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Abstract

In the field of structural engineering, the integration of smart materials and structural health
monitoring (SHM) has given rise to self-sensing materials (SSM), leading to a paradigm shift in
SHM. This paper focuses on the interplay between self-sensing capabilities and the
piezoelectric properties of lead zirconate titanate (PZT) and barium titanate (BT) in aluminium
components. Leveraging Friction Stir Processing (FSP), the study explores the synthesis and
performance of SSMs with embedded piezoelectric particles, potentially transforming structural
engineering. The paper highlights FSP as a key methodology for incorporating piezoelectric
particles into structural materials, showcasing its potential in developing SSMs with enhanced
functionalities. A specific focus is placed on integrating PZT and BT particles into
AA2017-T451 aluminium parts using FSP, with metallographic assessments and mechanical
property evaluations conducted to analyse particle distribution and concentration. This study
shows how BT and PZT particles are incorporated into AA2017-T451 aluminium to create a
SSM that responds to external stimuli. Under cyclic loading, the SSMs exhibit a linear
load-electrical response correlation, with sensibility increasing at lower frequencies.
Metallographic analysis shows homogeneous particle distribution, while PZT induces increased
brittleness and brittle fractures. Yield strength remains relatively stable, but ultimate strength
decreases post-FSP. Hardness variations indicate weaker bonding with PZT particles. Eddy’s
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current testing aligns with hardness profiles, and sensorial characterization reveals a non-linear
frequency-sensibility relationship, showcasing the SSMs’ suitability for low-frequency

applications, particularly with PZT embedment.

Keywords: self-sensing material, piezoelectric materials, friction stir processing,

advanced materials, structural health monitoring

1. Introduction

In the field of structural engineering the perpetual pursuit of
innovative materials and methodologies that enhance the dur-
ability, adaptability, and longevity of infrastructural systems
has led to a transformative paradigm in recent years [1, 2].
The convergence of smart materials and structural health mon-
itoring (SHM) has empowered structures to actively sense,
assess, and respond to changes in operational conditions [3—
8]. A focal point of this advancement is the rise of self-sensing
materials (SSM), which can autonomously detect changes in
structural conditions and materials behaviour.

The piezoelectric effect, discovered by the Curie brothers
in 1880, was first applied to ultrasound technology during
World War I using quartz crystal transducers. Later, the devel-
opment of piezoelectric ceramics like lead zirconate titanate
(PZT) and barium titanate (BT) revolutionized the sensing
technology. These piezoelectric ceramics allowed to obtain
more flexible shapes and sizes, produced through sintering,
with enhanced properties when polarized. Today, PZT and BT
are the leading piezoelectric ceramics used in various applica-
tions, such as, energy harvesting and ultrasonic transducers [9—
11]. Consequently, this study will utilize PZT and BT particles,
as they are widely used. Other piezoelectric materials, such
as Lead Titanate and Lead Magnesium Niobate, serve spe-
cific needs like high-temperature transducers. Beyond ceram-
ics, piezoelectric materials include quartz crystals, compos-
ites, monocrystals, semiconductors, and polymers, providing
a diverse range of applications in industry and technology [2,
12, 13]. Piezoelectric materials like PZT and BT are valued for
their ability to convert mechanical stress into electrical energy
and vice versa. They are widely used across civil, mechanical,
and aerospace engineering. In civil engineering, they mon-
itor structural health [14, 15]; in mechanical engineering, they
provide precision actuation [16]; and in aerospace, they help
with vibration control and energy harvesting [17, 18]. These
materials offer enhanced safety, efficiency, and performance
across industries.

This paper delves into the intricate interplay between self-
sensing capabilities and the piezoelectric properties of PZT
and BT, with a particular focus on their potential application in
aluminium components. Aluminium, widely used for its light-
weight and corrosion-resistant properties in aerospace, auto-
motive, and structural applications, holds significant promise
for implementing advanced SHM technologies [19-22].

Recent progress in piezoelectric materials and manufactur-
ing methods at the micro and nanoscale have broadened the
application fields of piezoelectric technology. Materials like
ceramics [23, 24], polymers [25, 26], composites [27, 28],
and biocompatible materials [5, 29], in diverse nanostructures
[30, 31] and thin films [32, 33], exhibit satisfactory physical
properties such as high piezoelectric coefficients, flexibility,
stretchability, and durability. This study explores the prin-
ciples of piezoelectricity and the choice of materials, emphas-
izing the role of piezoceramics and piezoelectric composites
in SHM.

A key methodology in the synthesis of these advanced
materials is friction stir processing (FSP) [34-42], a novel
approach for incorporating piezoelectric particles into struc-
tural materials. This investigation explores the mechanics and
advantages of employing FSP, showcasing its potential to
develop SSMs with enhanced functionalities. The synergy
between FSP, metallic parts, and piezoelectric particles under-
scores the interdisciplinary nature of materials science, struc-
tural engineering, and advanced manufacturing.

Recent studies [43—45] highlighted the influence of intro-
ducing piezoelectric ceramic particles into a metallic com-
ponent, impacting both its mechanical properties and indu-
cing an electrical response under various conditions. These
studies specifically focus on integrating piezoelectric particles
into aluminium parts (AA2017-T451) using FSP technology,
utilizing BT and PZT particles to enhance the sensitivity and
technical aspects of the resulting SSM. Different FSP vari-
ants, such as those presented by Vidal ef al [46] and Moreira
et al [47], allow particle incorporation in the metallic matrix.
Metallographic assessments and mechanical property evalu-
ations were conducted to analyse particle distribution, con-
centration, and their impact on the base material’s mechanical
behaviour. Additionally, the study comprehensively examined
the SSM’s sensorial properties and sensitivity.

This research aims to deepen our understanding of SSM
applications and optimize their properties, paving the way
for advanced materials in various industries. The transform-
ative process involves strategically incorporating piezoelec-
tric particles into metallic components through the innovat-
ive FSP technique, endowing aluminium components with
the unique capability to exhibit an electrical response to cyc-
lic mechanical loads. This inherent electrical response serves
as a sophisticated monitoring mechanism, offering real-time
insights into the component’s stress and strain throughout
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its entire lifecycle. Future efforts must effectively imple-
ment and deploy this technology for the comprehensive life-
cycle monitoring of metallic components. The integration
of piezoelectric particles, leveraging their ability to gener-
ate electric charge in response to loads, expands the materi-
als available for SHM. This ability is also capitalized due to
the inherent properties of piezoelectric particles, which are
known for their high piezoelectric coefficients and applic-
ability for a wide range of applications [48, 49]. This
paper aims to uncover the underlying principles govern-
ing the synthesis and performance of SSMs with embed-
ded piezoelectric particles in aluminium parts, shedding
light on their potential transformative impact on structural
engineering.

2. Materials and methods

2.1. Materials

To impart sensorial attributes to the AA2017-T451 plates
the incorporation of PZT and BT particles was conducted
through FSP, following the outlined procedure in [45]. The
base plate underwent the T451 heat treatment in its as-
revised condition. This involved subjecting the plate to a
solution heat treatment, followed by a stress-relieving step
achieved through controlled stretching (1.5% and 3% for
plates). Finally, the plate underwent natural ageing follow-
ing the T451 tempers [3, 50, 51]. The chemical compositions
of the AA2017-T451 plates are delineated in table 1. Copper
(Cu) emerges as the principal alloying element in AA2017-
T451, a conventionally integrated component in 2xxx alu-
minium alloys to augment mechanical strength through pre-
cipitation hardening. The dimensions of the AA2017-T451
aluminium plates utilized for SSMs fabrication are 203 mm
(rolling direction) x 103 mm x 8 mm. The mechanical and
physical properties of the aluminium plates are presented in
table 2.

As previously elucidated, to confer sensorial attributes to
the aluminium substrate, BT and PZT piezoelectric particles
were integrated. The BT particles (BaTiO3), boasting a pur-
ity of 99.7%, exhibit a homogeneous granular morphology
with a particle size smaller than 2 pum [43-45]. The PZT
particles, with a purity of 99.9% and varying in size from
sub-micron dimensions to approximately 20 pm, tend to form
agglomerates, as opposed to the more discrete nature of the
BT particles [43—45]. These particles (BT and PZT) are com-
mercially available and were manufactured by Alfa Aesar and
Nanoshel Ltd, respectively.

Both BT and PZT particles are piezoelectric ceramics
encompassing numerous microscopic ferroelectric crystals.
These crystals exhibit a perovskite crystalline structure, with
the ability to assume tetragonal, rhombohedral, orthorhombic,
or simple cubic phases contingent upon the temperature to
which they are exposed, denoted as the Curie temperature.

The piezoelectric and physical properties of BT and PZT
piezoelectric particles are detailed in table 3. The piezoelectric
constants (ds3, d31) and the electromechanical coupling coeffi-
cients (ks3, k31) are noteworthy properties, with the former and
the latter being manifested when stress is parallel and perpen-
dicular to the dipole moment, respectively, resulting in altered
spontaneous polarization and transverse electrical charge.

2.2. Methods

The incorporation of PZT and BT particles into the aluminium
matrix through FSP was carried out following the proced-
ure outlined in [45] (figure 1(a)). The groove dimensions, as
illustrated in figure 1(a), were chosen based on their most
favourable response to cyclic loading, as previously reported
in [45]. A series of FSP tools were utilized in the material
processing. The first tool used was a pinless FSP tool with a
left-hand scrolled shoulder, and the second tool was a pinned
FSP tool with a featureless concave shoulder and a triflute left-
handed conical pin. In sequence, to compact the particles into
the groove, a pass with the pinless FSP tool was executed to
seal the groove and contain the particles. This was followed
by four consecutive passes with the pinned FSP tool, all in
the same direction. Subsequently, a polarization process was
conducted in a controlled environment at 90 °C, applying a
strong electrical field (9 kV) to induce orientation in the previ-
ously disorganized electrical dipole arrangements. Figure 1(a)
illustrates the FSP process for incorporating the piezoelectric
particles.

The selection of FSP parameters was informed by a small
study to ensure optimal particle distribution. Additionally, a
supplementary plate (AA2017-R) was manufactured without
any particles for comparative analysis with the results of SSM
based on PZT (AA2017-PZT) and BT (AA2017-BT) particles.

Temperature measurements during the SSM manufactur-
ing process were performed using six K-type thermocouples
positioned between the backing plate and the AA2017-T451
plate. Three thermocouples were placed on the advancing side
(AS), and the remaining three were on the retreating side (RS),
as depicted in figure 1(b). Surface temperature measurements
were conducted using a Fluke Ti400 infrared camera. The tem-
perature measurements were catried out to provide an in-depth
comprehension of the impact of FSP on the production of
SSMs.

Post-SSM processing, samples were prepared for various
characterization techniques (figure 1(c)). Macro and micro-
graphy, as well as x-ray microtomography (uCT) samples,
were polished following standard metallographic procedures.
Macro and micrography samples were etched in Keller reagent
(2 ml HE, 3 ml HCI, 20 ml HNOs3, and 175 ml H,O). Optical
analyses of macro and microstructures were performed using a
Leica DMI 5000 M inverted optical microscope to examine the
distribution of particles. The 3D and 2D micro-architectural
morphology of the SSM, based on PZT and BT particles,
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Table 1. AA2017-T451 plates’ chemical composition (wt%) (from datasheet).

Elements Si Fe Cu Mn Mg Cr 7n Ti + Zr Al
Min 0.2 — 3.5 0.4 0.4 — — — —
Max 0.8 0.7 4.5 1 0.1 0.25 0.25 Remaining
Table 2. Mechanical and physical properties of AA2017-T451 (from datasheet).
Properties AA2017-T451
Yield strength, gp.o (MPa) 260
Modulus of elasticity, £ (GPa) 72
Ultimate tensile strength, oyrs (MPa) 390
Vickers hardness (HV) 118
Table 3. Piezoelectric and physical properties of BaTiO3 and PbTiZrOs [43—45].
Properties BaTiO3 PbTiZrOs
Dielectric constant (K33) 1700 1300
Piezoelectric constant (d33, d31) (pC Nfl) 190, —78 270, —120
Electromechanical coupling coefficient (ks3, k31) 0.50, 0.21 0.71, —0.34
Curie temperature (7¢) ( C) 115 300-370

was characterized using 4CT with a Phoenix VITOMEIX, GE,
according to the procedure conducted by Vidal et al [52].
The acquired image data were qualitatively and quantitatively
interpreted using 3D tomographic reconstruction and analysis
software (Volume Graphics 3.04 software).

The SSM samples were embedded in a bakelite thermoset-
ting resin with carbon filler suitable for Scanning electron
microscope (SEM) examination. Sample preparation was car-
ried out on a Struers Tegramin automatic polisher, with a
final grinding step equivalent to 1200 grit paper and sub-
sequent polishing with 1 and 0.25 ym diamond suspension. A
brief etching step using Keller’s etchant (approximately 10 s)
was applied to unveil the processed zone and particles’ dis-
tribution. Additionally, a 2 nm carbon layer was sputtered to
cover non-conductive particles. Optical micrographs, illustrat-
ing macroscopic features of the processed zones, guided the
selection of locations for energy dispersive x-ray spectroscopy
(EDX) measurements. Scanning electron microscope (SEM)
and EDX analyses were conducted using a Zeiss Merlin VP
compact SEM with a Bruker XFlash EDX detector. The accel-
erating voltage was 15 kV, and the working distances were
approximately between [12, 22] mm.

X-ray diffraction (XRD) characterization was conducted
using a PANalytical X Pert Pro MDP diffractometer equipped
with a cobalt anode (Co K« radiation) and a 1D X’Celerator
detector. Measurements were conducted by continuous scan-
ning in the 20-90°(260) range, and XRD data were ana-
lysed using High Score Plus software. These analyses were
performed on a sample extracted from the nugget region
to determine the presence of PZT and BT particles in the
SSM samples and to assess whether the thermomechanical
processing induced by FPS could cause any structural changes
in these particles.

For Vickers microhardness profiling, a Mitutoyo HM-112
hardness testing machine applied a 1.0 kgf load for 10 s along
the Y direction of the processed plate. Electrical conductiv-
ity measurements were performed using eddy currents and
potential drop techniques along a straight line in the Y dir-
ection (refer to figure 1). The top 1 mm of the sample surface
was machined, and a pencil probe operating at 1 MHz and a
NORTEC 600D impedance analyser was used for eddy cur-
rents. Potential drop measurement utilized a standard Jandel™
linear four-point probe with a Keithley SourceMeter 2450 and
a Keithley Nanovoltmeter 2182 A.

Uniaxial tensile test specimens were created using a HAAS
Super Mini Mill 2 CNC Machining Centre, following the
standards of ASTM E8/E8M-13a. These test specimens were
used to assess the mechanical properties of the SSM. The
testing was conducted at room temperature, using a servo-
hydraulic MTS 312.21 testing machine with a load capacity
of 100 kN. Fracture surface analysis was performed by SEM
using a Hitachi High-Tech SU3800.

Sensorial properties of the SSM were assessed by
measuring the electrical response to cyclic loads using
a universal testing equipment MTS 312.21, a Keithley
Nanovoltmeter 2182 A, and a National Instruments DAQ
assisted by a LabView program. The electrical response
behaviour and sensorial properties of the SSM based on
PZT and BT particles were characterized through cyclic
load tests and by measuring the electrical response at five
different frequencies (0.063, 0.125, 0.250, 0.500 Hz, and
1.000 Hz), according to the procedure previously described
by Ferreira et al [45]. It should be noted that the intens-
ity of the cyclic loads applied is below the yield strength
of the SSM [45], meaning it remains within the elastic
domain.
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Figure 1. Features of the SSM fabrication process.

3. Results and discussion

3.1 Characterisation of manufacturing process

Initially, it was imperative to establish the optimal processing
parameters for AA2017-T451 alloys and ensuring an optimal
distribution of particles. According to the present authors
previous study [45], ensuring a uniform and concentrated
distribution of particles in the nugget leads to enhanced sens-
itivity in the SSM. In this context, a series of tests was estab-
lished to ensure that the process parameters used would res-
ult in a uniform particle distribution in the stir zone. This
involved varying the travel speed (v) at rates of 71, 90, and
112 mm min—!, with a constant rotation speed (w) maintained
at 1120 rev min~'. The cross-sectional macrographs depicting

the processed regions of the AA2017 alloys are detailed in
figure 2.

Upon meticulous examination of the cross-sections of the
processed regions, distinctive linear defects were observed
in the lower section of the nugget, specifically on the AS.
Notably, these defects did not originate from the processing
itself but rather resulted from a misalignment between the tool
pin and the groove machined in the plate.

Based on the analysis of the surface quality of the pro-
cessed area, the particle distribution within the nugget, and
the identification of defects during the processing, it has
been determined that the ideal parameters for achieving an
effective particle distribution are ¥ = 71 mm min~' and
w = 1120 rev min~! for the AA2017 alloy.



Smart Mater. Struct. 33 (2024) 065037

P M Ferreira et al

v =112 mm/min
w = 1120 rev/min

v =90 mm/min
w = 1120 rev/min

v="71 mm/min
w = 1120 rev/min

RS

4% Pass

4th Pass.

RS

2nd Pags

Figure 2. Processing parameters improvement for AA2017-T451.
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Figure 3. Maximum temperatures were recorded by the thermocouples and infrared camera at the surface of the stir zone for each pass.

Figure 3(a) illustrates the maximum temperatures recorded
by the thermocouples at the AS and RS during each pass of
the SSM processing. In addition, the utilization of different
piezoelectric particles for embedding did not result in signi-
ficant variations in the maximum temperature. It is import-
ant to note that the presented data primarily represents the
temperature evolution throughout plate processing and may
not precisely depict the temperature reached in the nugget
region. To address this, the thermal imaging camera recorded

the maximum temperature at the surface of the stir zone during
each pass, as depicted in figure 3(b).

During the groove closing stage, temperatures were lower
and remained nearly constant during the processing stage, as
evident in figure 3. The plastic deformation occurring dur-
ing the groove closing process, facilitated by the pinless FSP
tool, is confined to the plate surface, leading to lower heat
generation compared to subsequent processing passes. In the
processing stage with the pinned FSP tool, plastic deformation
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intensifies, resulting in increased heat generation. Figure 3(b)
indicates that, during the processing stage, the maximum
temperatures at each pass remain relatively constant, hov-
ering around 450 °C for AA2017-PZT plates and 430 °C
for AA2017-BT plates. Consequently, the peak temperature
remains consistent regardless of the number of passes when
employing identical processing parameters and tools. The data
from both thermocouples and the thermal imaging camera
reveal significantly lower temperatures during the groove clos-
ing phase compared to subsequent processing passes. This
discrepancy is attributed to the reduced plastic deformation
induced by the pinless FSP tool, resulting in lower temper-
ature generation. Importantly, the number of passes does not
appear to influence the processing temperature, as the max-
imum temperature remains relatively constant during the four
processing passes.

A comparison of maximum temperatures recorded by
thermocouples and the thermal imaging camera for plate
processing situations, with and without particles, indicates
an anticipated increase in temperatures when particles are
incorporated. The introduction of ceramic particles into
the aluminium matrix adds complexity, requiring additional
energy for effective dispersion and embedding. Moreover,
the presence of ceramic particles in the nugget tends to
decrease the composite’s thermal conductivity (Al-based
alloys + particles), which reduces the thermal flow and leads
to high local temperatures and a greater thermal gradient, such
as observed for arc-based welding joint of alloys with low and
high thermal conductivity, respectively [53].

3.2. Characterisation of SSMs

3.2.1 Metallographic and physicochemical characterization.
The examination of particle dispersion within the processed
region, commonly referred to as the nugget, and the iden-
tification of key microstructural regions, such as the heat-
affected zone (HAZ) and the thermo-mechanically affected
zone (TMAZ), was achieved through the utilization of
both macro and microstructural characterization techniques.
In figures 4(a) and 5(a), the macro and micrographs of
the AA2017-BT and AA2017-PZT samples are presented,
respectively.

FSP has effectively promoted the distribution of particles
in both aluminium matrix alloys. A prior EDX analysis con-
ducted by Ferreira et al [43] for AA5083-H111 demonstrated
that darker regions within the stir zone correlate with higher
concentrations of piezoelectric particles. Consequently, the
processing of AA2017 generally resulted in a distribution of
piezoelectric particles in the region influenced by the pin.
Moreover, macrographs indicate that particles exhibit a more
homogeneous distribution in the AS compared to the RS.

Macrographs, particularly those emphasizing the region
influenced by the shoulder, as exemplified by the AA2017-
BT in figure 4(a), reveal a less uniform particle distribution
within this area, characterized by larger agglomerates and
occasional processing defects. It is essential to note, however,
that specimens utilized in uniaxial and sensorial behaviour

tests possess a thickness () of 2 mm, measured from the bot-
tom part of the nugget, thereby excluding this less homogen-
eous region.

Figure 4(b) depicts the EDX maps at low magnification of
the zone influenced by the pin and the shoulder in the AA2017-
BT sample. A heterogeneous distribution can be observed
in the region influenced by the shoulder, with substantial
particles’ agglomerates, whereas the region influenced by the
pin is much more homogeneous and has smaller agglomer-
ates. EDX maps at higher magnification inside the region influ-
enced by the pin reveal the distribution of particles within
this region having some small agglomerates, as depicted in
figure 4(c). SEM images revealed the structure and morpho-
logy of these small agglomerates and point spectrum analysis
confirms the presence of BT particles confined in the alu-
minium matrix (figure 4(d)).

The EDX map of the AA2017-PZT sample at low mag-
nification, presented in figure 5(b), revealed larger agglomer-
ates than the AA2017-BT sample. Nevertheless, the particles’
overall distribution inside the stir zone’s central region remains
very homogeneous.

SEM images at higher magnification were taken to charac-
terize the structure and morphology of this agglomerate and its
surrounding particles, depicted in figure 5(d), and point spec-
trum analyses were conducted to identify its constituent ele-
ments. The chemical composition (wt%) of all the analysed
particles corresponds to PZT particles confined inside the alu-
minium matrix, except particle 5, which appears to be a frag-
ment of the pinned FSP tool, given the high iron content.

Figure 6(a) provides a visual representation of the essen-
tial microstructural aspects of aluminium processing in the
absence of particles. Within this context, the HAZ exhibits lar-
ger grains than the base material, a consequence of the heat
generated throughout the processing phase. In contrast, the
TMAZ showcases the combined influence of heat and substan-
tial strain, manifested by elongated and deformed grains.

The stir zone, on the other hand, manifests clear indica-
tions of dynamic recrystallization. This phenomenon arises
from the intense plastic deformation that the material
undergoes at elevated temperatures, leading to a refine-
ment of the grain structure. These distinct microstructural
regions collectively illustrate the intricate interplay of heat,
strain, and plastic deformation in the aluminium processing
cycle.

Figure 6(b) presents the EDX maps of the main constituents
of the AA2017-R sample inside the central region of the stir
zone. The small, lighter particles observed in the SEM image
appear to be related to precipitates of mainly copper, while
the darker particles seem to be related to magnesium-based
precipitates.

Upon comparing the grain size within the stir zone before
and after the introduction of piezoelectric particles, it becomes
apparent that the incorporation of these particles led to a
more intense grain size refinement in the AA2017 alloy.
Prior research has emphasized the significant role played
by reinforcement particles in the fragmentation of grains
within the processed microstructure, attributed to localized
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Element Atomic weight
(%)

Aluminium 38.18

Titanium 18.56

Barium 43.26

Figure 4. Macrostructural and physicochemical characterization of particles’ distribution of AA2017-BT: (a) macro and microstructural
characterisation; (b) optical macrograph of stir zone and EDX maps of the zone influenced by the shoulder (b1) and the zone influenced by
the pin (b2) at x1000 magnification; (c) EDX maps of the zone influenced by the pin, at x2000 magnification; (d) SEM image and point
spectrum analysis of the largest particle agglomerate found in the central zone of the nugget.

and non-uniform deformation [54]. Additionally, the utiliza-
tion of reinforcement particles acts as a constraint on the grain
growth of the aluminium matrix grains, known as the Zener
pinning effect [55].

Microscopic examinations of the stir zone in the SSMs
processed with PZT revealed a greater prevalence of larger
particle agglomerates in comparison to those embedded with
BT. This observation can be predominantly ascribed to the
morphology of the PZT particles, which are often an order

of magnitude larger than BT particles and exhibit a proclivity
to form agglomerates more readily. This distinction can sig-
nificantly influence grain refinement in the microstructure, as
smaller particles tend to exert a more pronounced effect on
grain refinement than their larger counterparts [55].

The distribution of particles was assessed through pCT
analysis, as illustrated in figures 7 and 8. An inclusive ana-
lysis was additionally carried out to examine the presence of
internal agglomerates within the processed zone. The results
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Spectrum Lead Zirconium Titanium Oxygen Aluminium  Magnesium Copper M anganese Iron
Particle 1 53.51 23.72 1.1 6.63 451 0.52 - - -
Particle 2 7241 11.70 10.44 3.93 1.52 - - - -
Particle 3 80.05 9.03 7.25 222 144 - - - _
Particle 4 64.14 17.96 8.29 6.08 3.54 - - - -
Particle 5 - - - - 61.96 - 6.48 17.44 14.12
Particle 6 67.99 18.97 7.68 - 5.36 - R B _

Figure 5. Macrostructural and physicochemical characterization of particles’ distribution of AA2017-PZT: (a) macro and microstructural
characterisation; (b) optical macrograph of stir zone and EDX map of the zone influenced by the pin, at x1000 magnification; (c) EDX maps
of the zone influenced by the pin, at x2000 magnification; (d) SEM images and point spectrum analysis (wt%) of the larger particle

agglomerate found in the central zone of the nugget and the surrounding particles.
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Figure 6. Macrostructural and physicochemical characterization of AA2017-R: (a) macro and microstructural characterisation; (b) SEM
image and EDX maps of the centre zone influenced by the pin, at x1000 magnification.

for AA2017, involving both BT and PZT particles, are presen-
ted in figures 7 and 8, respectively. These results unveiled a
relatively uniform spatial distribution of particles along the Y
and Z directions. However, within the region influenced by
the shoulder, particles tended to form agglomerates, result-
ing in a less homogeneous distribution compared to the central
region of the nugget. In the AA2017-BT sample, larger volume
agglomerates were observed in the shoulder-influenced region,
in contrast to the AA2017-PZT sample, where this region was
less extensive and only exhibited minor particle agglomerates.

To establish a comprehensive understanding of the rela-
tionship between the inclusion analysis and the presence of
agglomerates, a comparative analysis, depicted in figures 7
and 8, was conducted between the yCT data and the macro-
graphs of the SSMs.

The pCT images reveal higher concentrations of piezo-
electric particles on the RS of the nugget and at the inter-
face between the regions influenced by the shoulder and the
pin for both AA2017-BT and AA2017-PZT samples. In these
regions, the inclusion analysis exposed localized agglomerates
of particles, distinguishable by a bright white coloration shown
in figures 7(j) and 8(j). Macrographs of these samples corrob-
orate the presence of particle agglomerates in these regions, as
indicated by a darker coloration.

XRD analysis conducted on the processed region of
AA2017-BT, AA2017-PZT, and AA2017-R specimens high-
lights the presence of BT and PZT particles in the stirred zone,
as depicted in figure 9. The AA2017-BT sample (figure 9(a)
distinctly exhibits BT particles, with reflections at 24.95°

corresponding to the (100) and (001) reflections of the tet-
ragonal structure. The more prominent peaks around 36.01°
represent the (101) and (011) reflections of this structure [43].
The XRD pattern for AA2017-PZT (figure 9(b)) also confirms
the presence of PZT particles, primarily evidenced by the main
reflection at 35.96°.

Figure 9 reveals reflections associated with the Al phase
and Cu-containing intermetallic compounds. This latter can
be associated with the precipitate evolution during the mul-
tiple FSP thermal cycles, which can induce the transition
from Guinier—Preston zone (naturally aged) to Al,Cu (6, over-
aged condition). In addition, the BT and PZT particles tend
to increase the peak temperature and reduce the cooling rate
(section 3.1), which also corroborated the presence of the
Al,Cu (0) phase in the nugget region [56].

Furthermore, the XRD analysis identifies the presence of
Mg and Si-rich compounds. The consistent observation of
Mg, Si precipitates, regardless of the applied degree of deform-
ation, is noteworthy. These precipitates have been previously
observed in aluminium alloys with even lower concentrations
of Mg and Si [57].

3.2.2. Mechanical and electrical characterization. The
mechanical performance of the SSMs was evaluated through
uniaxial tensile tests, with figures 10(a), (e) and (i) represent-
ing the engineering stress/strain curves, while figures 10(b)—
(d), (f)—(h), and (j)—(1) depict the fractured samples and their
respective fracture surfaces.
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Figure 7. Comprehensive understanding of the inclusion analyses and its relation with the particles’ distribution: ©CT analysis of
AA2017-BT (sample (a), particles’ distribution (b), transversal cross section of the sample (c), longitudinal cross section of the nugget ((d),
(e)); comparison between the macrographs ((f), (g)) and p-CT images ((h)—(j)) of SSM.

A comparison between the processing of plates with and
without the incorporation of particles suggests that the yield
strength (0g,) does not exhibit significant changes when
particles are introduced, as evidenced in table 4. Nevertheless,
the inclusion of PZT particles renders the SSM more sus-
ceptible to brittleness compared to the addition of BT
particles, as the elongation at fracture significantly decreases.
Figures 10(g) and (h) illustrates the fractured specimens con-
taining PZT particles. In contrast to figures 10(c) and (d),
which pertains to the incorporation of BT particles, the frac-
tures in the PZT specimens precisely occur within the zone
containing the particles, i.e. the stir zone. This occurrence may
suggest a weak bond between the PZT particles and the alu-
minium matrix, possibly attributed to the irregular and larger-
sized morphology of the particles. The PZT particles exhibit a
feeble connection with the Al matrix, offering no reinforcing
effect and, in certain cases, potentially concentrating stresses,
thereby reducing the yield limit. Regarding the oyrs, it dimin-
ishes compared to AA2017-R due to the increased brittleness
of the material resulting from the fragile nature of ceramic
particles that rapidly fracture or detach from the matrix under
load. This impedes the effective transfer of stress to the matrix.
While uniform deformation occurs across the material within

1

the elastic region, entering the plastic region of aluminium
(reaching the yield point) results in non-uniform deformation
between the particles and the matrix, leading to matrix fracture
and subsequent rapid fracture propagation (low ductility). As
AA2017-PZT lacks ductility with no hardening occurring, the
oyts tends to closely approach the yield strength.

Examining the fracture surfaces of the SSM processed
with AA2017 in figures 10(b)—(d), (f)—(h), (j)—(), the fail-
ure mode is clearly ductile, with well-defined dimples present
on all fracture surfaces. The fracture has occurred along a
45° plane, indicating a consistent pattern. In the case of
AA2017-BT, the fracture has extended outside the processed
zone, like the sample processed without particles (as shown
in figures 10(i)—(1). As a result, both fracture surfaces shared
similarities. While AA2017-PZT fractured at the interface
between the processed zone and the base material, it sug-
gests that the fracture happened through the PZT particles
themselves.

Particle distribution, microhardness measurements, eddy
current testing, and potential drop measurements were conduc-
ted on both processed and non-processed regions of the plate’s
transverse section (Y direction). Figure 11 displays the results
obtained for AA2017 alloys.
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Figure 8. Comprehensive understanding of the inclusion analyses and its relation with the particles’ distribution: pCT analysis of
AA2017-PZT (sample (a), particles’ distribution (b), transversal cross section of the sample (c), longitudinal cross section of the nugget
((d), (e)); comparison between the macrographs ((f), (g)) and p-CT images ((h)—(j)) of SSM.

Hardness measurements serve as an indicator of changes
in mechanical strength, as they are directly proportional to
it. Potential drop measurements enable the acquisition of res-
istivity and conductivity values in both processed and non-
processed zones. Previous studies [58, 59] have demonstrated
that electrical conductivity is inversely proportional to hard-
ness, and consequently, strength. Eddy’s current testing, a
technique used to assess microstructural changes in materi-
als, complements hardness measurements. As a result, pro-
cessed zones exhibit lower electrical conductivity due to
increased grain boundaries, which reduce electronic mobility
and enhance hardness. Conversely, thermally affected zones
demonstrate higher conductivity and reduced hardness, attrib-
uted to grain growth [58, 59].

Based on the obtained results, it can be observed that
the hardness in unaffected zones, i.e., in the base mater-
ial, remains relatively constant, with average values of 120
HV1.0 and electrical conductivity close to 30 IACS (%).
These values are consistent with the expected theoretical val-
ues of 118 HV and 34 TACS (%). As explained previously,

maximum electrical conductivity values are recorded in the
HAZ and, consequently, minimum hardness values due to
grain coalescence. Therefore, the low temperature anneal-
ing experienced during processing reduces the strengthen-
ing effect caused by the T451 heat treatment. However, a
clear distinction in hardness within the stir zone is evident
between the BT and PZT particles processing. The samples
processed with BT particles exhibit an increase in hardness
of approximately 20-30 HV1.0, whereas the samples pro-
cessed with PZT particles even show a hardness decrease of
up to 10 HV1.0 in the stir zone. These results are consist-
ent with the micrographs presented in section 3.2.1. It can
be observed that the BT particles present in the micrographs
corresponding to the nugget zone have a significantly smaller
size compared to the samples processed with PZT particles.
Furthermore, as previously mentioned, smaller particles have
a more pronounced impact on grain refinement, which may
explain why the hardness increases when processing is con-
ducted with BT particles and tends to decrease with PZT
particles.
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Figure 9. X-ray diffractogram for the SSM studied: (a) AA2017-BT; (b) AA2017-PZT.

3.2.3. Sensorial properties assessment. The sensorial
properties were assessed by submitting the SSM samples to
a set of cyclic loads while measuring their electrical response.
Figure 12 depicts the process involved in calculating the sens-
itivity of the SSM samples.

These experiments were replicated for all SSM-produced
samples and conducted under varying frequencies. Figure 13
depicts the response of AA2017 with distinct embedded piezo-
electric particles, namely BT and PZT. The results demon-
strate the anticipated linear correlation between applied load
and electrical response, consistent with findings by Ferreira
et al [43, 45]. Higher sensitivities were observed at lower fre-
quencies overall, except for AA2017-BT, where the sensitivity
at 0.125 Hz surpassed that at 0.063 Hz.

Figure 14 illustrates the effect on sensitivity when incor-
porating PZT and BT particles into the AA2017 mat-
rix. The outcomes reveal a trend toward achieving higher

sensitivities with the inclusion of PZT particles compared
to BT particles, despite the seemingly anomalous sens-
itivity of AA2017-BT at f = 0.125 Hz. This differ-
ence may be attributed to the higher piezoelectric con-
stant of PZT particles (ds3/d3; = 270/—120 pC N~
compared to BT particles (ds3/d3; = 190/—78 pC N—1).
Furthermore, the maximum sensitivity of the AA2017-PZT
sample, 21.71 x 10~* 2V MPa~!, exceeded that of AA2017-
BT by 43%, registering 15.16 x 10~ ;,V MPa~!.

To assess the response under impulse loading, a
series of single punctual loads with an amplitude (A) of
0.100 mm and different frequencies (f) were applied to
the SSMs, as illustrated in figure 15. As expected, the
SSMs remained responsive under the impulse loads, exhib-
iting a response with the same frequency as the loading
and confirming their capability to detect loading at various
frequencies.
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Figure 10. Uniaxial tensile tests of AA2017-BT (a)-(c), AA2017-PZT (e)—(h) and AA2017-R (i)—(1): engineering stress-strain curves ((a),
(e), (i)); fractured #3 sample ((b), (f), (j)); fractured surface of SSM ((c), (d), (g), (h), (k), (1)).

Piezoelectric particles are incorporated into a metallic mat-
rix made of aluminium, which provides a conductive envir-
onment. Despite the conductive nature of the matrix, it is
still possible to obtain an electrical voltage response propor-
tional to the applied load, regardless of the type of piezo-
electric particles used (whether PZT or BT), as demonstrated
in figures 13 and 14. Furthermore, figure 11 reveals that
the electrical conductivity in the regions where the particles
are embedded decreases from 30 TACS (%) to 25 IACS

(%) for AA2017-BT, and to 26 IACS (%) for AA2017-PZT.
This reduction is expected due to decreased electron mobil-
ity caused by the presence of ceramic particles and a refined
grain structure. The decrease in conductivity, and the resulting
reduced electron mobility, can enhance the piezoelectric effect
in the composite, facilitating an electrical response when sub-
jected to loading.

Figure 16 illustrates a comparison of sensitivity results
obtained by incorporating PZT particles into metallic matrices,
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Table 4. Mechanical properties withdrawn from uniaxial tests.

Yield strength, Modulus of Ultimate tensile Strain at
Sample reference 0.2 (MPa) elasticity, E (GPa) strength, ours (MPa)  fracture, &f
AA2017-BT-#1 164.64 67.55 287.77 5.37
AA2017-BT-#2 185.23 71.78 305.85 4.76
AA2017-BT-#3 161.36 67.55 290.28 7.12
AA2017-PZT-#1 164.72 68.03 227.89 1.66
AA2017-PZT-#2 167.49 66.80 226.74 1.69
AA2017-PZT-#3 173.03 69.01 233.22 1.59
AA2017-R-#1 163.25 74.84 295.96 8.52
AA2017-R-#2 172.04 70.99 302.50 7.67
AA2017-R-#3 165.89 68.48 300.49 7.93
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Figure 11. Profiles of microhardness, electrical conductivity, and impedance of AA2017 samples.
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Figure 14. Sensitivity of the effect of embedding different piezoelectric particles in the AA2017-T451 matrix.

specifically the AA2017-T451 and AA5083-H111 alloys. The
sensitivity of AA2017-PZT samples exhibited superior per-
formance compared to AA2017-BT samples, as previously
confirmed. To further contextualize these findings, the res-
ults of AA2017-PZT samples were juxtaposed with Ferreira
et al research data refer to the AA5083-H111 alloy [43].
PZT particles embedded in an AA5083-H111 matrix exhibited
higher sensitivity than the inclusion of BT particles. Based on
the interpretation of figure 16, it can be inferred that embed-
ding PZT particles in AA2017-T451 alloy results in sensitivity
30%—-60% lower than that of AA5S083-H111 across all tested

frequencies. Furthermore, an increase in frequency accentu-
ates the disparity in sensitivity between these alloys. When
PZT particles are incorporated into these aluminium alloys,
a SSM with higher sensitivity is obtained when compared to
the usage of BT particles. However, the use of PZT particles
causes more agglomerates, making the SSM more fragile and
with inferior mechanical behaviour. Despite these challenges,
using FSP as a particle inclusion technique to create materials
with sensory properties is a viable option.

Based on current literature, it is believed that incorporating
piezoelectric ceramic powder into a metal matrix can lead to
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Figure 15. Electrical response of SSMs to impulse loading with different frequencies: (a) AA2017-BT; (b) AA2017-PZT.
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Figure 16. Comparison of sensitivity results obtained by
incorporating PZT particles into metallic matrices, specifically the
AA2017-T451 and AA5083-H111 alloys.

an activated piezoelectric effect through mechanical deforma-
tion of the PZT and BT particles. The creation of composites
with metal matrices and piezoelectric particles as reinforce-
ment, like Bismuth ferrite/BT [60] or Copper/BT [61], has
demonstrated that it is possible to produce functional mater-
ials with the potential to exhibit the piezoelectric effect.

4. Conclusion

This study has successfully demonstrated the feasibility of
imparting sensorial properties to heat-treated AA2017-T451
by incorporating BT and PZT particles, resulting in a SSM
capable of responding to external loading. Under cyclic load-
ing, the SSMs exhibit a linear correspondence between applied
load and electrical response at the same frequency. Sensorial
characterization unveiled an inverse and non-linear relation-
ship between frequency and sensitivity, indicating the SSMs’
suitability for low-frequency applications. Furthermore, PZT
particle embedment generally provided better sensitivities
than BT particles, with their electrical response exhibiting
proportionality with loads. In addition, temperature meas-
urements indicate that the addition of piezoelectric particles
increases process complexity, leading to higher processing
temperatures compared to particle-free processing. Thermal
camera measurements revealed a 22%-30% increase in max-
imum processing temperatures with the introduction of piezo-
electric particles.

Metallographic and physicochemical characterizations
provided a deeper understanding of particle distribution. The
embedding of BT and PZT particles in AA2017 resulted in
a homogeneous particle distribution in the region influenced
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by the pin. Uniaxial tests results revealed increased material
brittleness with the incorporation of piezoelectric particles,
particularly with PZT. While the failure mode of AA2017
SSMs without particles was ductile fracture, the embedment
of PZT resulted in brittle fracture, with the fracture surface per-
pendicular to the loading. The bonding between PZT particles
and the aluminium matrix appeared weaker than with BT
particles, as evidenced by fracture occurring precisely in the
stir zone. Yield strength did not change significantly with
particle embedment, but the FSP resulted in a lower ultimate
strength compared to pre-processing levels. The impact of
low temperature annealing during FSP was confirmed by a
decrease in the hardness of the TMAZ compared to the base
material. Hardness measurements indicated increased hard-
ness in the stir zone with BT embedment, contrasting with
a slight decrease with PZT embedment. Micrographs and
fracture analysis aligned with these findings, revealed lar-
ger agglomerates and fractures within the stir zone for PZT,
suggesting weaker bonding between particles and the metal
matrix. Eddy’s current testing and potential drop measure-
ments were consistent with registered hardness profiles. So,
incorporating PZT particles into aluminium alloys results in a
SSM that exhibits greater sensitivity compared to utilizing BT
particles. Nevertheless, the inclusion of PZT particles leads
to increased agglomeration, rendering the SSM more fragile
with inferior mechanical behaviour. Despite these challenges,
employing FSP as a technique for particle inclusion to gener-
ate materials with sensory properties remains a viable option.
The sensitivity of SSM based on PZT and BT particles
tends to decrease as load frequency increases. In the context
of civil engineering, structures generally have a low funda-
mental mode frequency, which makes this SSM very useful.
However, in mechanical and aerospace industries, the modes
of interest are typically in the high-frequency range, where the
sensitivity of SSM based on PZT and BT particles is notably
reduced. Therefore, future work should focus on refining and
implementing this SSM technology within metal components
used in civil engineering, as well as developing methods to
enhance SSM sensitivity in high-frequency applications. This
would broaden the scope of SSM’s usability in these sectors.
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