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4]. The FSP process employs high temperatures and high 
strain rates to induce microstructural modifications, making 
it a versatile and eco-friendly solid-state fabrication method 
[5, 6]. In FSP, a cylindrical tool with a shoulder and a probe 
(pin) is employed to traverse the surface of the workpiece 
[7]. The tool’s shoulder rubs against the surface, generat-
ing frictional heat that softens the material beneath [8]. The 
high strain rate of the revolving pin then deforms the soft-
ened material, leading to a change in its microstructure. The 
application of FSP is widespread across various industries, 
including automotive, energy, aerospace, aviation, and ship-
ping [9–13].

FSP is a widely utilized method for enhancing various 
properties of parent materials, including microstructure 
[14, 15], mechanical properties [16–18], and corrosion 
resistance [19]. This is achieved through the production 
of ultra-fine grains, elimination of defects, breaking of 
dendrites, and regulation of the fraction of the secondary 
phase [20]. Extensive research has been conducted on the 
application of FSP, specifically in the context of aluminium 
alloys [21, 22]. Aluminium alloys are commonly used in 
various industries due to their attractive properties, such 

1 Introduction

Friction Stir Processing (FSP) is a novel metalworking tech-
nique that leverages the fundamental principles of Friction 
Stir Welding (FSW) [1, 2]. It enables the local manipula-
tion and control of microstructures within the near-surface 
layers of metallic components, leading to the creation of 
advanced microstructures and nanocomposite materials [3, 
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This study investigates the impact of friction stir processing (FSP) on the hydrogen embrittlement (HE) in AA6082-T6 
heat-treatable aluminum alloy. The effects of different number of FSP passes and different hydrogen cathodic charging 
(HCC) conditions on the material’s response to HE are examined through comprehensive mechanical testing, microhard-
ness analysis, and microstructural characterization. The results revealed that FSP leads to a decrease in yield strength, ulti-
mate tensile strength, and microhardness, accompanied by an increase in energy absorption. The introduction of hydrogen 
through HCC significantly reduces mechanical properties, particularly in non-FSPed specimens. Notably, specimens with 
8 FSP passes exhibit an interesting behavior with a slight increase in energy absorption and microhardness values after 
HCC. Microstructural analysis shows that FSP refines the microstructure, resulting in enhanced resistance to hydrogen-
induced blistering effects. These findings contribute to the understanding of hydrogen embrittlement in FSPed aluminum 
alloys, providing insights for developing surface-modified materials suited for hydrogen-rich applications.
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as high strength-to-weight ratio, excellent corrosion resis-
tance, and superior thermal and electrical conductivity [23, 
24]. Sivanesh Prabhu et al. [25] investigated the friction and 
wear mechanism of AA6082/CaO3 composite machined by 
the FSP method. The results show that the wear resistance 
mechanism of the FSP composite was two times increased 
compared to the FSP 6082 aluminium alloy. The mechani-
cal, tribological and metallurgical properties of AA6061 
composites containing B4C and Al2O3 where investigated 
by Anandha Kumar et al. [26]. The wear studies showed 
that surfaces treated with FSP had better wear resistance 
compared to the base material when tested under dry slid-
ing conditions, on the other hand on the worn surfaces they 
were observed microcracks and delamination. Mabuwa 
and Psomi [18] investigated the effects of multipass fric-
tion stir processing dissimilar AA6082 and AA8011 joints 
on fatigue. The results show fatigue life of joints between 
AA8011 and AA6082 was found to be improved with an 
increase in the number of FSP passes.

Hydrogen Embrittlement (HE) is a phenomenon that 
occurs in certain metals, including aluminum alloys, where 
hydrogen atoms are absorbed into the metal’s lattice struc-
ture and cause degradation in its mechanical properties 
[27–29]. This degradation can result in decreased tough-
ness [30], increased susceptibility to cracking [31], and 
ultimately, reduced reliability and safety of the metal com-
ponent [32]. Aluminum alloys, depending on their compo-
sition and surface conditions, can absorb hydrogen when 
exposed to watery conditions, air saturated with water 
vapor, and water vapor combined with other gases such as 
nitrogen, argon, or dihydrogen (H2) [33]. The mechanisms 
that have been identified as major contributors to HE are the 
hydrogen-enhanced decohesion mechanism (HEDE), the 
adsorption-induced dislocation emission (AIDE), and the 
hydrogen-enhanced localized plasticity (HELP) [34, 35]. 
HEDE is a hydrogen embrittlement mechanism whereby 
hydrogen atoms infiltrate the metal lattice, resulting in the 
disruption of interatomic bonds. This leads to decohesion, 
or the separation of atoms, and subsequent propagation of 
cracks within the material. On the other hand, HELP is char-
acterized by localized plastic deformation that is induced 
by the presence of hydrogen. This deformation results in 
strain localization, or the concentration of strain in specific 
regions, and the formation of micro voids [36]. A compre-
hensive understanding of these mechanisms is paramount 
in mitigating the detrimental effects of hydrogen-induced 
failures in engineering applications.

In the case of aluminium specimens, extensive research 
has demonstrated the significant influence of second-
ary phase (S-phase) particles on the corrosion behavior of 
the alloy, particularly in relation to grain boundaries [37]. 
Notably, S-phase particles such as Al7Cu2Fe and Al2CuMg 

can induce galvanic corrosion and act as potent hydrogen 
traps [38]. By deliberately over-aging these alloys, it has 
been possible to control the microstructure adjacent to 
grain boundaries, resulting in a reduction in susceptibility 
to hydrogen embrittlement [39]. In an effort to explore the 
effect of oxidation films on hydrogen embrittlement suscep-
tibility, Day and Chattoraj [40] conducted in-situ HE experi-
ments on AA7075 using slow strain rates and two different 
aqueous media. The findings highlighted the significant 
role of the environment in the kinetics and formation of the 
oxidation film. Remarkably, the oxidation film exhibited a 
mitigating effect on HE at intermediate strain rates, whereas 
hydrogen embrittlement remained prominent at the slowest 
strain rates [41, 42].

Despite the widespread use of FSP to enhance and 
modify metallic alloys, limited attention has been given 
to study the susceptibility of FSPed specimens to hydro-
gen embrittlement. Up to now, only one research paper has 
investigated the effect of FSP on Hydrogen Embrittlement 
in aluminium alloys. More specifically, the study conducted 
by Papantoniou et al. [43] examined the impact of Friction 
Stir Processing on the hydrogen susceptibility of the work-
hardened AA5083-H111 alloy through extensive mechani-
cal and microstructural characterization. The results showed 
that the FSP process introduced a refined microstructure 
and enhanced the mechanical response of uncharged speci-
mens. However, the introduction of hydrogen through 
intense hydrogen cathodic charging (HCC) led to surface 
defects, increased hydrogen diffusion, and degradation of 
mechanical properties, resulting in a more brittle mechani-
cal response.

Therefore, the primary objective of this study is to 
advance our understanding of this phenomenon by inves-
tigating the influence of FSP on Hydrogen Embrittlement 
in heat-treatable aluminum alloys. Heat-treatable aluminum 
alloys can undergo material property changes induced by 
the FSP process (e.g. material softening due to dissolution 
of strengthening precipitates). Nevertheless, the potential 
advantages of FSP in mitigating hydrogen susceptibility, 
especially in the context of surface modifications through 
FSP, could offer significant benefits for components oper-
ating in hydrogen-rich environments. This study seeks to 
delve into these effects and assess the viability of using FSP 
as a means to improve the hydrogen resistance of aluminum 
alloys in practical applications. Furthermore, the knowl-
edge gained from this study could prove valuable in com-
prehending the response of FSW welds to hydrogen-rich 
environments, contributing to a broader understanding of 
materials’ behavior under such conditions. Specifically, we 
focused on AA6082-T6 in the current study. The alloy was 
subjected to hydrogen charging conditions to analyze the 
resulting microstructural changes, mechanical properties, 
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and potential degradation. Furthermore, FSPed speci-
mens with varying numbers of passes underwent electro-
lytic HCC. While the typical approach involves using mild 
HCC parameters to minimize surface damage, this study 
employed intense charging conditions to examine how the 
refined microstructures respond to significant hydrogen-
induced damage effects and simultaneous hydrogen diffu-
sion. Both charged and uncharged specimens underwent 
tensile testing and microhardness evaluation analysis. The 
microstructure and fracture zone were examined using Opti-
cal Microscopy and Scanning Electron Microscopy (SEM).

2 Experimental Procedure

2.1 Materials

In the conducted experimental study, the FSP process was 
carried out using aluminum 6082 alloys in the T6 condition. 
This alloy belongs to the 6xxx series of aluminum alloys, 
which are classified as precipitation-hardening alloys. Its 
composition primarily consists of aluminum, with mag-
nesium (Mg) and silicon (Si) serving as the key alloying 
elements. The typical chemical composition of AA6082 
ranges from 0.7 to 1.3% Mg and 0.4%–1.0% Si. The addi-
tion of magnesium in the solid solution creates intermetallic 
structures during the heat treatment, enchaining the alloy’s 
strength [44]. Due to its advantageous strength-to-weight 
ratio, AA6082 is widely used as structural components 
in the aerospace, automotive, and marine industries. This 

particular alloy exhibits a tensile strength of up to 330 MPa, 
a yield strength ranging from 100 to 290 MPa, and a hard-
ness between 80 and 120 HV. The following Table 1 con-
tains the chemical composition of AA6082.

2.2 FSP & Specimen Preparation

The FSP experiments were conducted using a modified 
milling machine. Figure 1 provides a visual representation 
of the friction stir process employed. The FSP tool utilized 
in the experiments was manufactured from heat-treated tool 
steel. The tool had a flat shoulder with a diameter of 22 mm, 
while the pin had a cylindrical shape with a right-handed 
thread, measuring 4 mm in diameter and 5 mm in height. 
The operational parameters employed included a rotational 
speed (Vrot) of 1000 rpm combined with a transverse speed 
(Vt) of 70 mm/min. The parameters of rotational speed and 
traverse speed were chosen based on the optimum rotation-
to-traverse speed ratio found in the literature for achieving 
optimal material mixing and joint strength during friction 
stir welding of AA6082 [45]. For the FSP passes, both 3 
and 8 passes were performed in the same direction without 
allowing the samples to cool to room temperature between 
passes. The selection of these specific pass conditions was 
driven by the need to explore a range of operational param-
eters. The choice of three passes represents a more typical 
and practical scenario that might be employed in an indus-
trial setting, balancing efficiency and cost-effectiveness. On 
the other hand, the use of eight FSP passes, although it may 
not be considered cost-effective in an industrial context, 

Table 1 Chemical composition of AA 6082, wt%
Mg Mn Fe Si Cu Zn Cr Ti Al
0.9 0.7 0.5 1.0 0.1 0.1 0.2 0.11 Bal

Fig. 1 Schematic representation of the specimen preparation tech-
nique. The dogbone-shaped specimen was divided into two sections 
for different purposes. The left part of the specimen was utilized for 

mechanical testing, while the right part was dedicated to microstruc-
tural characterization and microhardness testing
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reduced, leading to a uniform and controlled surface finish. 
Ultimately, finishing papers with a grit size of 2000 were 
employed to achieve a finely polished surface, characterized 
by a consistent and comparable surface topography across 
all dogbone specimens.

2.3 Hydrogen Cathodic Charging (HCC)

Hydrogen penetration into the dogbone specimens was 
achieved through the utilization of HCC. This technique 
employes electrolytic cathodic charging for the adsorption 
and diffusion process of hydrogen into the FSPed specimens 
(and the base material specimens). For this purpose, a solu-
tion containing 30 g/L NaCl and 3 g/L NH4SCN electrolytes 
was employed. NH4SCN inhibits the hydrogen recombina-
tion to H2 on the specimen surface to promote hydrogen 
uptake into the specimen. The duration of hydrogen charg-
ing was fixed at 8 h to ensure a sufficiently prolonged expo-
sure for the adsorption and diffusion process of hydrogen 
into the FSPed specimens and the base material specimens. 
Two distinct charging current densities, namely 50 mA/cm² 
and 80 mA/cm², were investigated. These current densities 
were deliberately chosen to provide considerably intense 
HCC charging conditions with respect to aluminum alloys. 
Although these conditions may be considered extreme, their 
implementation was deemed necessary to establish a clear 
correlation between the modified microstructures resulting 
from FSP and the subsequent effects of hydrogen diffusion 
and blistering. Furthermore, the selection of the applied cur-
rent density and holding time was guided by the need to cre-
ate intense hydrogen cathodic charging conditions that are 
relevant to potential real-world scenarios. Hydrogen blis-
tering, in this context, refers to the formation of gas-filled 
blisters on the material’s surface as a result of the interac-
tion between hydrogen and the material [46]. These blisters 
can have a detrimental impact on the material’s integrity 
and mechanical properties, making it an important factor 
to consider in this study. Detailed process parameters can 
be found in Table 2. Note that each set of specimens (e.g., 
B11) includes three specimens with the same parameters for 
charging current density, FSP passes, transverse speed, and 
rotational speed.

Upon completion of the hydrogen charging process, 
the specimens were carefully sectioned into two parts, as 
depicted in Fig. 1. The first part (dogbone shape) was specifi-
cally allocated for mechanical testing purposes, enabling the 
evaluation of the specimens’ mechanical properties. Con-
versely, the second, smaller part was dedicated to compre-
hensive microstructural characterization and microhardness 
testing, facilitating a detailed examination of the specimens’ 
microstructural features and hardness variations.

was deliberate for this study. This intentional selection of 
eight passes aimed to investigate the impact of more intense 
operational parameters, providing valuable insights into the 
material’s response under more rigorous conditions.

Following the completion of the FSP procedure, dogbone 
specimens were carefully prepared from the stir zone using 
Electro Discharge Machining (EDM) to ensure precise and 
representative samples. Significant attention was devoted 
to guarantee that the full gauge length of the specimens 
resided entirely within the stir zone, thereby capturing the 
complete effects of the FSP process on the material. Further-
more, an extra machining step was undertaken, involving 
the removal of a 2 mm layer from the upper surface of the 
dogbone specimens. This particular step served two crucial 
purposes. Firstly, it aimed to eliminate any surface irregu-
larities or roughness that might have been introduced during 
the FSP operation, ensuring a clean and uniform specimen 
surface for subsequent testing and analysis. Secondly, it 
aimed to eliminate the “flow arm” region. The decision to 
exclude this region was driven by the understanding that 
the microstructure in this thin surface region is not signifi-
cantly influenced by the FSP process and could potentially 
yield unexpected results during the hydrogen charging pro-
cess. This approach ensured that the subsequent hydrogen 
embrittlement tests would focus on the most representative 
and relevant regions of the specimens, enhancing the reli-
ability and accuracy of the experimental results.

The EDMed dogbone specimens exhibited a standardized 
geometry, with a length (Lc) of 35 mm, a 6 mm width, and 
a 4 mm thickness. These dimensions were chosen in accor-
dance with established testing standards and conventions, 
enabling direct comparisons and facilitating the accurate 
evaluation of mechanical properties. To ensure consistent 
and reproducible surface topography across all specimens, 
a multi-step grinding procedure was employed. Various 
SiC papers with progressively finer grit sizes were utilized, 
starting from coarser abrasives and gradually transition-
ing to finer ones. By following this grinding sequence, any 
surface imperfections or irregularities were progressively 

Table 2 Process Parameters for Specimens
Test 
Series

charging cur-
rent density
(mA/cm2)

number 
of FSP 
passes

transverse speed 
(mm/min)

rota-
tional 
speed 
(rpm)

B11 no charging 0 no FSP no 
FSPB12 50 0

B13 80 0
B21 no charging 3 70 1000
B22 50 3
B23 80 3
B31 no charging 8
B32 50 8
B33 80 8
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3 Results and Discussion

3.1 Mechanical Characterization

This section presents and analyzes the mechanical tensile 
testing results obtained in the study. The specimens were 
characterized based on the presence or absence of FSP and 
HCC, allowing for a comprehensive assessment of their 
mechanical properties. The energy absorption until failure, 
yield stress, and ultimate tensile strength were determined 
and compared across different specimen test series accord-
ing to Table 2.

Figure 2 illustrates the stress-strain behavior for the 
different test sets where Fig. 3 presents plots illustrating 
the energy absorption, yield strength, and ultimate tensile 
strength values for a better evaluation of the results. Specifi-
cally, Fig. 3a-c highlight the effect of varying FSP passes 
under different charging conditions. These plots allow for a 
clear comparison and analysis of the relationship between 
FSP passes and the resulting energy absorption, yield 
strength, and UTS. On the other hand, Fig. 3d-e focus on 
the impact of charging conditions on specimens with differ-
ent FSP passes (including the as-received material). These 
plots effectively showcase the effect of hydrogen cathodic 
charging on the energy absorption, yield strength, and UTS.

As for the materials without the introduction of hydro-
gen, Figs. 2 and 3b and c clearly demonstrate a signifi-
cant decrease in the strength properties; both for the yield 
strength and the ultimate tensile strength of the material. 
This outcome was not unexpected and is consistent with the 
existing body of literature focused on the friction stir weld-
ing of precipitation-hardening alloys, including AA6082. 
AA6082 in the T6 condition is known to contain strengthen-
ing precipitates that contribute to its mechanical properties. 
The primary strengthening precipitate is β″-Mg5Si6, which 
remains stable at temperatures below 200 °C. However, the 
FSP process leads to the dissolution (and/or coarsening) of 
the hardening precipitates of the β″ precipitates in the stir 
zone [39]. The dissolution can be attributed to a combina-
tion of factors including the elevated temperature (the pro-
cess can exceed 200–250 °C), severe plastic deformation, 
and the consequential dynamic recrystallization phenom-
enon experienced by the material during the FSP process 
[47].

On the other hand, as seen in Fig. 3a, the dissolution of 
the strengthening precipitates led to a significant increase in 
of the energy absorption values. Interestingly, this increase 
is particularly pronounced in the specimen subjected to 3 
FSP passes, while the specimen with 8 FSP passes exhibits a 
relatively lower increase. This contradicts the initial expec-
tation that more FSP passes would result in greater mate-
rial softening and consequently longer energy absorption 

2.4 Microstructural Characterization

Microstructural characterization of the samples was con-
ducted to investigate the changes in their microstructure 
before and after exposure to hydrogen embrittlement. This 
examination involved the utilization of an OLYMPUS GX51 
light microscope and a Hitachi SU 70 scanning electron 
microscope, along with EDS analysis. Microphotographs 
were taken during operation of the secondary electron (SE) 
or backscattered electron (BSE) detector at an accelerating 
voltage of 10 and 15 kV. The EDS analysis enabled the iden-
tification and mapping of chemical elements within specific 
micro-areas, providing valuable insights into compositional 
variations induced by HE.

2.5 Mechanical Characterization

2.5.1 Tensile Testing

To minimize hydrogen loss, tensile testing experiments were 
conducted immediately after the hydrogen cathodic charg-
ing process following the ISO 6892 standard. The tests were 
carried out under ambient air conditions and at room tem-
perature using a universal testing machine (Instron 4482) 
with a constant strain rate of 7 × 10− 4 s− 1. The data obtained 
from these experiments were used to generate stress-strain 
curves. From these curves, the values for energy absorp-
tion until failure, yield stress, and ultimate tensile strength 
(UTS) were calculated. Importantly, it should be noted that 
the values presented represent the mean derived from three 
independent experiments, ensuring the reliability and con-
sistency of the results.

2.5.2 Microhardness Analysis

The microhardness distribution of the specimens was 
analyzed to gain insights into the material’s response to 
hydrogen embrittlement. This analysis was performed to 
supplement the microstructural observations and correlate 
them with the results of the tensile tests. The microhard-
ness characterization was conducted using an automated 
DuraScan 80 G5 microhardness tester manufactured by 
Struers. The testing followed the EN ISO 14577-1:2005 
standard, with a total of 90 indentations made on each speci-
men using a load of 0.1 kgf. The indentations were arranged 
in a grid pattern with 4 rows, each containing 20 measure-
ments. The spacing between each measurement was set at 
0.1 mm. It is important to note that the microhardness of the 
6082 alloy substrate was determined to be approximately 
120 HV0.1, serving as a reference value for comparing and 
analyzing the observed microhardness distribution patterns 
in the tested specimens.
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was observed for the specimens charged at 80 mA/cm2. 
However, no significant variations were noted in terms 
of yield strength and UTS between the charged and non-
charged specimens.

The 8-pass FSPed specimens exhibited an unexpected 
response. The energy absorption and UTS values showed 
slight increases. This suggests that the diffusion of hydro-
gen into the material induced microstructural mechanisms 
that enhanced the mechanical response of the specimens. 
One possible explanation for this phenomenon could be an 
artificial aging effect caused by the HCC process or micro-
structural changes triggered by the diffused hydrogen. It is 
important to note that further research is required to fully 
understand the underlying mechanisms responsible for 
these observations. However, investigating this aspect falls 
outside the scope of the present paper.

3.2 Microstructural Characterization

The HCC process under intense charging conditions resulted 
in significant hydrogen induced blistering effects, leading to 
a reduction in thickness of the dogbone specimens. Figure 4 

values. Furthermore, it is noteworthy that the specimens 
with 8 FSP passes demonstrate a slight increase in the yield 
strength compared to those with 3 FSP passes, as indicated 
in Fig. 3b. This suggests that subsequent FSP passes may 
induce microstructural mechanisms that contribute to a 
slight strengthening effect in the material. This is in con-
trast with the logic that an increase in FSP passes inher-
ently leads to continuous material softening. Instead, the 
observed trends suggest a more subtle relationship between 
FSP passes, microstructural changes, and resulting mechan-
ical properties.

Upon analyzing Fig. 3d and e, and 3f, it becomes evident 
that the presence of hydrogen during hydrogen cathodic 
charging conditions resulted in a discernible alteration of 
the mechanical response of the specimens. Notably, for the 
non-FSPed specimens, HCC led to a significant reduction 
in the energy absorption, yield strength, and ultimate ten-
sile strength. Interestingly, no substantial differences were 
observed between the two different charging current densi-
ties. For the specimens subjected to 3-FSP passes, a minor 
decrease in energy absorption was observed for the speci-
mens charged at 50 mA/cm2, while a significant decrease 

Fig. 2 Stress-strain diagrams obtained from tensile testing
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Fig. 3 Impact of varying FSP passes in different charging conditions 
on (a) the yield strength, (b) the tensile energy absorption and (c) the 
UTS. The effect of different charging conditions on specimens with 

varying FSP passes is shown for (d) the yield strength, (e) the tensile 
energy absorption and (f) the UTS.
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refined microstructure, resulting in significant smaller blis-
ters and smoother surfaces and with a reduced waviness pro-
file (Fig. 5e, f, h and i). The observed results regarding the 
surface profiles and blistering effects align with the findings 
on the thickness reduction of the dogbone specimens. The 
specimens treated with 3 and 8 FSP passes, which exhibited 
a more refined microstructure and reduced blistering, also 
displayed lower thickness reduction compared to the base 
material. These correlations suggest that the microstructural 
characteristics influenced the susceptibility to hydrogen-
induced blistering, ultimately affecting the overall thickness 
reduction of the specimens.

Figure 6a, b and c displays the microstructure of the ini-
tial material (Fig. 6a) and the stir zone for specimens sub-
jected to 3 and 8 FSP passes respectively (Fig. 6b and c). The 
FSPed specimens demonstrate a notable refinement in the 
microstructure compared to the base material. Table 3 pro-
vides further insights into the grain diameter values, reveal-
ing a reduction in average grain size from 92 μm in the base 
material to 23 μm after 3 FSP passes and 20 μm after 8 FSP 
passes. Notably, there are no significant changes observed 
between the 3 and 8 FSP passes in terms of grain size. These 
findings highlight the effectiveness of FSP in achieving grain 
refinement, with the microstructure exhibiting a more uni-
form and refined nature. The changes in the microstructure 
during FSP can be attributed to various processes, including 

illustrates the extent of thickness reduction observed in all 
the charged specimens. It is evident that the specimens sub-
jected to a charging current of 80 mA/cm2 exhibited notably 
higher thickness reduction compared to those exposed to the 
lower current density of 50 mA/cm2.

Remarkably, the specimens treated with 3 and 8 FSP 
passes demonstrated reduced thickness reduction compared 
to the base material under both HCC current densities. This 
indicates that the refined microstructure achieved through 
FSP imparts enhanced resistance to hydrogen-induced 
blistering effects. Notably, the application of 8 FSP passes 
resulted in a significant reduction in blistering and thickness 
reduction, highlighting its effectiveness in mitigating these 
effects.

Figure 5 illustrates the near surface cross-sectional 
micrographs of specimens with and without the HCC 
process. Figure 5a and d, and 5g show the near surface 
microstructures of the as-received (without FSP surface 
treatment) specimen, and the specimens treated with 3 and 
8 FSP passes, respectively. Notably, the FSPed specimens 
exhibited a significant refinement in the microstructure.

The base material specimens subjected to hydrogen 
charging displayed a notable surface profile characterized 
by significant roughness, attributed to the occurrence of 
intense blistering effects (Fig. 5b and c). In contrast, the 
specimens treated with 3 and 8 FSP passes exhibited a more 

Fig. 4 Thickness reduction of 
dogbone specimens under HCC 
process
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Fig. 6 Microstructure of AA6082 
sample in the: (a) initial state and 
after (b) 3 & (c) 8 FSP passes 
respectively

 

Fig. 5 Surface cross-Section 
micrographs of specimens 
under different HCC condi-
tions and FSP passes: (a) no 
FSP & no HCC (B11), (b) no 
FSP & 50 mA/cm2 (B12), (c) 
no FSP & 80 mA/cm2 (A13); 
(d) 3-FSP passes & no HCC 
(B21), (e) 3-FSP passes & 
50 mA/cm2 (B22), (f) 3-FSP 
passes & 80 mA/cm2 (B23); 
(g) 8-FSP passes & no HCC 
(B31), (h) 8-FSP passes & 
50 mA/cm2 (B32), (i) 8-FSP 
passes & 80 mA/cm2 (B33)
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with the lower thickness reduction observed after the HCC 
process.

The development of this scale is a consequence of the 
reaction between the test material and the corrosive envi-
ronment. Detailed mapping analysis (Fig. 9) revealed that 
the scale primarily consists of elements present in the base 
material, including Al, Mg, Si, Mn, Fe, Ti, Cr, and Cu. Addi-
tionally, elements introduced from the electrolyte, such as 
C, O, Na, Cl, N, and S, were also detected within the scale.

3.3 Microhardness Distribution Analysis

The microhardness measurements of the FSPed specimens 
and the base material (AA6082-T6) are presented in Fig. 10. 
The base material exhibited a scattered microhardness dis-
tribution with an average value of 120 HV [48, 49].

Based on the results (Fig. 10a), it was observed that the 
microhardness of the FSPed material exhibited a decrease 
compared to its initial value. This can be attributed to the 
plastic deformation and frictional heating during FSP that 
lead to the formation of a recrystallized equiaxed micro-
structure due to DRX phenomena. As a consequence of 
DRX, the resulting microstructure exhibits a low dislocation 
density. The softening observed in the specimen can also be 
ascribed to the decomposition of β″ phase precipitates into 
Mg2Si (β phase) precipitates [50]. These precipitates play a 
crucial role in strengthening the material. The decomposi-
tion process leads to a reduction in the number and size of 
β″ precipitates, resulting in a decrease in the strengthening 
effect and consequently contributing to the observed soften-
ing [51, 52]. Another reason that could lead to a decrease of 
the β″ phase particles is the increased deformation that leads 
to redistribution of the second phase particles at the interior 
of the grains, causing softening [53].

The analysis of the HCC (Fig. 10b) in relation to the 
as-received alloy shows interesting findings regarding the 
microhardness of the samples. The microhardness is a mea-
sure of a material’s resistance to indentation or penetration, 
and it is often correlated with its strength (yield strength and 
UTS). Upon considering the influence of HE, it is observed 
that there is a noticeable decrease in microhardness. This 

recrystallization (both static and dynamic), and refinement 
of second-phase particles. The material flow, temperature, 
and deformation gradient in the post-treatment zone con-
tribute to homogenization refinement of the material.

Figure 7a and b showcase representative light micros-
copy images of 50 mA/cm2 hydrogen-charged specimens, 
illustrating the base material and 8-pass FSPed specimens, 
respectively. These images were captured after polishing 
without chemical etching, allowing for clearer observation 
of large-scale hydrogen induced blistering mechanisms on 
the surface. The non-refined base material exhibits inter-
granular blistering extending to depths of approximately 
200 μm. In contrast, the refined microstructure of the 8-pass 
FSPed specimens displays intergranular blistering but with 
significantly reduced surface depths, reaching approxi-
mately 30 μm. It is worth noting that the observed differ-
ences in blistering behavior suggest that the grain size plays 
a significant role in the susceptibility to hydrogen-induced 
damage, with the refined microstructure showing enhanced 
resistance to blistering compared to the non-refined base 
material.

Figure 8a and b depict scanning electron micrographs of 
the surface of the base material specimens at varying cur-
rent charging densities (50 mA/cm2 and 80 mA/cm2). In 
contrast, Fig. 8c and d showcase the corresponding surfaces 
of the 3-pass FSPed hydrogen charged specimens. A non-
cohesive scale has formed on the surface of the specimens. 
In the case of the non-FSPed specimens, this scale covered 
the entire surface, as depicted in Fig. 8a and b. However, 
for the FSPed specimens, the scale was significant smaller 
and only present in localized regions rather than uniformly 
across the entire surface, as illustrated in Fig. 8c and d. The 
reduced scale formation on the FSPed specimens correlates 

Table 3 Average Grain Diameter before and after FSP
Sample Average grain diam-

eter, d [µm]
Minimum 
[µm]

Maxi-
mum 
[µm]

Base material 92 29 174
3 FSP 23 7.2 43
8 FSP 20 9.6 36

Fig. 7 Representative light 
microscopy micrographs of 
cross-sections of samples after 
HCC tests: (a) no FSP & 50 mA/
cm2 (B12), (b) 8-FSP passes & 
50 mA/cm2 (B32)
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tensile strength and energy absorption (Fig. 3b and f). Con-
sequently, the hydrogen cathodic charging process led to an 
increase in average depth microhardness of approximately 
11.7% (from 68.3 to 79.3 HV01) for the 50 mA/cm2 HE con-
dition and 4% (from 68.3 to 73 HV01) for the 80 mA/cm2 
HE condition.

The decrease in hardness after HCC for the 3 FSP passes 
specimens can be attributed to the combined effects of 
hydrogen embrittlement and microstructural changes. Dur-
ing HCC, hydrogen atoms infiltrate the metal lattice and 
disrupt interatomic bonds, leading to reduced hardness. 
Additionally, the FSP process introduces heat and mechani-
cal deformation, which can alter the microstructure. In the 
case of the 3 FSP passes specimens, the microstructure may 
have undergone recrystallization and the dissolution or 
coarsening of hardening precipitates, resulting in a softer 
material and a decrease in hardness. On the other hand, 
the observed increase in hardness (along with the UTS & 
energy absorption) after HCC for the 8 FSP passes speci-
mens can be attributed to the unique combination of micro-
structural refinement and hydrogen embrittlement effects. 
The refined microstructure achieved through 8 FSP passes 

decrease can also be seen in the yield strength and UTS 
results (Fig. 3d&f), where a similar trend is observed with 
respect to different charging densities. Specifically, when 
comparing the as-received alloy to the HCC with a charging 
density of 50 mA/cm2, there is an average microhardness 
drop of 8.3%. This means that the microhardness value is 
8.3% lower in the HCC sample compared to the as-received 
sample. Similarly, for the charging density of 80 mA/cm2, 
the average microhardness drop is 9.7%, corresponding to 
a microhardness value of 109.9HV01 in the HCC sample.

For the specimens with 3 FSP passes that underwent 
hydrogen embrittlement (Fig. 10c), a similar response 
was observed, showing a reduction in surface hardness of 
approximately 8.8% for a current density of 50 mA/cm2 and 
11.7% for 80 mA/cm2. These reductions in hardness can be 
attributed to the effects of hydrogen embrittlement, which 
align with the findings from the tensile experiments (Figs. 2 
and 3d, e and f).

In contrast, when analyzing the specimens subjected 
to 8 FSP passes, it becomes evident that the presence of 
hydrogen resulted in slightly higher microhardness profiles 
(Fig. 10d). A similar trend was observed for the ultimate 

Fig. 8 Scanning electron micrographs of surface morphology and 
scale formation of base material specimens and 3-pass FSPed speci-
mens under HCC. (a) no FSP & 50 mA/cm2 (B12), (b) no FSP & 

80 mA/cm2 (A13); (c) 3-FSP passes & 50 mA/cm2 (B22), (d) 3-FSP 
passes & 80 mA/cm2 (B23)
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Fig. 9 Elemental mapping analysis of the scale formed on the surface 
of the specimens under hydrogen cathodic charging. The scale primar-
ily consists of elements present in the base material, including Al, Mg, 

Si, Mn, Fe, Ti, Cr, and Cu. Additionally, elements introduced from the 
electrolyte, such as C, O, Na, Cl, N, and S, were also detected within 
the scale
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delineated by yellow dashed lines in Fig. 12 indicates the 
potential presence of intermetallic particles, which, due to 
their inherent brittleness, might serve as initiation sites for 
crack propagation, leading to void formation in these areas. 
Notably, despite different charging conditions, no signifi-
cant variations are observed in these fracture characteristics.

On the other hand, the FSPed specimens show a typi-
cal ductile failure mode, where the fractured surfaces dis-
play significant small dimples. The FSPed specimens with 
a higher number of FSP passes exhibit slightly smaller dim-
ples compared to those with fewer passes. Locally, particles 
of intermetallic phases are visible in the area of the dimples, 
but they are much finer than in the base material especially 
in the material after 8 passes of FSP.

Overall, the observations suggest that the FSPed speci-
mens predominantly exhibit a ductile fracture behavior, 
characterized by the presence of small dimples. In contrast, 
the non-FSPed specimens display a mixed-mode fracture 
with both ductile and brittle features in the regions of the 
small particles of the intermetallic phase occurrence. These 
findings align with the results obtained from tensile test-
ing, further supporting the correlation between the fracture 
behavior and mechanical properties of the specimens.

4 Conclusions

This study investigated the mechanical and microstructural 
characteristics of the heat-treatable aluminum alloy 6082 
(in T6 condition) under different conditions of friction stir 
processing and hydrogen cathodic charging. The following 
conclusions can be drawn from the results:

creates a higher density of dislocations and vacancies, which 
can act as trapping sites for hydrogen atoms. The presence 
of hydrogen facilitates dislocation movement and plastic 
deformation, resulting in strain hardening and an increase 
in hardness. Additionally, the pinning effect of hydrogen on 
dislocations can contribute to the observed increase in hard-
ness [54, 55].

In the case of the as-received specimens (Fig. 10b) and 
the 3-FSP passes specimens (Fig. 10c), the hardness pro-
files exhibit significant alterations extending throughout the 
entire thickness of the specimens, up to 2 mm from the sur-
face. This suggests that hydrogen has penetrated throughout 
the entire material, affecting its hardness. On the other hand, 
for the 8-FSP passes specimens, the hardness profiles after 
1 mm from the surface appear similar between the charged 
and uncharged specimens. This indicates that the FSP pro-
cess may have introduced microstructural modifications 
that mitigate the influence of hydrogen embrittlement on the 
material’s hardness at greater depths.

3.4 Fracture Analysis

Figure 11 displays SEM micrographs of the fractured sur-
faces of specimens subjected to different conditions (FSP 
and HCC). The non-FSPed specimens exhibit a mixed-
mode fracture with the presence of the features of the 
brittle and ductile fracture. The presence of large dimples 
indicates localized plastic deformation, suggesting a duc-
tile fracture behavior characterized by stretching and tear-
ing of the material [56]. The shear mechanism of fracture 
was active in the matrix, evident from the presence of oval 
dimples, suggesting a complex fracture pattern. The region 

Fig. 10 Microhardness depth analysis for: (a) no HCC: as-received, 3 FSP, 8 FSP; (b) as-received: no HCC, 50 mA/cm2, 80 mA/cm2; (c) 3 FSP: 
no HCC, 50 mA/cm2, 80 mA/cm2; (d) 8 FSP: no HCC, 50 mA/cm2, 80 mA/cm2
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 ● The introduction of hydrogen through HCC significant-
ly reduced energy absorption, yield strength, and UTS in 
non-FSPed specimens. Charging current density did not 
appear to have a substantial effect.

 ● Hydrogen charged specimens with 3 FSP passes pre-
sented reduced energy absorption values, but the yield 
strength and the UTS were not significantly affected. 

 ● The mechanical observations revealed a decrease in 
yield strength, ultimate tensile strength and microhard-
ness profile accompanied by an increase in energy ab-
sorption, as a result of the FSP. These changes in me-
chanical properties can be attributed to the dissolution 
and/or coarsening of the hardening precipitates in the 
stir zone.

Fig. 12 SEM micrographs revealing fracture surfaces in the base mate-
rial (non-FSPed) both before and after exposure to HCC. The areas 
delineated by yellow dashed lines suggest the potential presence of 

intermetallic particles, known for their brittleness, which could serve 
as initiation sites for crack propagation

 

Fig. 11 SEM fracture surface topology micrographs
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Thus, the industrial benefits of this research lie in the 
potential for surface treatment with FSP in components oper-
ating in hydrogen-rich environments. This surface treatment 
has the potential to mitigate hydrogen-related degradation 
while introducing a decrease in the mechanical strength of 
the material, but limited to the FSPed surface area and not 
the whole thickness of the material. By leveraging FSP as a 
surface treatment technique, it becomes possible to enhance 
the resistance of materials to hydrogen-related issues, thus 
paving the way for their utilization in critical applications 
where both durability and hydrogen compatibility are para-
mount. Moreover, the insights gained from this study could 
be of immense value in comprehending how FSW welds 
respond to hydrogen-rich environments, thereby enriching 
our understanding of material behavior in such challenging 
conditions.
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