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Abstract

The present study investigated the effect of hydrogen on the mechanical degradation of friction stir processed (FSPed)
5083 aluminum alloy by intense hydrogen cathodic charging (HCC). The effect of different numbers of FSP passes was
investigated: 3 and 8 passes, respectively. Hydrogen-charged and uncharged specimens were subjected to tensile testing and
microhardness evaluation analysis, and were examined through optical microscopy, focus variation microscopy (FVM), and
scanning electron microscopy (SEM) both on the microstructure and fracture zone. The results showed that the FSP process
introduced a refined microstructure with finer grains. This led to an improved mechanical response during tension tests of the
uncharged specimens; the energy absorption increased from 85 MJ/m? of the base material to 94 MJ/m? and 97 MJ/m? for
the 3 and 8 FSP passes, respectively. The introduction of hydrogen through the HCC process led to a more brittle mechanical
response with a decrease in the energy absorption capability for all the charged specimens. The more prone specimen was the
8 FSP passes specimen where the energy absorption dropped by 20% and 71% for the two different charging current densities.
The 3 FSP passes specimen presented a reduction of energy absorption of 4% and 18%, respectively, where the base material
presented a reduction of 8% and 14%, respectively. This brittle response is also evident from the microhardness testing where
the hydrogen charging led to increased surface hardness values. The 3 FSP passes specimen presented a better mechanical
response with respect to the base material specimen (and the 8 FSP passes specimen) for all the charging conditions, and
this led to the conclusion that a small number FSP surface modification could be a beneficial surface modification process
as it improves the mechanical response of the material and is not significantly affected by hydrogen charging environments.

Keywords Friction stir processing - Hydrogen embrittlement - Hydrogen cathodic charging - AA5083 - Fracture analysis,
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1 Introduction

The friction stir process (FSP), based on friction stir welding
X Ioannis G. Papantoniou (FSW), is an emerging processing technique for localizing

ipapanto@central.ntua.gr microstructures in near surface layers of processed metal
components [1, 2]. In this technique, high temperatures and
high strain rates can be applied to introduce microstructural
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softens the underneath material, which is severely deformed
by the revolving pin at high strain rates [7].

One of the most commonly used materials for struc-
tural applications in the abovementioned industrial sectors
is aluminum and its alloys due to its superior formability,
high specific strength, and corrosion resistance [8]. The
FSP method was investigated by Mishra et al. [9] in order
to achieve high strain rate superplasticity in AA7075. The
results show that FSP can achieve optimum superplastic-
ity at 1 X 1072 s~ and 490 °C. Johannes and Mishra [10]
used the same alloy to investigate the multi-pass effect on
the superplasticity using up to 4 passes. Although by using
multiple passes, superplasticity can be achieved in larger
areas, the results showed that a single pass can achieve
larger elongation. A study conducted by Yadva and Bauri
[11] found that FSP can improve the mechanical proper-
ties of cast aluminum. According to the results, despite the
notable increase in strength of the friction stir processed
material, the ductility was not significantly reduced, and
the hardness increased by about 34%. The microstructure
and microhardness of pure aluminum modified by FSP were
investigated by Gan et al. [12]. According to their findings,
the microhardness in the stir zone (SZ) decreased due to the
produced heat, but they achieved ultra-fine grain size. Using
constant speed and feed, Senthilkumar et al. [13] increased
the number of passes in the same direction. Due to recrys-
tallization, it is possible to minimize tunnel voids at stir
zones by increasing the number of passes with the specific
rotational speed. The effect of the tools’ geometry on the
superplasticity was investigated by Patel et al. [14] using
square, pentagon, and hexagon pins. Their findings showed
that square pins were the most effective in achieving uniform
microhardness and fine grains in the SZ, as well as achieving
227% uniform elongation on the gage of an AA7075 alloy.
The fatigue properties of aluminum alloys were improved
due to ultra-fine grains (UFG) achieved by FSP [15, 16].
Wang et al. [17] investigated the grain size effect on the
mechanical properties by analyzing the UFG microstruc-
ture of pure aluminum modified by FSP. By analyzing the
strengthening mechanisms during tensile deformation, it was
discovered that Hall-Petch relationships could be divided
into three stages as grain size decreased from coarse to UFG.
The first stage had a grain size higher than 1.2 pm, the sec-
ond stage had a grain size between 0.9 and 1.2 pm, and
finally, the third stage had a grain size smaller than 0.9 pm.
A novel vibration-assisted FSP/FSW method was presented
by Bagheri et al. [18] in order to increase the mechanical
characteristics. The results show that using mechanical
vibration during friction stir methods can enchased the dis-
location generation and movement, decreased grain size,
improve corrosion resistance, and improve mechanical
properties [19]. Abbasi et al. [20] performed experimental
and simulation investigation on the dynamic recrystallization
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process during FSW of AZ91 magnesium alloy by using a
two-dimensional cellular automaton model. It was found that
when vibration frequency is increased, nucleation begins
earlier, the incubation period decreases, and the percentage
of recrystallization decreases.

The degradation of mechanical properties caused by
hydrogen embrittlement (HE) is a long-standing problem
for structural materials [21, 22]. Due to the recent demand
for hydrogen energy equipment, the problem is becoming
increasingly significant, particularly for high-strength steel
and aluminum alloys [23]. Aluminum alloys can absorb
hydrogen when exposed to watery conditions, air saturated
with water vapor, and water vapor combined with other
gases like nitrogen, argon, or dihydrogen [24]. The effect
of hydrogen embrittlement on the mechanical properties of
AAT075 was investigated by Tanano [25]. A striation-like
pattern during fracture can be attributed to hydrogen inter-
action with grain boundaries [26]. A relationship between
tempering and HE of AA7520 was presented by Kumar and
Namboodhiri [27]. According to their findings, air-cooled
duplex aged alloy had the highest resistance to hydrogen
embrittlement, followed by as-received (T6 condition) and
water-quenched duplex aged alloy. The difference between
gas phase hydrogen and environmentally HE in high-purity
aluminum was studied by Scully et al. [28]. They proposed
a model in order to understand the physical mechanism that
occurs during embrittlement. A popular method for enhanc-
ing decohesion is hydrogen-enhanced decohesion (HEDE)
[29, 30] which relies on the hydrogen-induced reduction of
cohesive interfaces. In other words, hydrogen atoms that
gather at sites of high triaxial stress will weaken the bonds
between metal atoms and cause fractures. An investigation
of the hydrogen susceptibility of 5083 aluminum alloy after
cold rolling was performed by Georgiou, Celis, and Pan-
agopoulos [31]. They found that on the surface layers of
hydrogen-charged samples, brittle transcrystalline cleavages
were observed along with ductile intergranular fractures. In
contrast, only ductile intergranular fractures were observed
at the bulk of the alloy. A numerical simulation model con-
sidering the tensile behavior of AA2024-T3 exposed to HE
was proposed by Vasco et al. [32]. By incorporating both
corrosion damage and corrosion-induced HE, it is demon-
strated that this method can accurately predict the tensile
performance of pre-corroded specimens. Safyari et al. [33]
exposed AA7075 series to HE and discovered that resistance
to HE is achieved by controlling the distribution of soluble
second-phase particles, resulting in lower hydrogen con-
tent at dislocations. Finally, the same authors investigated
the HE mechanism in high-strength aluminum alloys [34]
based on inclusions of coherent or incoherent dispersoids.
It was found that the presence of coherent AI3Zr dispersoids
in the matrix significantly improved the alloy’s HE resist-
ance, although hydrogen trapped by misfit dislocations leads
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to a decrease in elastic strain caused by lattice misfit on
Al,gMg,Cr; dispersoids.

Up to this point, despite the rapid increase of FSP appli-
cations for the refinement of aluminum alloys, the hydro-
gen embrittlement phenomenon in friction stirred processed
(FSPed) specimens has not been studied. The aim of the
present paper is the investigation of hydrogen embrittlement
in FSPed specimens of AA5083. Thus, FSPed specimens
with a different number of passes were subjected to elec-
trolytic hydrogen cathodic charging (HCC). Despite the
general approach of using mild HCC parameters to mini-
mize surface damage, in the present study, intense charging
conditions were employed in order to examine the response
of the refined microstructures to intense surface blister-
ing effects and simultaneous hydrogen diffusion. Charged
and uncharged specimens were subjected to tensile testing
and microhardness evaluation analysis and were examined
through optical microscopy, focus variation microscopy
(FVM), and scanning electron microscopy (SEM) both on
the microstructure and fracture zone.

2 Materials and methods
2.1 Materials

As the base material, 6-mm-thick plates of aluminum alloy
AAS5083-H111 were applied. AA5083 is a non-heat treat-
able aluminum alloy widely employed in the transportation,
marine, and chemical industries. It has excellent corrosion
resistance in seawater atmospheres as well as high formabil-
ity in soft tempers. Table 1 presents the chemical composi-
tion of AA5083.

2.2 FSP and specimen preparation

The FSP experiments were carried out by the use of a modi-
fied milling machine. Figure 1a shows a graphical represen-
tation of the friction stir process. The friction stir processing
tool was made from heat-treated tool steel. The shoulder of
the tool was flat with a diameter of 22 mm. The pin of the
tool was cylindrical with right-handed thread, 4 mm diam-
eter and 5 mm height. The applied operational parameters
were 1000 rpm rotational speed combined with 13 mm/min
transverse speed. Those parameters lead to high heat input
and intense plastic deformation and were projected accord-
ing to literature to present the optimum material mixing for
AAS5083 friction stir processing [4]. Three and 8 FSP passes

EDM machined specimen

clamping area on the electrochemical cell (b)

Part for tension testing Part for

microstructural
characterization
& microhardness
testing

Fig. 1 a Graphical representation of the FSP processing. b Specimen
geometry: the left part was used for mechanical testing, whereas the
right part was used for microstructural characterization and micro-
hardness testing

were carried in the same direction and without allowing the
samples to cool to room temperature between passes. The
eight FSP passes may not be industrially cost-effective,
but were chosen in the present study in order to investigate
intense operational parameters [35].

Following the completion of the FSP procedure, dog-
bone specimens from the stir zone were machined using
electro discharge machining. Particular importance was
given so that the full gage length of the specimens was
part of the sir zone. Furthermore, 2 mm was machined
from the upper surface of the dogbone specimens in order
to eliminate the introduced surface roughness and also to
avoid the “flow arm” area. The “flow arm” consists of
thermomechanically affected material, which is moved
from the retreating side of the stir zone and is transferred
to the advancing side. Thus, the microstructure in this
thin surface area is not significantly affected from the pro-
cess. The obtained dogbone specimens had length (Lc)
35 mm and cross-section of 6 mm gage width and 4 mm

Table 1 Chemical composition Mg Mn Fe
of AA5083-H11

Si Cu Zn Cr Ti Al

4.5 0.5 0.4

0.4 0.1 0.25 0.2 0.15 Bal
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thickness. Finally, various SiC papers were used to grind
all specimens with progressively finer finishes, and fin-
ishing papers of 2000 grit were used to ensure a similar
surface topography.

2.3 Hydrogen cathodic charging

Hydrogen was introduced into the dogbone specimens
by electrolytic cathodic charging (HCC) [36]. This tech-
nique applies electrolytic cathodic charging to simulate
the hydrogen adsorption and diffusion into the FSPed
specimens described above. This procedure was per-
formed in a solution consisting of 30 g/L NaCl and 3
g/L NH,SCN electrolytes. The hydrogen charging time
was kept constant at 8 h in all the experiments. Two dif-
ferent charging current densities were studied: 50 mA/
cm? and 80 mA/cm?. The 50 and 80 mA/cm? are signifi-
cantly intense conditions for HCC of aluminum alloys,
but those extreme conditions could provide a correlation
of the modified microstructures to hydrogen diffusion
and blistering effects. Table 2 provides a summary of the
process parameters.

After the hydrogen charging process, the specimens
were cut in two parts as illustrated in Fig. 1b. The first
part was used for mechanical testing, while the second
smaller part was used for microstructural characterization
and microhardness testing.

2.4 Microstructural characterization

Examination of the microstructure of the samples before
and after HE was performed by means of Olympus GX51
light microscopy and Hitachi SU-70 scanning electron
microscopy along with EDS analysis of the chemical com-
position in micro-areas.

Table 2 Process parameters

Set of Charging current Number Transverse Rotational

specimens density (mA/cm?) of FSP  speed (mm/  speed
passes  min) (rpm)

All No charging 0 No FSP No FSP

Al2 50 0

Al3 80 0

A21 No charging 3 13 1000

A22 50 3

A23 80 3

A31 No charging 8

A32 50 8

A33 80 8
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2.5 Mechanical characterization

Tensile testing experiments were carried out immediately
after HCC in order to minimize the loss of hydrogen. The
tests were performed in a universal testing machine (Instron
4482) at room temperature and ambient air and with a con-
stant strain rate of 7 X 10~* s™!. From the load—displacement
acquired data, the stress-strain curves were created. From
the stress-strain curves, the energy absorption until failure
was calculated and the yield strength was defined. The given
values presented are the mean value of three independent
experiments.

2.6 Microhardness

This subsection is aimed at defining the interrelationship
between the material microstructure, hardness, and the influ-
ence of HE. Analysis of the microhardness distribution of
specimens was correlated with microstructural observations.
An automated DuraScan 80 G5 (Struers) was used to evalu-
ate the microhardness distribution pattern. The measuring
force is applied, lasts between 2 and 8 s, and the test force
is maintained for between 10 to 15 s following the force’s
removal. The indentation’s diagonal lengths are measured,
and the arithmetic mean is calculated. For each specimen,
90 intends were conducted using a load of 0.1 kgf accord-
ing to EN ISO 14577-1:2005. There were 6 rows with 15
measurements in each row, and the distance between each
measurement was 0.3 mm. It has been estimated that the
microhardness of the 5083 Al alloy substrate is about 85
HVO0.1 [37].

3 Results and discussion
3.1 Microstructural characterization

Figure 2 depicts the macrographs of cross-section in near
surface areas of specimens with and without HCC process.
Figure 2 a, d, and g present the near surface microstructures
for the as-received (no FSP) specimen, and the 3 and 8 FSP
passes specimens, respectively. As it is observed, the FSPed
specimens introduced a significant refinement in the micro-
structure. After the application of FSP, the average grain
size was decreased from 22 pm (measured from Fig. 2a) to
6 pm after 3 FSP passes (measured from Fig. 2d) and to 4
pum after 8 FSP passes (measured from Fig. 2g). It is worth
mentioning that after 8 FSP passes, the microstructure on
the cross-section is more homogeneous than after 3 FSP
passes (Fig. 2d-i).

Changes in the microstructure during FSP are related
to both the healing and recrystallization processes (static
and dynamic), as well as the refinement of second-phase
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Fig.2 Surface cross-section micrographs of specimens: as-received
without FSP, a no HCC (A11), b 50 mA/cm? (A12), ¢ 80 mA/cm?
(A13); 3 FSP passes, d no HCC (A21), e 50 mA/cm? (A22), £ 80 mA/

particles. Furthermore, the microstructure in the post-treat-
ment zone results from the material flow in addition to the
temperature and deformation gradient, leading to compac-
tion and homogenization of the material. The evolution of
the microstructure in the processing zone takes place in three
stages: stage I involves changes in the volume of the mate-
rial in the shear layer around the pin and below the tool
shoulder (nucleation and grain growth); stage II consists of
modifications due to the simultaneous effects of temperature
and strain (dynamic healing and dynamic recrystallization);
stage III takes into account the evolution associated with the
effects of temperature (static healing, static recrystallization,
and grain growth) [38]. When aluminum alloys are strained
at elevated temperatures, they can experience work harden-
ing and flow softening that results from dynamic recovery
(DRV), dynamic recrystallization (DRX), or dynamic pre-
cipitation transformations [39, 40]. Due to the high stacking
fault energy of aluminum alloys, dynamic recovery (DRV)

cm? (A23); 8 FSP passes, g no HCC (A31), h 50 mA/cm? (A32), i 80
mA/cm? (A33)

was more likely to occur than dynamic recrystallization
(DRX) [41].

Micrographs of Fig. 2 b, e, and h present the near sur-
face microstructures for the specimens with 50 mA/cm?
HCC current density and micrographs of Fig. 2 c, f, and
i, respectively, present the near surface microstructures for
the specimens with 80 mA/cm? HCC current density. No
significant defects can be observed from the microscopical
investigation (near surface large voids or cracks). The exten-
sive blistering effects led to high roughness surfaces with
different morphologies. The larger grains of the as-received
specimens presented high amplitude blisters (Fig. 2b, c).
The more refined microstructure of the 3 and 8 FSP passes
specimens led to smaller blisters and thus smoother surfaces.
Specifically, the 8 FSP specimens introduced smoother sur-
face with a waviness profile (Fig. 2h, i).

The intense charging conditions of the HCC process
introduced intense blistering effects that led to thickness
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reduction of the dogbone specimens. Figure 3 presents the
thickness reduction values for all the specimens. The 80
mA/cm? charging current led to significantly higher thick-
ness reduction values for all the specimens with respect to
the lower 50 mA/cm?. The most important outcome is that
the 3 and 8 FSP passes specimens presented higher thick-
ness reduction values for both HCC current densities.
This is an indication that the refined microstructure of

10%
O 9% + ——50 mA/cmA2 9,3%
O
T gy 4+ —#-80 mA/cm”2
S
§ 7% + 7.2%
©
S 6% T
= co 1 5,09
g 5% 4,7%
8 4% T 3,8%
S
v 3% T
Q
£ 2% T 18%
]
c 1% +
|_ 1 1

0% 1 1

No FSP 3 passes 8 passes

Fig.3 Dogbone specimen thickness reduction due to the HCC process

Fig.4 Scanning electron
micrographs of specimen: a
as-received without FSP and 80
mA/cm? HCC current density
(A13); b 3 FSP passes and 80
mA/cm? HCC current density
(A23); ¢ 8 FSP passes and 80
mA/cm® HCC current density
(A33)
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those specimens is more susceptible to hydrogen-induced
blistering effects.

Figure 4 a—c illustrate near surface scanning electron
micrographs of specimens A13 (no FSP/ 80 mA/cm?), A23
(3-FSP passes / 80 mA/cm?), and A33 (8 FSP passes / 80
mA/cm?). The higher magnification of scanning electron
images revealed significant surface defects for the 8 FSP
passes hydrogen-charged specimens. More specifically,
micro-cracks and voids are present in the surface area (see
red arrows in Fig. 4c). The intense microstructural surface
modification of the 8 FSP passes in combination with the
harsh values of 80 mA/cm? HCC current density introduced
surface defects in the specimens. Those defects increased
the hydrogen diffusion in the metallic structure and conse-
quently led to the degradation of the mechanical properties
of the specimen that was observed in the mechanical char-
acterization of the dogbone specimens.

Specimen A23 was further examined through EDS map-
ping analysis. Figure 5 shows the EDX elemental mapping
analysis for the SEM image of Fig. 4b. Two different types
of intermetallic compounds (IMCs) can be distinguished
in the microstructure: brighter IMCs and darker IMCs (see
Fig. 5b, red indicating circles). The color difference between
the two types of IMCs is attributed to the differences in
atomic weights caused by the different stoichiometric com-
positions. The elemental distribution profile obtained by the
mapping technique shows that the brighter compounds are
rich in Al and Fe. In addition, the dark compounds are rich
in Mg and Si.
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Fig.5 Energy-dispersive X-ray spectroscopy (EDX) mapping: a Al; b Mg; ¢ N; d O; e Zn; f Si; g Fe

Furthermore, a non-cohesive scale has formed on the
surface of the specimens (visible as a black layer—green
arrow in Fig. 5b) as a product of the reaction between the
test material and the corrosive environment. This scale is
not uniformly distributed over the surface of the test speci-
mens. The scale varies in thickness depending on where it
is observed. The mapping analysis revealed that the layer is
rich in Al, Mg, O, N, Zn, and Fe. The presence of N can be
attributed to chemical reactions involving the ammonium
thiocyanate (NH,SCN).

Observations of the surface of samples after the HCC test
show large variations in the morphology of the formed scale.
Figure 6 shows a typical surface of the sample after 8 FSP
passes and 80 mA/cm?. As seen in Fig. 6a, the scale forms
“islands” and does not completely cover the surface of the
samples. On the other hand, it forms a thick oxidation layer

on the surface. Additionally, as can be seen from Fig. 4a,
numerous micro-cracks appear in the surface scale from
the elongated blisters. Their presence can facilitate the for-
mation of corrosion centers that could penetrate into the
material. This phenomenon can be described based on the
electrokinetic model of chloride solutions, incorporating
chloride ion adsorption on oxide surfaces. In other words,
the chloride ions penetrate deeper into the aluminum mate-
rial through the oxidation film, followed by a localized
dissolution of aluminum at the metal/oxide interface as a
result of consecutive one-electron transfer reactions (as can
be seen in Fig. 6b) [42]. During corrosion pit propagation,
localized reactions produce an acidic environment below
the oxide film, leading to blister formation. As hydrogen
gas forms in the occluded corrosion cell, the blisters rupture
[43]. The corrosion process in aluminum alloys is generally
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Fig.6 Surface of the 8 pass
FSPed specimens and subse-
quently given the corrosive
environment conditions with 80
mA/cm? current density, a sur-
face of the sample and b cross-
section of the fracture zone

of a local nature because anodic and cathodic reactions are
well-separated, and solution resistance limits the galvanic
cell size [44].

3.2 Mechanical characterization

Through multi-pass FSP, grain refinement increases work
hardening, yield, and ultimate tensile strength [23]. The
interaction between dislocations and grain boundaries makes
grain refinement highly effective at strengthening and stabi-
lizing the microstructure [45, 46]. In other words, the tensile
strength (R,,) for samples without HE increased from 321
MPa for the base material to 336 MPa after 8 FSP passes.
According to Fig. 7, the R,, drops after HE; for example,
after 8 passes, the R,, drops from 336 to 285.7 MPa after 80
mA/cm? HCC. Although, in the case of the samples, after
3 FSP passes, the higher R, drops from 336 MPa for the
uncharged sample to 323 MPa after 50 mA/cm2 HCC.

Fig.7 Tensile testing stress-

—all —a2l1 —a31 al2 a22

Typical stress-strain curves of the as-received and hydro-
gen-charged dogbone specimens with and without FSP are
presented in Fig. 7. The energy absorption and the yield
strength values are illustrated in the form of plots in Fig. 8
for the better evaluation of the results. More specifically, the
plots of Fig. 8 a and b better highlight the effect of the FSP
passes in different charging conditions whereas the plots of
Fig. 8 ¢ and d better highlight the effect of the charging
conditions in specimens with different FSP passes (and the
as-received material—no FSP).

A characteristic feature of the tension curves is the occur-
rence of instabilities and irregularities in the tension curves;
this is the so-called Portevin-Le Chatelier (PLC) effect [47].
The band types are associated with the spatio-temporal
organization of dislocations in the effective gage of a speci-
men and are assigned as type A, B, or C [48-50]. C-band
types are randomly nucleated, non-propagating, or hopping
bands across the width of the sample. They correspond to a
tensile test curve with relatively consistent serrations around

a32 —al3 a23 a33

strain diagrams 350
300
250
©
o
2200
(%]
n
()
= 150
(%]
9 3-fsp
2 100 s no fsP flo e
g C 80mAfcm2
0 e rlp FSP
50 0 0.005 50mA/cmp
no F5P 8-FSP
1 \ no HCC no HCC
0 —+—+—+—+++— =
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

@ Springer

Tensile strain (mm/mm)



The International Journal of Advanced Manufacturing Technology (2023) 125:4399-4413 4407
Flg.§ Effect of t},le FSP pgsses mNo FSP  m3FSP passes M 8 FSP passes ®mNo FSP m 3 FSP passes ™ 8 FSP passes
in different charging condi-
tions for a the tensile ener 200
. . gy = 180 +
absorption and b the yield %= 160 /V
strength. Effect of the charging 3 120 1
conditions in specimens with g ~ 120 |
different FSP passes for ¢ the 3 § 100 +
tensile energy absorption and d % T 80
the yield strength & 60 1
I% 40 +
20 +
0 -
(a) no charging 50 mA/cm”2 80 mA/cmA2 (b) no charging 50 mA/cm”2 80 mA/cm”2
mno charging ™50 mA/cm”2  m 80 mA/cm”~2 M no charging ™ 50mA/cm”2 80 mA/cmA2
120 200
—- 180 +
g 100 + \ 160
8 7 120
g 60 S 100 +
@ >
2 & 80 1
2 °T 60 |
o
& 20+ 40 -
20 4
(C) no FSP 3 FSP passes 8 FSP passes (d) no FSP 3 FSP passes 8 FSP passes

a given amplitude and frequency. B-band types, on the other
hand, propagate intermittently in the gage at approximately
equal intervals. The amplitudes and frequencies in the cor-
responding tensile test curve appear somewhat irregular and
are smaller than those of the type C curve. Type A bands
propagate continuously in a meter resembling a longitudinal
wave, with arbitrarily placed small stress drops embedded in
aregular flow. The sequential emergence of type A and type
B bands has been observed in Al-Mg alloys [51].

The first main clear outcome from the plots of Fig. 8 a
and b is that the FSP process introduced improved mechan-
ical response in the aluminum alloy (in respect with the
as-received specimen); the energy absorption was found
increased from 85 MJ/m? of the base material to 94 MJ/m*
and 97 MJ/m? for the 3 and 8 FSP passes, respectively.

The 5000 series grades of aluminum are non-heat treat-
able alloys; the temper is attained by the material being fully
annealed and then rolled to the needed temper instead of
being heat-treated. Therefore, the FSP process did not intro-
duce any softening effects. On the other hand, the FSP pro-
cess led to a significant grain refinement (Section 3.1) and
this microstructural refinement introduced slightly increased
energy absorption and yield strength (see black arrows of
Fig. 8a, b).

Now, as for the effect of the hydrogen in the specimens,
by examining Fig. 8b we can see that the yield strength has
a clear trend to increase by increasing the FSP passes from
0 (base material) to 8 in all the HCC conditions (see red
arrows in Fig. 8b). On the other hand, by examining Fig. 8d

we can reach to the conclusion that there is no significant
effect in the yield strength caused by the HCC process. Thus,
the HCC process does not appear to alter the yield strength
of the as-received and FSPed materials.

Figure 8c presents the effect of the charging conditions on
the energy absorption response of the specimens. The HCC
appears to have a small effect (reduced energy absorption)
on the as-received specimens (no FSP), where this effect
appears slightly more intense in the 3-pass FSPed specimens
and highly intense in the 8-pass FSPed specimens (see red
arrows in Fig. 8d). More specifically, the energy absorption
of the 8 FSP passes specimen dropped by 20% and 71%
for the two different charging current densities. The 3 FSP
passes specimen presented a reduction of energy absorption
of 4% and 18%, respectively, where the base material pre-
sented a reduction of 8% and 14%, respectively.

The energy absorption was affected by the HCC process,
and this is a clear indication of the presence of hydrogen in
the aluminum matrix either in the form of hydrides, either
diffused in the aluminum matrix or positioned in micro-
structural trapping sites. The presence of hydrogen could
lead to the creation of micro-defects and the formation of
micro-cracks, which degrade the mechanical properties of
the material. Furthermore, the small cross-section and length
of the specimens along with the defects could lead to prema-
ture failure and thus lower energy absorption values during
the tensile testing experiments.

The 8-pass FSP specimens despite the slightly improved
mechanical response with respect to the 3 FSP pass
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specimens appears to be significantly affected by the HCC
process. On the other hand, the 3 FSP pass specimens
present similar response to the HCC process with the as-
received material. To sum up, it is safe to say that the 3-pass
FSP specimens presented the highest and more balanced
values for energy absorption and yield strength in all HCC
conditions, with respect to the as-received specimens and
the 8-pass FSP specimens (Fig. 8a, b).

3.3 Microhardness distribution analysis

An increase in the number of passes results in the grain
refinement, causing an increase in microhardness. The
microhardness of the alloy after FSP modification
increased compared to the starting material and was
respectively 82 + 0.5 HVO.1 for the starting material, 86
+ 1 HVO.1 for the material after 3 FSP passes, and 90 +
0.8 HVO.1 for the material after the processing with 8
passes. The increase in hardness after FSP treatment is
mainly determined by grain refinement. Materials with
small grain size have a higher fraction of grain boundaries,
compared to coarse-grained materials. Grain boundaries
affect strengthening, not least because they act as a barrier
in the path of moving dislocations. For polycrystalline

As-received

F
F
i g
o<

Hardness HVO01

materials with grain sizes above 1 pm, the relationship
between yield stress and the reciprocal of the square root
of the grain size is captured by the Hall-Petch relationship.
For grain sizes smaller than 1 pm, the strength parameters
are less dependent on the grain size, and the Hall-Petch
relationship is often reversed [52, 53].

The research described in [54, 55] interrelates the corro-
sion rate with hardness of the aluminum alloy. The results
show that the higher the hardness of the alloy is, the higher
the hydrogen charging rate. Figure 9 shows the cross-sec-
tion microhardness examination of the samples with and
without HE as well as different multi-pass FSP stages. The
examination revealed the surface hardening of the hydrogen-
charged specimens but additionally increased by the number
of passes. It is possible to explain the effect of HE on the
increase of the surface hardness due to the dislocation phe-
nomenon that occurs during the pinning mechanism [31,
56]. Based on the fundamental work of Fukai and Kuma
[57], recent research [55] has shown that hydrogen atoms
in interstitial positions stabilize vacancies by interacting
with them. Deformation increases the number of hydrogen-
vacancy complexes, which agglomerate over time and form
nanovoids [58]. The presence of these defects causes the
alloy to strain and harden, increasing its surface hardness in
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Fig.9 Microhardness depth analysis for a as-received samples, b 3 Passes, and ¢ 8 passes with and without HE
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the process. Additionally, there is a mechanism that is com-
monly observed for HE called hydrogen-enhanced localized
plasticity (HELP). In the presence of solute atoms, disloca-
tions have enhanced mobility, which Beachem first proposed
[59]. As a result, less stress is required to move the disloca-
tions. A HELP theory suggests that hydrogen solute atoms
are often dislocation pinning sites because they localize dis-
location density and pile up dislocations [60, 61].

By analyzing the microhardness of the samples (without
FSP), it can be observed that the surface hardness increases
after HE from 8.2% using 50 mA/cm? up to 13% using 80
mA/cm?. Based on the examinations of the samples in-depth,
it was found that the surface hardness increases with a down-
ward trend as the depth of the material is increased, as seen
in Fig. 9 by comparing non-HE-charged samples with the
charged ones. The hydrogen concentration in the higher lay-
ers is probably the cause of this increase in surface hardness.
Additionally, by comparing the as-received materials with
the others that undergo FSP in Fig. 9 a—c, it can be seen that
by increasing the number of passes, the material increases
its hardness. On top of that, by charging the FSP samples
with hydrogen, the hardness of the samples increases too.
The surface hardness of the 80 mA/cm? charged remains
almost unchanged between the as-received material and the
3 passes. However, it increases from 96 to 104 HV | in the
case of the 8 FSP passes compared to the abovementioned
samples. This could be attributed to the higher number of
dislocations and vacancies created by increasing the number
of passes. As a result of these defects, hydrogen atoms can
diffuse along these pathways and can be trapped at these
sites, thereby accelerating the process of hydrogen uptake.

3.4 Fracture analysis

Scanning electron and 3D FVM digital microscopy tech-
nique were applied for the characterization of the fractured
surfaces of the dogbone specimens. Figure 2 shows the
surface macro- and microtopology of the tested samples.
Specifically Fig. 10 a, c, e, g, i, and k present the surface
topology 3D macrographs, whereas Fig. 10 b, d, f, h, j, and
1 present SEM micrographs of higher magnification. The
fractures of the investigated materials, both before and after
the FSP process, have a ductile transcrystalline character; it
is characterized by significant unevenness of the interface.
This type of fracture occurs when the cohesive strength in
the crystallographic planes located in the direction of the
fracture is greater than the slip stress in the planes that inter-
sect the direction of the fracture [62]. Voids are generated
and enlarged during the plastic deformation of alloys and
then coalesce to generate cracks. Coalescence occurs as a
result of the expansion of voids, followed by the elongation
of the material connections between the voids. Second-phase

particles such as precipitations are considered to be the ini-
tial sites of void formation; however, voids can also form
around dislocation loops [63—65].

By comparing the topography of the as-received speci-
men with no HCC (Fig. 10a, b) with the 3 FSP passes
specimen (Fig. 10c, d) and the 8 FSP passes specimen also
without HCC (Fig. 10e, f), we can see that the as-received
specimen presents a rougher surface with larger dimples but
uniformly distributed in the fractured surface. On the other
hand, the FSPed specimens present smoother surfaces with
smaller dimples; this can be correlated to the refined micro-
structure of the specimens and the enhanced mechanical
response in the tension testing experiments. Furthermore,
the FSPed specimens introduced an asymmetrical surface
failure appearance (Fig. 10 ¢ and e—see black arrows) with
respect to the as-received specimen (Fig. 10a). This can be
attributed to the intense plastic deformation phenomena and
the asymmetrical straining that take place during the intense
stirring action of the FSP process. We could say that the
obtained nugget-type stir zone leads to microscopically ani-
sotropic properties.

The HCC process on the as-received specimen does not
appear to significantly alter the surface topography. On the
other hand, the 3 and 8 FSP passes specimens presented a
similar fracture topography; the fracture appears to develop
from the outer surface (Fig. 10 i and k—see red arrows).
This can be attributed to surface microstructural phenomena
driven from the presence of hydrogen. This means that the
weakened surface led to intense straining that in the case of
the 8 FSP passes specimens led to premature failure.

4 Conclusions

In the present work, FSPed specimens with different num-
bers of FSP passes were subjected to intense hydrogen
cathodic charging using different charging current densities.
Charged and uncharged specimens were then subjected to
extensive mechanical and microstructural characterization.

The FSP process introduced a refined microstructure
with finer grains. This led to an improved mechanical
response during tension tests of the uncharged speci-
mens; the energy absorption increased from 85 MJ/m?
of the base material to 94 MJ/m? and 97 MJ/m? for the
3 and 8 FSP passes, respectively. For the 8 FSP passes
hydrogen-charged specimens, the microstructural char-
acterization revealed significant surface defects. Those
defects increased the hydrogen diffusion in the metal-
lic structure and consequently led to the degradation of
the mechanical properties of the specimens. Thus, the
introduction of hydrogen through the HCC process led
to a more brittle mechanical response with a decrease in
the energy absorption capability for all the specimens.
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3 FSP passes

8FSPp

O

without HCC

80 mA/cm?2 HCC

Fig. 10 Surface topology 3D macrographs and SEM micrographs of:
a, b as-received (All), ¢, d 3 FSP passes and without HCC (A21), e,
f 8 FSP passes and without HCC (A31), g, h as-received without FSP

The energy absorption for the specimen with the 8 FSP
passes dropped by 20% and 71% for the two different
charging current densities, respectively. The 3 FSP
passes specimen presented a reduction of energy absorp-
tion of 4% and 18%, whereas the as-received material
presented a reduction of 8% and 14%, respectively (for
the 50 and 80 mA/cm? charging current densities). This
brittle response is also evident from the microhardness
testing results where the examination presented a surface
hardening effect for the hydrogen-charged specimens

@ Springer

and 80 mA/cm® HCC current density, i, j 3 FSP passes and 80 mA/
cm? HCC current density (A23), k, 1 8 FSP passes and 80 mA/cm?
HCC current density (A33)

that was additionally affected (increased) by the number
of FSP passes. The specimens with no FSP (as-received)
presented the lower reduction of the energy absorption
values. Nevertheless, the refined microstructure of the 3
FSP specimens led to a slightly higher energy absorption
decrease, where the 8 FSP passes specimens presented
a significantly higher energy absorption reduction.
This trend is also evident through the microhardness
evaluation analysis (higher hardness profiles) and also
through the thickness reduction values of the dogbone
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specimens; the thickness reduction was caused by the
intense surface blistering effects.

To conclude, the 3 FSP passes specimen, despite the
slightly higher reduction of energy absorption (with
respect to the as-received specimen), in pure numbers,
presented a better mechanical response. Furthermore,
the 8 FSP passes specimens, despite the slightly better
mechanical response in the non-charged specimens, in
an industrial point of view, would not be cost-effective.
Here, we must also mention that the HCC parameters
were significantly intense (charging current density and
time). From the above, we could reach to the conclusion
that a small number FSP surface modification improves
the mechanical response of the specific aluminum alloy
(AA5083) and is not significantly affected by hydrogen
charging environments.

The present paper was focused on the impact of the
FSP process on hydrogen susceptibility of AA5083 speci-
mens after intense hydrogen cathodic charging. The effect
of the HCC process was examined through mechanical
testing and the results were correlated to microstructural
investigation analysis. Future work concerns further and
deeper understanding of the involving mechanisms by
detailed characterization and evaluation of the micro-
structure after the FSP process, carried out under dif-
ferent conditions using a variety of research techniques,
including EBSD and transmission electron microscopy.
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