p (b-11) Mg s (b-1D) Fe2p
E (208 e 2
= g ]
‘? z. Z»
E AIOH), g £
= £ g
- Metal Al E =
: 3 = L L 1 1 1 1 1 1 1 1 1
8 % % M 12 70 % 1308 1306 1304 1302 1300 1298 735 730 725 720 7S 710 705
Binding Encrgy (cV) Binding Encrgy (¢V) Binding Encray (eV)
[oX)) Al2p (-1 Mg s (c-1I) Fe2p
;f —; 2 A\lc‘lyll Fe
g s £
z = 2
E E E
1 1 ' L 1 1 1 1 1 1L s L L . L
80 78 76 7 72 70 68 1308 1306 1304 1302 1300 1298 35 730 725 720 715 710 705
Binding Encrgy (¢V) Binding Encergy (¢V) Binding Energy (cV)
(d-1) Al 2p (d-11) Mg ls (d-11T) Fe 2p)
ALO Mg0
7r Metal Mg | FeO Metal Fe
3 3 ]l
£ ) 3
£ z Mg(OH), £
g g z
£ Metal Al b £
= = |
e
1 L 1 1 1 1 1 1 1 1 1 1
80 78 76 74 7 7¢ 1308 1306 1304 1302 1300 735 730 725 720 TIS 710 705

Binding Energy (¢V)

Binding Encrgy (eV)

Binding Encrgy (¢V)

Fig. 9 | XPS results of the specimens after the SECM tests. Where, (a) is the XPS survey full spectra of specimens, (b-d) exhibit the high-resolution spectrum of the 5A06
feedstock, the AFSD and the HHSAM depositions. (I), (IT) and (III) correspond to Al 2p, Mg 1 s and Fe 2p, respectively.

Table 4 | Chemical composition (wt%) of the used 5A06 feedstock and the 5A06 substrate

Al Si Fe Cu Mn Mg Be Zn Ti
Substrate 92.432 0.044 0.148 0.003 0.680 6.639 0.001 0.013 0.040
Feedstock 92.578 0.058 0.155 0.019 0.658 6.458 0.001 0.015 0.056
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Alg(Fe,Mn) phase result in the excellent corrosion resistance of the
HHSAM deposition.

Methods

Fabrication process

Detailed composition of the applied feedstock and the substrate, Al 5A06
alloy, were list in Table 4. The AFSD and HHSAM depositions were both
fabricated by a modified FSW machine (Aerospace Engineering Equipment
(Suzhou) Co., Ltd. China), and the additional heat was provided by the heat
supply device (PPC100, Shuangping, China) as in-depth indicated by the
previous work”. For AFSD and HHSAM depositions, the processing
parameters were the same as follows: 270 rpm rotation speed (£2), the tra-
verse speed (V) at 60 mm/min and the layer thickness (f) is 1.5 mm.
HHSAM was conducted based on the induction heating (Fig. 10a), and the
temperature-constant mode was chosen with the set values of 220 °C.
Meanwhile, the corresponding power, current and frequency were 1.81 kW,
19.7 A and 28.7 kHz respectively. For the subsequent analysis, the self-
developed in-situ process monitoring kit with a 40 mm diameter hollow tool
(with two drop-shape protrusions) was applied to monitoring the real time
temperature (T), upsetting force (Fyys), spindle force (Fyp;), spindle torque
(M) and bending (Fpenq) with a highly frequency (1024 Hz) and an
accuracy of 0.5%""". Figure 10b provides an overview of the parameter
monitoring methodology employed during the fabrication process. The
monitored F,, function as the force of the spindle, while the measured
values of Fy,; and My,; correspond to the force and torque of the deposited

specimen'’. As the kit moves along TD, friction between the rotating-
translating kit and the deposited layer induced additional heat. The softened
material was extruded from the advancing side of the kit to the retreating
side, where it merged with the material displaced from the retreating side.
The Fyeng quantifies the force applied by the extruded material on the tool
during processing, hence elucidating the material flow behavior. As state in
the prior study, the position of the thermocouple was 15 mm above the
bottom of the hollow tool, while the induction coil was inserted 3 mm below
the thermocouple’s location. Meanwhile, it is necessary to apply a proper
amount of lubricating grease to the surface of the feedstock. As shown in
Fig. 10c, the AFSD and HHSAM depositions with the desired height of
about 50 mm were fabricated. It shows that the HHSAM has less flash as
well as material redundancy at the edge of the component, and the forming
quality is better compared to the AFSD deposition. The surface is more
refined and devoid of minor flaws and imperfections, indicating an
enhancement in the fluidity of plastic flow throughout the HHSAM process.
The analysis of the performance of the specimens acquired was displayed in
the subsequent sections of this work.

Microstructure observation and mechanical property tests

Figure 10d exhibits the sampling locations for the microstructure obser-
vation, microhardness test, tensile test, and the electrochemical test, and all
the tested specimens were acquired by wire-electrical discharge machining
(EDM). For observing the microstructure of the 5A06 feedstock, the AFSD
and HHSAM depositions, the cut specimens were ground, polished with
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polycrystalline diamond suspension and colloidal silica suspension
(0.5 um). After that, the optical microscope (OM, GX71, Olympus, Japan)
was applied to examine the corresponding microstructure. Then, the grain
structure, texture evolution and the chemical composition were observed by
electron back scattered diffraction (EBSD, Symmetry S2, Oxford, UK)
equipped with an electron dispersive spectroscopy (EDS, GeminiSEM 500,
Zeiss, Germany). The EBSD data was post-processed through software
‘Aztec-Crystal 2.1" basing on the ASTM Standard 2627-13 before analyses™.

Microhardness experiments were conducted with a Vickers micro-
hardness tester (Qpix Control2, Qness, Austria) which tested the cross-
section of the 5A06 feedstock and the depositions (Fig. 10d) at a load of
100 g, a dwell time of 15 s and a step size of 0.5 mm. The tensile properties
were evaluated by analyzing specimens oriented in the longitudinal direc-
tion (LD) and building direction (BD) of the 5A06 feedstock, as well as the
AFSD and HHSAM depositions. Testing was conducted using a universal
tensile machine (WDW-20, Shanghai Bairoe Test Instrument Co., Ltd.,
China) at a strain rate of 2 mm/min under quasi-static conditions*. Detailed
dimensions of the testing samples are displayed in Fig. 10d.

Electrochemical measurement

The general corrosion test of the samples, including the 5A06 feedstock,
AFSD and HHSAM depositions were carried out with a potentiostat
(Versastat-3F, Princeton, USA) surrounding the environment of 3.5 wt%
NaCl solution. The saturated calomel electrode (SCE, +0.244 V vs. SHE at
25 °C) and a pair of graphite rods were applied as reference electrode (RE)
and counter electrode (CE) respectively. After the open-circuit potential
(OCP) measurement for 1 h, the potential was stable, and then the elec-
trochemical impedance spectroscopy (EIS) tests were performed at open
circuit potential (E,,) with a voltage perturbation amplitude of 10 mV at
a frequency range from 10 mHz to 100 kHz. Lastly, the potentiodynamic
polarization (PD) tests were conducted began at 0.25 Vscg below E, ¢, with
the scanning rate of 1 mV/s. To ensure the creditability of the results, at
least three replicas of each specimen were repeated. When analyzing the
general corrosion results, the Nyquist and Bode plots were fitted by
impedance spectrum data using the software ‘ZsimpWin’. Additionally,
the corrosion potential (E.,,,) and corrosion current density (I.o.) wWere
extracted from the PD plots by Tafel extrapolation through software
‘PowerCorr V.2.42.

The scanning electrochemical microscopy (SECM, PAR VersaScan,
Princeton, USA) measurements of 5A06 feedstock, AFSD and HHSAM
depositions were also performed using Pt microelectrode probe (10 pm
diameter). The SCE and a graphite rod were set as RE and CE respectively.
Expect for the 3.5 wt% NaCl solution, 2 mMol K;FeC4N¢ was added as the
electrochemical mediator at the tip*’. It has been proved that the inert and
stable Fe(CN)s""indicated the fast kinetics at the Pt probe, which was widely
applied for conducting feedback mode during SECM test”. The distance
between the tip and the substrate of the specimen was controlled at about
10 pum after the Z-approach testing towards the surface. The Pt probe was
kept at the potential of + 0.51 Vs to ensure the diffusion-limited oxidation
of the mediator, and a 100 x 100 um’ area of the specimens was scanned
with a scanning rate of 1 um/s.

Compositions of the induced passive films on the surface of 5A06
feedstock, AFSD and HHSAM depositions after the SECM measurements
were analyzed by X-ray photoelectron spectroscopy (XPS, Thermo Escalab
250X1, USA) with a monochromatic Al Ko X-ray source of 1468.6 eV. The
survey spectra of the specimens were determined in the range of 0-1200 eV
with step size of 0.1 eV. The binding energy was calibrated with the C1s peak
(284.6 €V), and all the peaks were fitted by the software ‘ORIGIN’.

Data availability

Data will be made available on request.
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