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Temperature dependence of linear fracture mechanics parameters
in ceramics: a finite element study

Yu.V. Ermolaeva?, S.A. Krasnitckii 2** "=, M.Yu. Gutkin!
! Institute for Problems in Mechanical Engineering, Russian Academy of Sciences, St. Petersburg, Russia
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ABSTRACT

Parametric finite element simulations are conducted to investigate the steady-state growth of a crack in
ceramic material under various temperature conditions. The temperature dependences of elastic moduli
and specific surface energy are incorporated to compute the critical fracture parameters such as the crack
length, the failure stress and the energy release rate. The finite element modelling is first verified against
Griffith’s theory and then implemented to practical case of cracks growing from a pore. It is demonstrated
that crack growth can be energetically favorable at elevated temperatures, whereas it can be inhibited at
low temperatures.

KEYWORDS

high-temperature ceramics ¢ cracks ¢ pores ¢ linear fracture mechanics e finite element method
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Introduction

The exceptional mechanical properties of ceramic materials, such as high strength,
hardness, and wear resistance at elevated temperatures, make them perfect candidates
for applications in extreme environments, including aerospace, energy, and
manufacturing industries [1-3]. However, the widespread use of structural ceramics is
often limited by their inherent brittleness and sensitivity to fracture associated with the
presence of intrinsic microstructural defects introduced during manufacturing [4,5].
Among these defects, pores being one of the most common stress concentrators are
effective sites for crack nucleation [6,7].

The fracture behavior of ceramics is strongly dependent on the operating
temperature [8,9]. At lower temperatures, the material exhibits classic brittle fracture, where
crack propagation is the dominant relaxation mechanism. In contrast, at elevated
temperatures, the activation of dislocation and grain boundary (GB) sliding can induce a
brittle-to-ductile transition (BDT), often accompanied by crack-tip blunting, which
significantly enhances fracture toughness [10]. This transition is critical for determining the
service limits and reliability of ceramic components. The problem of BDT has been
extensively studied in the literature, with numerous works focused on the critical conditions
of GB dislocation emission [11-14], the toughening effect of crack blunting [15-17],
GB sliding [18-20] and GB segregations [21-23]. Nevertheless, a comprehensive analysis

© Iu.V. Ermolaeva, S.A. Krasnitckii, M.Yu. Gutkin, 2025.
Publisher: Peter the Great St. Petersburg Polytechnic University
This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.org/li-censes/by-nc/4.0/)
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linking the temperature-induced evolution of material parameters to the critical conditions
for crack growth from specific defects, such as pores, remains an essential issue.

In our previous research, we have systematically investigated stress concentration
and fracture initiation in ceramic composites. We analyzed local stress distributions near
pores and inclusions using both analytical perturbation techniques and finite element (FE)
simulations [24,25]. Furthermore, we employed FE modeling to reveal the energetical
favorability of various crack configurations near lamellar inhomogeneities [26] and to study
the competition between brittle and ductile fracture behavior at elevated temperatures [27].

In the present work, the effect of operating temperature on the crack tolerance of
a-Al,O3 ceramics is investigated to assess the energy favorability of the following
different fracture scenarios: (i) the homogenous scenario of crack growth without any
extra source of stress disturbance, and (ii) the heterogeneous scenario of crack growth
accelerated by stress concentration around a circular pore. The first scenario can be
attributed to fracture initiated inside the grains (transgranular fracture), while the second
scenario is addressed to intergranular fracture initiated by pre-existing defects at GBs.
Some empirical temperature dependences of a-Al,O3 ceramics properties are involved in
FE analysis in assumption of the steady-state crack growth. The elastic response of an
FE model containing flaws is obtained through parametric FE simulations that account
for variations in flaw lengths, applied stress and operating temperature. The resulting
strain energy data are utilized to evaluate some fracture parameters including the critical
crack length, the critical failure stress and the energy release rate. The validity of FE data
is proved by comparison with the results of Grifith’s theory for the homogeneous scenario.
The obtained results allow to assess the deterioration in fracture tolerance in ceramics
due to temperature rise and presence of pores as well.

Model

We consider a ceramic material subjected to a remote tensile load S under the plane
strain condition. The material response is supposed to be linearly elastic and isotropic
defined by the Young modulus E and the Poisson ratiov with respect to the operating
temperature T. Figure 1 illustrates two possible scenarios of crack generation in
polycrystal material: (i) homogenous crack nucleation (HmCN) inside a grain with no
stress concentration effect; (ii) heterogeneous crack nucleation (HtCN) initiated by the
stress concentration induced by such a manufacturing defect as a circular pore of radius
Ro located at a GB.

The favorability of these scenarios can be analyzed within the framework of linear
elastic fracture mechanics (LEFM) considering the following parameters: the critical crack
length L., the critical stress for crack growth S, and the energy release rate G due to the
crack advance. According to Griffith’s theory [10], the total energy change due to crack
formation is given by the sum:

AW = AWg + AWy, (1)
where AW, is the change in the strain energy of the body and AW, is the energy to
create new free surfaces.
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Fig. 1. Typical fracture scenarios in a polycrystalline ceramics: a transgranular crack under the homogenous stress
condition (HMCN) and an intergranular crack under the heterogeneous stress condition induced by a GB pore (HtCN)
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In the case of HMCN, the strain energy change due to a crack of length L (per unit
length of the crack in the direction normal to Fig. 1 plane) is:

a2

AW, = -2 1282, )
The surface energy term reads:

AW, = 2Ly, (3)

where y is the specific surface energy of the ceramics.

It is supposed that a crack becomes unstable under a constant applied stress S if
the crack length exceeds some critical value L. defined by the following equilibrium
criteria:

d d?
EAW|S=const =0, EAW|S=const <0. (4a,b)

For instance, the critical crack length L. determined from Egs. (4) in the case of
HmMCN is well-known and given by:

=21 (5)

T p(1-v2)s?

Unlike the equilibrium criteria given by Egs. (4), the negative energy change (AW < 0)
accompanied by crack advance is considered as an alternative fracture criterion to obtain
the critical parameters. For instance, the threshold stress S., can be determined from the
critical condition:

AWleconst = 0. (6)

Substituting Egs. (1-3) in Eq. (6), one obtains the following expression for the
critical stress in the case of HmCN:

Ser = |2 (7)

m (1-v2)L’
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It is worth noting that the value of the critical stress determined by Eq. (7) is
overestimated in comparison with the one prescribed by Griffith’s theory [10]. In the
present work, the critical condition given by Eq. (6) is employed because it qualitatively
reflects the physical aspects of fracture process. Besides, it is more adaptable to evaluate
the critical values of stress from FE numerical data.

Another key parameter of fracture mechanics is the energy release rate G defined
as the energy available for a crack advance. In the case of displacement-controlled
loading (where the work done by an external force is zero), the energy release rate can
be figured out from the expression:

G=-20 (8)
whence for the HmCN scenario one can obtain G with respect to Eq. (2):
G ="K, ©)

where K; is the stress intensity factor of the crack-tip, so that K; = S/mL/2. In contrast
to the temperature independent parameter K;, the energy release rate G can be strongly
affected by the temperature conditions as the elastic moduli depend on the operating
temperature.

Along with the analytical approach, FE simulations can be employed to evaluate the
critical fracture parameters. FE method is particularly useful for studying objects with
complex geometry, as is the case with HtCN where the strict analytical solution is not
feasible [28]. Furthermore, standard post-processing modules in commercial FE software
readily provide the values of the strain energy for the entire model. In addition, pre-processing
operations directly allow to input the temperature dependences for elastic moduli.

To investigate the energy favorability of the HmCN and HtCN fracture scenarios with
respect to temperature conditions, the parametric FE simulations were conducted. For
this purpose, FE models comprising four-node plane strain elements were created using

a b

U,=0,U,=6 ‘\ U,=0,U,=6 '\

Y
't Dyl AN N/ Crack

X \. \.
UY=0 UY=0

Fig. 2. The kinematic boundary conditions implemented in FE analysis of (a) homogenous crack
nucleation (HMCN), and (b) heterogeneous crack nucleation (HtCN) initiated by the circular pore
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ANSYS Academic Research software. Each node had two degrees of freedom
corresponding to node-displacements Ux and Uy. Figure 2 depicts the boundary conditions
applied to the model with respect to the geometry and loading symmetry. The loading was
assumed to be displacement-controlled by the prescribing displacement §. The associated
value of the remote stress S was subsequently calculated from the model’s force reaction.
The crack was treated as a flat cut with free surfaces. The model size was supposed to be
an order of magnitude larger than those of both the pore and crack to eliminate boundary
effects on the crack-tip stress field. For instance, the considered FE model has a size of
~ 1 um, the average size of element in the vicinity of crack and pore is ~ 1 nm.

Since the elastic properties of corundum ceramic (a-Al,0Os) are well-established in
the literature for a wide temperature range, they were adopted to define the material
behavior in the models. The following empirical approximation from [29] valid up to
1400 °C was employed in the simulations:

E[GPa] =417 - 0.0525 T [°C]. (10)

The Poisson ratio was taken as v=0.23, as its dependence on temperature
is negligible. It is worth mentioning that the FE model considers neither anisotropy of
mechanical properties nor plastic response of materials. These limitations should be an
issue of further investigations.

For the subsequent calculations, the temperature dependence of the specific
surface energy had to be taken into account. Based on experimental data for a-Al,0s
ceramics [30], the following linear approximation was used:

Y =Yo — BT, (11)
where the temperature T is given in K, 8 ~ 0.83 mJ/(m?K) and y, ~ 2138 mJ/m2.

Results

The parametric FE simulations considering the variations in the crack length L, the rigid
displacement ¢ and the operating temperature T were employed to compute the change
in the strain energy, AWy, = AWyl 1>0 — AWs¢l =9, due to both the HmCN and HtCN
scenarios in the a-Al,O3 ceramic. The corresponding total energy change of the systems
was evaluated using Eq. (1), where the strain energy term was obtained via FE modeling,
while the surface energy term was determined by Eq. (3).

Figure 3 illustrates the obtained profiles of the total energy change AW(L) under the
remote stress S= 2.8 GPa given for the HmCN and HtCN scenarios undergoing the
temperature conditions T =300 °C (Fig. 3(a)) and 1000 °C (Fig. 3(b)). One can note that
the higher the temperature the lower the energy-consumption for crack growth in both
scenarios. Besides, the energy values are significantly affected by the occurrence of pore.
For instance, in the case of HmMCN under 300 and 1000 °C the energy barriers ~ 1.2 and
~ 0.5 keV/nm should be surmounted, respectively. As for the case of HtCN, the energy
barriers are significantly lower: ~ 0.3 keV/nm at 300 °C and ~ 0.1 keV/nm at 1000 °C.
It is worth mentioning that the curves in Fig. 3 obtained analytically within Griffith’s
theory practically coincide with those computed for HmCN via FE simulations.

The maxima on the energy curves in Fig. 3 correspond to the cracks with the critical
size above which the crack growth is facilitated by energy relief. The critical crack length
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Fig. 3. Dependences of the total energy change AW on the crack length L given for the remote stress
S=2.8 GPa and the two operating temperatures, T = 300 °C (a) and 1000 °C (b). The curves were obtained
analytically by Egs. (1-3) (Griffith’s theory) and numerically for the scenarios of homogeneous crack nucleation
(HmCN FE) and heterogeneous crack nucleation initiated by the pore of radius Ro = 100 nm (HtCN FE)

obtained by FE modeling is in good agreement with theoretical results. For example,
the critical crack length indicated from the HmCN FE data in Fig. 3(a) is approximately
121 nm, that is about 4 % greater than the value ~ 116 nm prescribed by Griffith’'s theory.

The effect of temperature on the critical crack length is depicted in Fig. 4 for
different values of the remote stress S=2.8 and 3.6 GPa. The data reveal that L. almost
linearly decreases with temperature rise in both the HmCN and HtCN scenarios. This
graph can be employed to define the threshold temperature as well. In the case of HmCN
under remote stress S=2.8 GPa, the critical crack length 90 nm corresponds to
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Fig. 4. Dependences of the crack critical length L, on the operating temperature T under the remote stress
S=2.8 GPa (solid curves and solid circles) and 3.6 GPa (dashed curves and hollow circles). The data were obtained
analytically by Eq. (5) (Griffith’s theory) and numerically for the scenarios of homogeneous crack nucleation
(HmCN FE) and heterogeneous crack nucleation initiated by the pore of radius Ry = 100 nm (HtCN FE)
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the threshold temperature T* approximately 650 °C. It means that the cracks with
L =90 nm are expected to be energetically stable if the operating temperature is lower
than the threshold one (T < T*) whilst to easily propagate at a higher temperature
(T > T7). In addition, it is apparent from the data for the HtCN scenario (crack growth
from a circular pore of Ry = 100 nm) acting under the same remote stress S = 2.8 GPa, that
the cracks with L > 14 nm should exhibit the unstable growth under the temperature
greater than ~ 650 °C.

It is worth noting that according to estimation in [25], the cleavage stress for crack
advance (theoretical strength) reaches approximately 35 GPa at 1000 °C which
significantly exceeds the considered values of remote stress S=2.8 and 3.6 GPa.
However, in practical cases the dislocation sliding is expected to occur under lower stress
values ~1 GPa. This issue is beyond the scope of this study.

Turning now to a critical condition for the remote stress S, the energy change
profiles AW (S) given at operating temperatures T =300 and 1000 °C in the frame of the
HmCN and HtCN scenarios are illustrated in Fig. 5(a). In accordance with the criteria
introduced in the previous section, the critical stress for crack growth is prescribed by the
equation AW (S.,.) = 0. As is seen from Fig. 5(a) at a fixed temperature in the unloaded
state (when the remote stress vanishes, S = 0), the energy change is determined by the
surface energy term (see Egs. (1-3)) predicting the identical energy values for cracks of
the same length regardless of the crack initiation scenarios (HMCN and HtCN). As the
remote stress S rises, the energy change AW drops more rapidly for HtCN than for HmCN.
For example, for L = 100 nm and T = 300 °C the critical stress S, is ~1.8 GPa in the case
of HtCN, that is almost two times lower than the value ~ 4.2 GPa for HmCN. Besides, the
higher the temperature T the lower the critical stress S,,..

a b
2 [O—g—e_, —_ m— ?h"ief;irtst"s ] 15 —\ === Griffith's theory
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Fig. 5. (a) Dependences of the total energy change AW on the remote stress S given for a crack with
L =100 nm under the two operating temperatures, T = 300 °C (solid curves and solid circles) and 1000 °C
(dashed curves and hollow circles). (b) Dependences of the critical remote stress S, on the operating
temperature T given for cracks with L = 10 nm (solid curves and solid circles) and 100 nm (dashed curves
and hollow circles). The data in (a) and (b) were obtained analytically by Egs. (1-3,7) (Griffith’s theory)
and numerically for the scenarios of homogeneous crack nucleation (HmMCN FE) and heterogeneous crack
nucleation initiated by the pore of radius R, = 100 nm (HtCN FE)
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The insignificant discrepancy between analytical and FE results emerges as
the stress S increases (see Fig. 5(a)). Apparently, this discrepancy is caused by numerical
inaccuracies accumulating due to the iterative adjustment of the displacement § in order
to maintain a constant value of the remote stress S.

Figure 5(b) demonstrates the temperature dependence of the critical stress S,
provided for the crack lengths of 10 and 100 nm. What stands out from Fig. 5(b) is an
approximately linear decrease of the critical stress S, with increasing T in a similar
manner with the curves L..(T) (see Fig.4). In the case of HmCN, the temperature
conditions remarkably affect the critical stress for relatively small cracks (L ~ 10 nm), e.g.
S~ 14 GPa for T=100 °C vs. S, ~ 10 GPa for T=1000 °C. In contrast, in the case of
HtCN scenario with similar small cracks (L =10 nm) induced by a circular pore with
R, =100 nm, the drop is significantly less exhibited, e.g. S., = 3.5 GPa for T=100 °C
vs. S = 2.5 GPa for T= 1000 °C. Therefore, not only does the presence of the pore lower
the values of the critical stress S.. but also essentially reduces its sensitivity to
temperature fluctuations compared to HmCN scenario.

Further analysis of the fracture in a-Al;Os ceramics concerns with computing the
crack energy release rate G via FE modeling. The strain energy data obtained by
FE parametric simulations can be employed to approximate the energy release rate G
regarding Eqg. (8) as follows:

G = — WstlL+sL—=WstlL

il (12
where 6L is the crack extension. The smaller §L utilized in numerical computations the
more accurate the estimation of G by Eq. (12).

According to LEFM, the stability of a crack is defined by the value of its energy
release rate G. If G is less than a critical value G, then the energy release rate is not
sufficient enough to promote cracking. On the contrary, a crack tends to catastrophic grow
if the inequality G > G, is valid. The critical value of G directly yields from the energy
criteria (Egs. (1-4)) as G, = 2y.

Figure 6 shows the temperature dependence of the energy release rate G for various
cracks subjected to the remote stress S=2.8 GPa. The diagrams reveal two
complementary effects of the temperature increase on the fracture tolerance: an increase
in the energy release rate G accelerating the growth of cracks is accompanied by a
decrease in the fracture resistance G. of a-Al,O3 ceramics.

As it is shown in Fig. 6(a) for the HMCN scenario in the temperature range
0 < T< 1400 °C, the relatively long cracks (here with L~ 200 nm) have a tendency
to propagate since their energy release rate G is greater than the critical one, while G
for relatively small cracks (here with L ~ 10 nm) is not sufficient enough to encourage
their propagation. Of interest here are cracks of a middle length (here with L ~ 100 nm):
as is seen, the crack growth is suppressed for T < 500 °C, whilst expected to be provided
under an elevated temperature T > 500 °C.

Analogous temperature dependences of the energy release rate G are demonstrated
in Fig. 6(b) for the HtCN scenario considering the generation of a crack with length of
10 nm near pores with different sizes (R, =0, 10 and 100 nm). As is seen from Fig. 6(b),
the presence of a pore significantly affects the value of the energy release rate for crack
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Fig. 6. Dependences of the energy release rate Gon the operating temperature T under the remote stress
S=2.8 GPa in the case of (@) HmCN scenario considering the cracks of various lengths L = 10, 100 and 200 nm;
here the analytical dependences given by Eq. (9) and the FE data are depicted with solid curves and circles,
respectively, and (b) HtCN scenario considering a crack with L = 10 nm initiated by circular pores of different
radii R, =0, 10 and 100 nm. The temperature dependent critical value G, = 2y is given by dashed lines

advance. This effect rises with an increase in the pore radius. For instance, at the
operating temperature T = 1000 °C, the energy release rate G reaches the values ~ 2 and
~ 5J)/m? for a crack initiated by a pore of the same radius as the crack length (L/R, = 1.0)
and a pore of radius much larger than the crack length (L/R, = 0.1), respectively. These
values are an order of magnitude higher than that for the HmCN scenario (~ 0.3 J/m? for
Ry = 0). One can suggest that in the limiting case of a relatively small crack (R, > L),
the energy release rate G tends to the value prescribed for the crack initiated at a flat
surface of a semi-infinite body.

Thus, the results of FE simulations presented above clearly evidence that thermal
loading and pre-existing inhomogeneities, particularly pores, are critical factors for
controlling the fracture tolerance of ceramic materials.

Conclusions

In summary, the FE analysis was provided to investigate the reduction in fracture
tolerance under elevated temperatures in ceramics in the frameworks of LEFM. In doing
so, the linear temperature approximations of the Young module £ and the specific surface
energy y was employed to compute the elastic response of FE models containing flaws
and pores under remote tensile stress. The following FE models were considered: those
containing a single flat flaw were utilized to describe the homogeneous nucleation of
cracks (HmCN), and those considering flat flaw near a circular pore were implemented to
study the heterogeneous scenario of crack nucleation accelerated by the stress
concentration of inhomogeneities (HtCN). The HmCN scenario was also employed to
verify the validity of the FE models against Griffith’s theory. The data obtained within
parametric FE simulations were used to anticipate the effect of increasing temperature
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on the parameters of fracture including the critical crack length L., the failure stress S,
the total energy change AW, and the rate of strain energy release G due to crack
extension.

The results performed for the o-Al;Os ceramics clearly demonstrate the
deterioration in the fracture toughness (L., S.-and G.,) at elevated temperatures as well
as the reduction in the total energy change AW due to flaw generation. An opposite effect
is indicated for the crack driving force, the decrease in material stiffness (the Young
modulus) stimulates the rise of G as operating temperature T increases. The most obvious
finding to emerge from obtained data is that the linear approximations can be employed
to estimate quite accurately the aforementioned parameters with temperature change.
The temperature slope of these approximations significantly depends on the crack and
pore sizes, and the applied stress. The increase of these parameters drives the decrease
of the temperature slope of fracture toughness criteria (L., S.;-), while the temperature
slope of energy release rate G increases.
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ABSTRACT

Experimental studies of the internal field and self-polarization in thin lead zirconate titanate films
formed on platinized silicon substrates using a two-stage radio-frequency magnetron sputtering of a
ceramic target were conducted. In the first stage, amorphous films were deposited on a cold substrate,
and in the second stage, high-temperature annealing was performed, accompanied by crystallization of
the perovskite phase and the formation of a spherulitic microstructure. The aging characteristics of these
films, associated with the formation of non-uniform mechanical stresses leading to the upward diffusion
of oxygen vacancies (the Gorsky effect), were studied. Estimates were made of the diffusion rate of
oxygen vacancies, as well as their concentration, necessary for the formation of an internal field in thin
films. It was shown that a change in the crystallization (synthesis) temperature of the perovskite phase
can lead to a change in the direction of the gradient vector of non-uniform mechanical stresses and the
direction of diffusion of oxygen vacancies towards the substrate.
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Introduction

Thin ferroelectric films are finding increasing use in applied fields [1-6]. One of the
main areas of their application is microelectromechanics (MEMS), where lead zirconate
titanate (PZT) films occupy a niche of approximately 95 % [7,8]. The most effective is
the use of naturally unipolar or self-polarized films, in which the macroscopic polar
state is formed during their crystallization. Such films eliminate the need for labor-
intensive polarization procedures. Furthermore, as practice has shown, an additional
advantage is the increased stability of their polar state to external influences [9-11].
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Although the mechanisms of self-polarized state formation have been studied for
decades, there is still no consensus on their nature. Several physical causes of its
formation are considered. These mechanisms can be roughly divided into electrical and
mechanical ones. Electrical mechanisms are associated with:

1. the polarizing effect of the space charge localized at the lower interface of the
ferroelectric film [9,10], the electrochemical potential on the thin film surface (Mott
potential) [12], and ordered charged defects, in particular, oxygen vacancies [13];

2. differences in the work functions of the lower and upper film interfaces when using
different materials as electrodes [14].

Depending on the nature of their action, mechanical mechanisms are divided into
(a) tensile or compressive deformation of a thin film in the plane of the substrate, and
(b) bending deformation. In the first case, the action of tensile or compressive forces on
a thin film can be caused by a difference in the temperature coefficients of linear
expansion of the polycrystalline film and the substrate [15,16], and in the case of
epitaxial growth of a thin film, by a difference in the parameters of their crystal lattices
(misfit) [17]. However, since polycrystalline films are used in the vast majority of
practical applications, we will not consider misfit further. The difference in the
temperature coefficients of linear expansion of the film and the substrate also leads to
bending deformation of this structure, and thus to a deformation gradient.

By its nature, linear deformation (under the action of compression/expansion
forces) leads to a reorientation of the ferroelectric polarization vector in directions
either as close as possible to the normal to the substrate plane, or to its plane [16,18].
Thus, in thin PZT films deposited on a silicon substrate, the composition of which
corresponds to the region of the morphotropic phase boundary (MPB), where the
maximum values of electromechanical/piezoelectric coefficients are achieved, the
magnitude of tensile mechanical stresses can reach 100-150 MPa, which leads to a
partial reorientation of the polarization vector and, accordingly, a decrease in the
degree of unipolarity [15,16]. In this case, the deformation itself, being a scalar quantity,
cannot be the cause of macroscopic polarization, unlike bending deformation,
characterized by a deformation gradient, which is a vector quantity. According
to [19,20], such deformation leads to an asymmetric shift of atoms within a unit cell in a
multicomponent crystal lattice, the appearance of an internal field and, as a
consequence, a macroscopic polar state - an effect subsequently called flexoelectrical
one. A similar effect in thin PZT films was observed under strong bending, close to the
plastic limit of the silicon substrate (with a curvature radius of about 30 cm) and a
lattice deformation of ~ 1 % [21], which is usually not realized in real structures.

Studies conducted in recent years have shown that strong non-uniform
deformation is observed in thin films characterized by a spherulitic microstructure. The
crystalline phase of these films is formed by the growth and subsequent fusion of
individual spherulitic islands from the amorphous phase during high-temperature
annealing. In such polycrystalline formations, which are often referred to as rotational
crystals, a rotation of the crystal lattice (or growth axis) in radial directions is observed,
accompanied by bending deformation [22-28]. In this case, the integral angle of
rotation can reach tens and hundreds of degrees, and the rotation rate is hundreds of
degrees per micron and more [22-24]. Similar spherulitic formations with a radial-
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radiant microstructure are often observed in PZT thin films, and recently attempts have
been made to study the relationship between their microstructure and physical
properties [28-30]. In particular, it was shown that tensile mechanical stresses can lead
to a reorientation of the ferroelectric polarization in directions as close as possible to
the plane of the substrate, and in individual spherulitic islands the effect of radially
oriented lateral self-polarization was detected [28,29].

It is assumed that in such rotational structures, due to non-uniform deformation, a
mechanism for the formation of thickness self-polarization associated with the
directional diffusion of charged defects (the Gorsky effect) can be realized [31,32].
Positively charged oxygen vacancies can act as such point defects in PZT films; their
directional diffusion can lead to the formation of an internal field and a stable
macroscopic polar state. The aim of this work was to identify the role of oxygen
vacancies and their diffusion capacity in the formation of an internal field under
conditions of non-uniform deformation and to evaluate their contribution to the
stability internal field and of self-polarization in thin spherulitic PZT films.

Sample preparation and research methods

The PZT films were deposited on platinized silicon substrates (Pt/TiO,/Si0,/Si) using a
two-stage high-frequency magnetron sputtering method. The composition of the
sputtered ceramic target corresponded to the region of the morphotropic phase
boundary and corresponded to the elemental ratio of zirconium and titanium atoms
Zr/Ti = 54/46 [28]. To obtain a two-phase structure in the form of perovskite islands
with transverse dimensions in the range of 30-40 uym surrounded by a matrix of the
low-temperature pyrochlore phase, or a single-phase block structure, the amorphous
films deposited at a low substrate temperature were annealed at a temperature of
535-570 °C. The thickness of the PZT films was ~ 500 nm. To carry out electrophysical
measurements, platinum electrons with dimensions of 200 x 200 um? were formed on the
surface of the films.

The crystal structure and phase state of the films were monitored using X-ray
diffraction analysis (Rigaku Ultima IV). Microimages of spherulitic islands were obtained
using a scanning electron microscope (Tescan Lyra 3) equipped with an electron
backscatter diffraction (EBSD) detector. Processing of the diffraction patterns allowed
for the point-by-point generation of orientation maps of the spherulitic islands, along
with crystallographic orientation data, and the determination of lattice rotation rates.

To assess the self-polarized state, piezoelectric response force microscopy (PFM)
was used on an MFP-3D SA atomic force microscope (Asylum Research). Measurements of
the normal component of the piezoresponse were performed in contact mode by applying
an alternating voltage of 5V at 50 kHz to the cantilever. The scanned surface area was
40 x 40 ym% The dielectric properties of thin films were studied using an E7-30
immittance meter. Dielectric hysteresis loops and internal field were measured using a
modified Sawyer-Tower scheme. Measurements were performed at a frequency of 1 kHz.
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Experimental results

Figure 1 shows electron micrographs of the spherulitic microstructure observed in thin
PZT films. Crystallization of the perovskite phase in such films occurs through the
nucleation and growth of individual perovskite islands, which are nearly circular in
shape, in @ matrix of the low-temperature non-polar pyrochlore phase (Fig. 1(a)). Further
island growth leads to the formation of a polyhedral block structure (Fig. 1(b)).
Typically, the spherulitic microstructure consists of distinct regions separated by radial
rays, in which new growth centers emerge as growth proceeds. In the studied PZT films,
the diameter of individual spherulitic islands (or the linear size of the blocks) reached
several tens of micrometers. This pattern of spherulitic growth indicates so-called low-
angle non-crystalline (growth) branching.
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Fig. 1. Electron images of the spherulitic microstructure (a,b), EBSD maps (c,d) and dependence
of the rotation angle (¢) of the lattice along the marked radial directions (e,f),
the application of strong alternating fields, and long-term aging at room temperature
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It is believed that one of the microstructural features of radial-rayed spherulites is
the rotation of the growth axis (crystal lattice) around a direction perpendicular to the
radial rays. In EBSD images, this manifests itself as a smooth change in color gamut
with radial movement from the center of the spherulites to their periphery (Fig. 1(c,d)).
Figure 1(e,f) shows near-linear dependences of the lattice rotation angle (¢) along the
indicated radial directions. The rotation angle in the studied films reached 20-30°, and
the rotation rate (gradient) varied from 0.5 to 1.2 deg/pm.

In the works devoted to the study of the properties of rotational crystals, it was
noted that such non-uniform deformation of the crystal lattice is a consequence of the
action of mechanical stresses arising during the formation of the crystalline phase from
the amorphous phase during high-temperature annealing, which is accompanied by a
change in the density of the thin film [22-28]. The results of the study of dielectric
hysteresis loops and piezoelectric response presented below revealed changes in the
polar characteristics of self-polarized PZT thin films during the influence of temperature
(high-temperature annealing above the Curie).
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Fig. 2. Dielectric hysteresis loops of perovskite films at voltages of 10, 20 and 30 V, formed at a distance
from the target to the substrate of 30 mm, immediately after deposition (a,b,c) and after long-term
exposure (d,e,f)
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Figure 2 shows the dielectric hysteresis loops (P-V) of an as-prepared film (Fig. 2(a-c)
and one subjected to long-term aging (more than 4 years) (Fig. 2(d-e)) under the
application of an alternating field with an amplitude from 200 to 600 kV/cm.
The magnitude of the internal field (Ein) in the films was estimated from the shift of the
P-V loops along the abscissa axis. It is evident that in as-prepared films the value of Eix
was ~ 14 kV/cm. The application of a strong field (600 kV/cm) resulted in almost
complete symmetrization of the hysteresis loop, that is, the disappearance of the
internal field (Fig. 2(c)). A similar symmetrization of the P-V loops (even in relatively
weak fields) was also observed during annealing of the sample at temperatures close to
the Curie temperature (~ 380 °C) or higher [33,34]. Long-term aging of such samples
resulted in the appearance of strong asymmetry in the P-V loops and an increase in Ein
to ~ 23 kV/cm when an alternating field of 400 kV/cm was applied. However, no loop
symmetrization occurred in a strong field (Fig. 2(e)).

Figure 3 shows the hysteresis loops of self-polarized films after long-term aging
(Fig. 3(a)), as well as their changes after high-temperature annealing above the Curie
temperature (~400 °C) and subsequent aging. It is evident that in such films,
the internal field was maintained even in a strong field (400 kV/cm) after annealing of
the samples, although the value of Ei.: decreased significantly, Fig. 3(b). Further aging of
the samples (for ~ 107 s) at room temperature led to an increase in asymmetry, i.e., an
increase in Eir: by ~ 6 kV/cm (Fig. 3(c)).
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Fig. 3. Dielectric hysteresis loops after long-term aging (a), annealing at 400 °C (b) and subsequent aging
for 1600 h ()

The change in the value of Eix: (and, consequently, the value of natural unipolarity
or self-polarization P.r) was caused by a change in the temperature at which the
crystallization (synthesis) of the perovskite phase of thin films (Tsn) occurred. Figure 4
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shows the change in these parameters with T varying in the range of 535-550 °C. It is
evident that Pwr and Eix reach their maximum values at 540-545 °C (Fig. 4(a,b),
respectively) and then decrease sharply. We associate this behavior with the significant
role of excess lead in the thin film bulk, presented in the form of its oxide (PbO) or
dioxide (Pb0,), and a change in its content with increasing Tsn: (Fig. 4(c)). It has been
previously shown that such a change in the lead oxide content is associated with the
competition of two mechanisms of crystallization of the perovskite phase, when the
formation and growth of perovskite islands begins either from the free surface of the
thin film, which is accompanied by the extrusion of excess lead oxide towards the lower
interface, or by nucleation and growth from the lower interface of the film upwards and
the extrusion of excess lead towards the surface of the film [35].
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Fig. 4. Change in the values of self-polarization (a), internal field (b) and lead excess (in the form of the
elemental ratio of Pb/Ti atoms) (c) depending on the Tgin:

Discussion

To explain the obtained results, we will use the approach previously developed by the
authors, according to which the formation of an internal field in thin PZT films during
the crystallization of the perovskite phase is associated with the orienting action of
the field of the negative space charge localized at deep traps in the film near the film-
lower (platinum) electrode interface in the absence of the upper electrode [10]. Such
a charge state of the film is shown schematically in Fig. 5(a), where the negative
charges are electrons localized at deep traps and charged oxygen vacancies, in a first
approximation, uniformly distributed over the thickness of the ferroelectric film.
It is also assumed that the presence of excess lead oxide located at the film interfaces, in
the intercrystallite space and at the boundaries of spherulitic blocks creates conditions
for the formation of a sufficiently high concentration of oxygen vacancies [35].
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Fig. 5. Schematic representation of the distribution of positive and negative charges during the formation
of a self-polarized state in a thin ferroelectric film: (a) in a freshly prepared sample,
(b) after high-temperature annealing, (c) after aging of the self-polarized film, (d) after high-temperature
annealing of the self-polarized film, (e) after subsequent aging, (f) limiting state as a result of aging.
The magnitude and direction of the internal field (i) are indicated by arrows

Thus, the orientation of the electric field polarizing the ferroelectric is determined by
the field of the negative space charge, which is sufficient to reorient some of the
ferroelectric dipoles in the film. Figure 5(b) illustrates the process of hysteresis loop
symmetrization, which occurs due to sample depolarization following high-temperature
annealing, the depletion of deep traps, and the uniform distribution of the electron gas
across the film's thickness. A similar state is also achieved by applying a strong
alternating field.

It is assumed that the uniform distribution of charged oxygen vacancies in as-
prepared samples is associated with their low diffusion rates in the perovskite lattice
across the film thickness, and their ordering (or "ascending diffusion”) can be caused by
a mechanical stress gradient (the Gorsky effect) [32]. According to previous studies, this
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gradient is formed during the crystallization and growth of spherulitic islands due to the
difference in densities of the amorphous (or low-temperature pyrochlore) and
perovskite phases [28,30]. Calculations show that in a non-uniformly deformed lattice at
high rotation rates, the bending strain can reach fairly large values (~ 0.5-1 %) [28,30].
Figure 6 demonstrates that the mechanical stress gradient vector can be oriented either
toward the lower (Fig. 6(a)) or upper (Fig. 6(b)) film interface, depending on which (upper
or lower) film interface is near which nucleation and growth of perovskite islands occurs.
In the first case, when the crystal lattice (growth axis) rotates toward the center of
the spherulitic island, this leads to the diffusion of oxygen vacancies toward the free
surface of the film (toward lattice compression) and will contribute to an increase in the
internal field. In the second case, when the growth axis rotates away from the center and
toward the periphery of the island, the movement of vacancies will occur in the opposite
direction - toward the lower film interface, as a result of which the magnitude of
the internal field will decrease. Thus, in a mechanically inhomogeneous crystal lattice,
one can expect a noticeable diffusion of charged oxygen vacancies in the direction
where lattice compression should be observed, Fig. 7. The results obtained in this work
indicate that a variant is realized in the films in which the mechanical stress gradient
determined the direction of diffusion of oxygen vacancies toward the free surface of
the thin film (Fig. 6(a
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Fig. 6. Model of growth of spherulitic islands from the free surface of the film (a) and from the lower film-
substrate interface (b)
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Fig. 7. Schematic model of the motion of an oxygen vacancy in a perovskite lattice under conditions of
non-uniform (bending) deformation

The directed diffusion of charged oxygen vacancies during aging results in their
gradual accumulation near the upper interface of the film, which is shown in Fig. 5(c).
High-temperature annealing of the aged film results in the release of electrons from deep
traps, as a result of which the internal field decreases (Fig. 5(d)), which corresponds to
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a decrease in the hysteresis loop asymmetry (Fig. 3(b)), but maintaining a significant
internal field (~ 9 kV/cm). Subsequent aging (3 months) leads to further accumulation of
charged oxygen vacancies near the upper interface (Fig. 5(d)), an increase in the internal
field (up to ~ 15 kV/cm), Fig. 3(c). It is assumed that in the presence of a sufficient
concentration of charged oxygen vacancies, the initial value of the internal field
(~ 23 kV/cm, Fig. 3(a)) is expected to be reached in the limit with the ordering of
charged vacancies near the upper interface of the thin film (Fig. 5(e)). It should be noted
that the difference between the unipolar state in freshly prepared films and films after
their long-term aging lies in the formation of a stable macroscopic polar state caused
by the diffusion of oxygen vacancies, which is extremely difficult to destroy under the
influence of strong alternating fields and an increase in temperature.

The schematic charge redistribution shown in Fig. 8 reflects the change in excess
lead oxide with T (Fig. 4), which affects the mechanism of perovskite phase formation
(Fig. 6). An increase in excess lead oxide leads to an increase in the concentration of
oxygen vacancies, an increase in the space charge the internal field (Figs. 8(a,b)).
A subsequent decrease in lead oxide leads to a redistribution of deep traps across the film
thickness, a change in the position of the space charge, and a change in the concentration
of oxygen vacancies, which affects the magnitude of the internal field (Fig. 8(c)).
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Fig. 8. Schematic distribution of charges in a thin film during the implementation of the mechanism of
perovskite island growth from the free surface of the film: (a) with a small excess of lead oxide and a low
concentration of separated charges, (b) with an increase in excess lead oxide and charge concentration,
and (c) during the implementation of the mechanism of island growth from the lower interface of the
film. The magnitude and direction of the internal field (Ei.) are indicated by arrows

Estimates of the diffusion rate of oxygen vacancies and the internal field

To estimate the upward diffusion flux (A) of oxygen vacancies under the action of a
mechanical stress gradient, we use the equation describing the Gorsky effect [31,32]:

Iy = - viDv/(kBT)an'/aXxwv, (1)
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where Ny is the density of oxygen vacancies, Dy is their diffusion coefficient at room
temperature, ks is the Boltzmann constant, do/0x is the mechanical stress gradient (o)
across the film thickness (x), and wyv is the volume occupied by a vacancy in the
perovskite lattice. To estimate the flux, reasonable values of oxygen vacancy
concentration were used: ~ 0.01 % of the number of oxygen atoms in the octahedral
sublattice of the perovskite structure, i.e. Ny ~ 10** m>, Dy~ 5x10%° m2 s* [36], T ~ 295 K,
o~ 300 MPa at a growth axis rotation rate of ~ 0.6 deg/um, x ~ 0.5x10°¢m [10],
wy ~ 8x1073%° m3, Then the value of Iy will be ~ 6x101° m2 s,

As is well known, the flow of atoms (or vacancies) can be represented as the
product of the density of atoms (vacancies) (M) and the velocity of their movement (v),
i.e. v = Ny x u. Then the velocity of vacancies will be v = /Ny ~ 6x1012 m/s. This means
that during the aging period (e.g., 3 months or ~ 107 s), the distance that oxygen
vacancies will move will be 0.6 x 10 m or ~ 0.6 um. Thus, virtually all of the available
charged oxygen vacancies should move to the upper interface of the film.

However, judging by the experimental results, the internal field does not reach the
value measured in as-prepared films. The most likely reason for this is the lack of
charged oxygen vacancies in the thin film, caused by the fact that not all oxygen
vacancies are charged at room temperature. This is due to the relatively high activation
energies of electrons and charged vacancies (£.). At room temperature, E, is estimated
to be ~ 0.22 eV [10]. This means that only 1.3 % of the oxygen vacancies in the thin film
will be charged - Nv** = 1.3x1022 m*.

To estimate the concentration of charged oxygen vacancies that create a stable

internal field, we use the relationship between the charge density (Ao) and the internal
field strength (AEin):
AO’ -~ EEoAEint, (2)
where ¢ is the relative permittivity, which is ~ 700 at room temperature, and & is the
permittivity. Thus, an increase in Eix = 10 kV/cm requires ~2 x 10'® m* of charged oxygen
vacancies localized near the upper interface of the thin film. This means that the number
of charged oxygen vacancies located throughout the thin film (~ 0.7 x 10%), normalized
per square meter of surface area, is several times lower than the required density.

In this regard, under conditions of a deficiency of charged oxygen vacancies, the
formation of a field of ordered vacancies can occur in two stages. In the first stage,
charged vacancies present in the film bulk accumulate relatively rapidly (over a period
of ~10°-107 s) near the upper film interface due to upward diffusion. In the second
stage, the rate of increase in volume charge, which is significantly slower, will be
determined by the activation energy of electrons/charged oxygen vacancies.

Conclusions

Experimental studies were conducted to examine changes in the internal field and self-
polarization associated with the influence of the crystallization (synthesis) temperature
of submicron spherulitic PZT films and their aging under the action of non-uniform
mechanical stresses that form in the films as a result of crystallization of the perovskite
phase from the amorphous (or intermediate pyrochlore phase) during high-temperature
annealing. It was shown that the film aging process is accompanied by the directed
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diffusion of oxygen vacancies, leading to the emergence of a stable internal field.
Estimates were made of the diffusion rate of oxygen vacancies, as well as their
concentration, necessary for the formation of an internal field in thin films. It was
shown that a change in the crystallization (synthesis) temperature of the perovskite
phase can lead to a change in the direction of the gradient vector of non-uniform
mechanical stresses and the direction of diffusion of oxygen vacancies towards the
substrate. The obtained results allow us to specify the physical mechanisms of both
electrical and mechanical nature that lead to the formation of a internal field and self-
polarized state and its stability in thin PZT films.
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ABSTRACT

The propagation of the interphase boundary during the growth of the perovskite phase in a pyrochlore
matrix in thin ferroelectric lead zirconate titanate films on a silicon substrate is studied using the methods
of configurational force mechanics. A numerical solution of the boundary value problem of the growth of a
perovskite inclusion in an initially pyrochlore film is obtained in axisymmetric and three-dimensional
formulations. The growth of cylindrical, conical, and spherical inclusions is considered. The growth of single
and multiple regularly and irregularly located inclusions were studied. A comparison of the solutions to the
problem in linear-elastic and elastoplastic formulations was made. The dependence of the configurational
force on the inclusion size and on the distance from the substrate is obtained. In the modeling, the
interphase boundary rate was determined by a power-law dependence on the configurational force. Based
on the results of finite-element computations of the spatial and temporal distribution of the configurational
force and the evolution equation for the growth rate of the interphase boundary, the gradient of the growth
axis angle deviation was determined, correlating with the experimental data obtained from X-ray
diffraction analysis and scanning electron microscopy.

KEYWORDS

lead zirconate-titanate thin films e spherulitic microstructure ¢ configurational forces e stress relaxation
finite-element modeling and simulation

Funding. This work has been supported by the grant of Russian Science Foundation (grant RSF 25-11-00274).
Citation: Bakkar M, Mhemeed Dbes A, Avdonyushkin DV, Semenov AS. Configurational force distribution
during perovskite phase growth in a ferroelectric film. Materials Physics and Mechanics. 2025;53(6): 25-43.
http://dx.doi.org/10.18149/MPM.5362025_3

Introduction

Polycrystalline ferroelectric films with a perovskite structure, owing to their high
electromechanical properties, have been widely used as FeRAM memory elements [1-5],
offering high data storage density and fast operation, as well as in MEMS devices [5-7],
microwave electronics [8,9], energy storage devices [1], infrared detectors [1,2], and
optical modulators [2]. Thin-film coatings enable device miniaturization and high
performance. Modern methods for fabricating thin ferroelectric films are multi-stage
technologies based on radio-frequency magnetron deposition of amorphous films at low
temperatures and subsequent heat treatment. The pyrochlore — perovskite phase
transformation occurs during the final stage of film fabrication, during high-temperature
annealing in air at 580 °C.

One of the primary mechanisms for forming the perovskite phase in thin films
on silicon substrates is the growth of island structures (Fig. 1(a)) as spherulites [10,11].
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Fig. 1. Formation of spherulitic structures in thin films of PZT: (a) at the initial stage of growth (data from an
optical microscope, 1 - pyrochlore phase, 2 - perovskite phase), (b) at the final stage (maps of
crystallographic orientations of growth axes based on the registration of backscattered electron diffraction)

As spherulitic islands merge, a blocky spherulitic microstructure of perovskite with
linear boundaries is formed (Fig. 1(b)) [7]. In the case of the studied lead zirconate titanate
(PZT) thin films, the phase transition from the pyrochlore phase to the perovskite
structure results from a crystallization (recrystallization) process.

During the growth of a spherulite, a progressive deviation of the growth axis from
the vertical (normal to the free surface of the film) in the meridional plane is observed.
The main cause of this deviation is mechanical stresses arising in the thin film because
of a change in volume (-8 %) [12] during the phase transition. The stresses arising during
the growth process was evaluated in [12-14]. Due to the deviation of the growth axes, a
structure with local axial symmetry is formed within the spherulite, determining the film
properties at the macro level.

The relevance of studying residual stresses induced during the film production
process and characteristic microstructural parameters of spherulites (size, thickness after
shrinkage, angles of deviation of the growth axes, the presence and orientation of defects)
is associated with their significant influence on the functional characteristics of
ferroelectric films [15-17], dielectric properties [14-17] and hysteresis behavior [15-18].

One of the promising approaches to describing the kinetics of interphase boundaries
is the approach of configurational force mechanics (configurational mechanics, mechanics
in material space). The origins of configurational force mechanics go back to the work
of J.D. Eshelby in 1951 [19], where the concept of a force acting on an elastic singularity
(or defect) was introduced. It is defined as the negative gradient of the total energy
of a body relative to the position of the defect in the material (not in physical space). The
following terms were subsequently used for this force: a configurational force, a driving
force, a thermodynamic force (or affinity), a non-Newtonian force, and a material force.

The mechanics of configurational forces have been actively developing since the
1980s as a branch of solid body mechanics, providing a natural description of the
evolution of heterogeneities of various natures—from the movement of defects and crack
growth to the development of new phase regions and the propagation of chemical
reaction fronts. These processes have in common that they cannot be reduced to the
displacement of material points under the action of mechanical forces but lead to a
change in the configuration of the body due to the movement of defects and boundaries
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relative to the material points, i.e., in the material space. Various theoretical and applied
aspects of configurational mechanics can be found in [20-31].

The aim of this study is to investigate the kinetics of the pyrochlore — perovskite
interphase boundary during high-temperature annealing by analyzing the spatial
distribution of configurational forces during perovskite inclusion growth. The growth of
inclusions with various initial configurations, including cylindrical, conical, and spherical,
is considered. A solution to the problem is obtained in both linear-elastic and elastic-plastic
formulations. The latter formulation allows for indirect consideration of dislocations,
micropores, and microcracks. To evaluate the mutual influence of inclusions during growth,
a solution to the problem for multiple irreqular inclusions in a three-dimensional
formulation is considered. The results are verified by comparing the calculated gradient of
the growth axis deviation angle with experimental data.

Materials and Methods

The objects of the study were thin polycrystalline films of Pb(Zr:..Ti,)Os (PZT) [15]. The
composition of the binary solid solution (1-x)PbZrOsz-xPbTiOs corresponded to the
morphotropic phase boundary (MPB), where tetragonal and rhombohedral phases coexist
at a ratio of x(Ti/Zr) = 46/54, leading to optimal piezoelectric properties.

The PZT thin films were fabricated in a two-step process using radio-frequency
magnetron sputtering of a ceramic target. The substrate used was a <100> - oriented silicon
wafer with sequentially deposited layers of silicon dioxide (SiOz, ~ 300 nm thick) and
platinum (Pt, 80 nm thick) [12]. The resulting film thickness was 500 nm, deposited at a
temperature of 160 °C. As-deposited films were initially amorphous. Subsequent annealing
(1 h) in an air atmosphere at temperatures above 450 °C resulted in the formation of a
pyrochlore structure. The phase transformation from pyrochlore to perovskite began at
530 °C, initiating the formation of islands (perovskite inclusions). To obtain continuous
perovskite films, the annealing temperature was increased to 580 °C [10].

The average size of the resulting spherulitic blocks ranged from 10 to 40 ym. This grain
size was controlled by varying the target-to-substrate distance from 30 to 70 mm during
deposition, which correspondingly varied the substrate temperature from 90 to 160 °C.
The growth axis deviation angle was characterized using scanning electron microscopy (Lira
3 Tescan, EVO-40 Zeiss) in both backscattered electron and electron backscatter diffraction
modes, as well as by 8-26 X-ray diffraction (XRD) (Rigaku Ultima IV) [13]. The stress-strain
state computations were performed using the finite element program ANSYS 2022 R2.

Model of perovskite phase growth in a thin film

The boundary-value problem describing the growth of a perovskite inclusion within an
initially pyrochlore film on a silicon substrate was solved in axisymmetric and three-
dimensional formulations, as shown in Fig. 2. The axisymmetric formulation is less
computationally demanding and enables multivariate calculations with varying inclusion
geometries, whereas the three-dimensional formulation provides a more accurate
representation of the interactions between neighboring inclusions. In the computations,
the inclusion shape (cylindrical, conical, or spherical) and its characteristic dimensions
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Fig. 2. Geometry parameters and boundary conditions for representative volume element of PZT film in
(a) axisymmetric model, (b) 3D model. The material system consists of the perovskite inclusion 1,
the pyrochlore matrix 2 and the silicon substrate 3

were varied, (R is the inclusion radius, 2p is the distance between inclusion centers, y is
the cone angle).

During the phase transition from pyrochlore to perovskite, there is an 8 % reduction
in volume [12], which is the main source of stress in the film. The stresses are determined

by the transformation strain tensor:
14v

Str =&"1 =§71, (1)
where 1 is the unit tensor, AV is the volume reduction under the phase transition,
"= 8/3 %. Note that the transformation strain tensor has nonzero value only in the
inclusions. It is zero in the pyrochlore matrix and substrate. The constitutive equation of
thermo-elasto-chemo-plasticity within the framework of infinitesimal mechanics is
defined by the expression:

o="C:(g—&" — g — £, (2)
where @ is the stress tensor, *C is the fourth-order elastic moduli tensor, € = (Vu)Sis the

total strain tensor, &P is the plastic strain tensor defined at the active loading by relation:
1 OF

=2 .4 (3)
with F = ,/3/2dev(o):dev(c) — H(&P) is von Mises yield function, dev(c) = ¢ — gtr(c)l
is the stress deviator, H' = dH/deP is the slope of the stress-strain curve (isotropic
hardening is assumed), €7 is the temperature strain tensor:

el = adT1, 4)
here « is linear thermal expansion coefficient.

The appearance of mechanical stress slows down the advance of the interphase
boundary. In the configurational force method, the rate of advance of the interphase
boundary along the normal can be written as [14]:

Vy = Alfu"fy, ()
where Vy is the interface propagation velocity in interface normal direction, fy is the
configurational force:

fu=N-[[-b]]"N, (6)
where N is the normal vector to the interface boundary, b is Eshelby energy-momentum
tensor:

b=y1—-o0-¢, (7)
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where v is the volume density of free energy defined by expression:

P = %(s — " —gP —gl):4C: (e — " — &P — 7)) + o (T), (8)

here ,(T) is the chemical free energy density, which depends on temperature. It is
assumed that the jumps [e*] # 0 and [1),] # 0 in the phase transformation.

The non-uniform configurational force distribution along the film thickness leads to
different interface propagation velocities depending on the vertical coordinate z.
This leads to the tilting of the initially vertical boundary (for linear dependencies Vy(2))
and the curvature of the initially straight boundary (for nonlinear dependencies Vy(2)).
The orientation of the interphase boundary determines the orientation of the growth axis
of the formed perovskite.

The main feature of the spherulite ferroelectric structure is the near to linear
dependence of the rotation angle § of the growth axis on the coordinate along the radius
of the spherulite. Assuming that the rotation is caused by the action of configurational
forces, we can obtain an expression for the gradient of the growth axis angle [14]:

9B _ 052 (B 2L
5, = c0s“(B) 797 9)
The dependences pf(r,z=h) for various spherulites were measured

experimentally [10] based on X-ray diffraction analysis and scanning electron microscopy
methods. With linear changing g from r the value of % is constant and can be used for
validation of the model.

Results and Discussion

The purpose of the computations was to determine the stress distribution, and the
associated configurational forces near the interphase boundary. Three types of inclusions
were considered: cylindrical, conical, and spherical. The multi-variant finite element
computations were performed for regular and non-regular inclusion systems with
different sizes of perovskite inclusions. The material parameters [12] used in the solution
process are given in Table 1.

Table 1. The material parameters used in the computations

E, MPa % a, 1/°C 092, MPa
Perovskite 70 000 0.3 9.0-10° 500
Pyrochlore 70 000 0.3 9.3-10°¢ -
Silicon substrate 109 000 0.3 4.2-10°¢

The rate of radial change in the deviation angle of the growth axis is determined
for the jump value [¥,] equalto 650 MJ/m?. The data on the change in enthalpy from [32]
for La,Ti,0O; served as a guideline for setting this value.

Axisymmetric model

Cylindrical inclusion. The cylindrical representative volume element with the radius equal
to half the distance between the centers of inclusions (p=10h =5 pm) is used for an
axisymmetric formulation of the problem. To describe the evolution of the perovskite
inclusion growth process, its radius R varied in the range from h to 10h with a step of h.
The film thickness h was 0.5 um, and the substrate thickness H in the model was 5 pm.
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The significant excess of the actual substrate thickness relative to the model was taken
into account by the fixed boundary condition on the bottom surface.

The boundary value problem was solved using the ANSYS APDL software package. The
finite element mesh (Fig. 3) included maximum 200 elements through the film thickness and
a total of 160 000 elements. A quadratic quadrilateral element formulation was used.

4 S S

Fig. 3. Axisymmetric finite-element model of a cylindrical inclusion growth on a substrate

Configurational force was calculated using a component-wise stress formulation
expressed in cylindrical coordinates:
" 1
fn = 0" — 2E [[O-qzxp + O-ZZZ - Zvo-tptpo-zz]] + fo, (10)
where f, = [Y,]. To easily compare different formulations, only the stress-dependent
part of configurational force is considered below, without f;.
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Fig. 4. Dependences of stress tensor components o, G-, Opp, ;- [MPa] on the distance from
the substrate (vertical coordinate z) for the inclusion radius R equal 5h in the model of
cylindrical growth of perovskite phase. Distance between inclusion centers 2p = 20h

This boundary value problem was solved in elastic and elastoplastic formulations.
Elastic solution. The dependences of stress tensor components 6, 0z, opp and ;- on the
distance from the substrate (vertical coordinate z) for the inclusion radius R equal 5h are
presented in Fig. 4. The distributions of stress components have a close to linear character
over a significant part of the film thickness. Local deviations are observed only on the
free surface and near the substrate.
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The stress components o, and ;- are continuous at the vertical interphase
boundary. The stress components oz: and oy undergo a discontinuity (a jump) at the
interphase boundary. Figure 4 shows the stress values both to the left of the boundary (in
perovskite) and to the right of the boundary (in pyrochlore). Because of the high stress
values at the interphase boundary, the circumferential oy, and radial stress o
components are the most critical. They are likely to be the main cause of the radial and
ring cracks observed in the spherulitic structure.

The evolution of radial stress o;- and the configurational force fy distributions with
increasing inclusion radius R is shown in Fig. 5. With an increase in the radius of the
inclusion R, the radial stress o;- change from a decreasing dependence on the distance
from the substrate z for R/h=1 to a monotonically increasing dependence for R/h 22
(see Fig. 5(a)). Conversely, the configurational force increases steadily from O to R/h2 8§,
then starts decreasing at R/h=9 as z grows (see Fig. 5(b)).
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Fig. 5. Dependences of (a) the radial stress component o,.- [MPa] and (b) the configurational force fy on
the distance from the substrate (vertical coordinate z) for various ratios of the nucleation radius to the film
thickness R/h, in a model of cylindrical growth of perovskite phase. Distance between inclusions 2p = 20h

For cylindrical inclusions, the monotonically increasing configurational force fy(2)
(Fig. 5(b)) leads in according with Eq. (5) to a progressive deviation of both the interphase
boundary and the growth axis from the vertical with the increasing inclusion radius R.
The initially cylindrical inclusion will gradually transform with increasing R, into a
truncated conical inclusion with a larger radius on the free surface and a smaller radius
on the substrate. It should also be noted that there is a surface layer in which the behavior
of the angle differs slightly from that of the main part of the film. Growth angle deviation
rate according to Eq. (9), with n=0.32 and z = h/2 equals 1.1 deg/um, which corresponds
to the order of magnitude observed in experiments ~0.5+1.4 deg/um [10-14].

Elastoplastic solution. The elastoplastic formulation allows us to take into account
qualitatively the elastic stress relaxation and the appearance of dislocations, micropores,
and microcracks observed in experiments. To account for plastic deformation in
perovskites, a basic isotropic hardening model based on the plastic flow theory is applied.
The hardening modulus was taken to be one hundredth of the Young’s modulus.
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The resulting stresses and configurational forces for the case of an inclusion radius
equal to 5h in the elastic-plastic formulation are presented in Fig. 6(a) and Fig. 6(b),
respectively. The dependency of the configurational force fy(2z) is significantly modified
by plastic deformation in perovskite. Due to plastic deformations, the stress in perovskite
decreases, which leads to a significant increase in configurational forces.
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Fig. 6. Dependence of (a) the radial stress component o,- [MPa] and (b) the configurational force fy

on the distance from the substrate (vertical coordinate z) for various ratios of the nucleation radius

to the film thickness R/h in the model of cylindrical growth of perovskite phase. Distance between
inclusion centers 2p = 20h

Unlike the elastic solution, the monotonicity of the configurational force across the
film thickness does not depend on the radial coordinate. This feature ensures a monotonic
increase in the angle of rotation of the growth anisotropy (Fig. 7). Growth angle rotation
rate according to Eq. (9), with n=0.07 and z = h/2 equals 0.8 deg/um, which corresponds
to the order of magnitude observed in experiments ~0.5 + 1.4 deg/pm.
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Fig. 7. Rotation angles along spherulite radius
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Within the elastoplastic formulation, a distinct linear segment in the evolution of
the anisotropy rotation angle is observed. In contrast, the purely elastic formulation
reproduces only the order of magnitude of the effect, while failing to capture its
qualitative behavior observed experimentally [14].

Conic inclusion. To simulate the growth process, a series of calculations was
performed in which the cone solution angle varied from -30° to 30° in steps of 10°, and
the radius of the lower base of the cone ranged from 1 to 9 units in steps of 2. A similar
set of boundary conditions was analyzed for a cylindrical inclusion.

VA - 7/

Fig. 8. Axisymmetric finite-element model of a conic inclusion growth on a substrate

The expression below is used to calculate the configurational forces for a conical
inclusion, similar to Eq. (10):
fu = oyne* — % [[a(f,(p + of — ZVO'(p(pO'LL]] + fo, (11)
where f; = [Y,l, oyn is the normal stress to the conical interphase surface, g;; is the
stress component along the cone generatrix.

The dependence of the configurational force on the radial coordinate in the case of
a conical model does not differ qualitatively from the cylindrical inclusion model (see
Fig. 9(b)). However, the size of the boundary region in which the behavior deviates
significantly from linearity increases compared with the case of a cylindrical inclusion.
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Fig. 9. Comparison of the configurational forces fyat different (a) cone angles R/h =5 and (b) ratios
of inclusion radius to the film thickness R/h (cone angle 20°) in the model of conic growth of
perovskite phase. Distance between inclusion centers 2p = 20h
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When the cone solution angle varies, the monotonicity of the configurational force
distribution also changes. For positive angles, the interphase boundary velocity
calculated using Eq. (5) is higher near the lower base of the cone. For negative angles,
the maximum values are observed near the upper base. The dependence of the
configurational force on the angle of the cone shows that the configurational forces tend
to bring the inclusion to a near to cylindrical state (Fig. 9(a)).

Spherical inclusion. Two locations of the spherical inclusion were considered: on
the free surface of the film and on the substrate (Fig. 10). The radii of spherical inclusions
were considered equal to h/3. Boundary conditions similar to those in the cylindrical
inclusion problem were used.

AN

/ / / / / / Vd V4 Va4
@) (b)

Fig. 10. Axisymmetric finite-element model of the growth of a spherical inclusion with a center
on (a) the film free surface, (b) the substrate

From the dependence of the configuration force (Fig. 11), it can be seen that in a
spherical inclusion on a substrate, growth in the direction of the film thickness prevails,
while on the film surface, the inclusion grows in the radial direction. At large radius, the
curvature of interphase boundary decreased, and the model of a spherical inclusion
reduces to a conical inclusion.
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Fig. 11. Configurational forces for a spherical inclusion. The distance is measured from the lowest point
of inclusion. Inclusion radius is equal to h/3
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Three-dimensional model

Single cylindrical inclusion. A three-dimensional model was used to assess the interaction
of nearby cylindrical perovskite inclusions on stress fields and configurational forces. The
three-dimensional model has the same geometry and boundary conditions with the prior
axisymmetric case (see Section “Axisymmetric model”). The first model corresponds to a
single symmetrical perovskite inclusion (see Fig. 12) with a cylinder radius R varied from
0.5 to 4.5 um, a film thickness h of 0.5 um, and a substrate thickness of 5 um. The radius
of the cylinder was then increased incrementally in order to simulate the development of
the perovskite phase. This case corresponds to the regular (periodic) inclusion system.

0,004 {rarm) 0.004 {rmirm)

0.002 0.002

@) (b)

0.002 0.002

(© (d)

Fig. 12. 3D models of the cylindrical perovskite inclusion growth on a substrate:
(@) R/h=1, (b) R’/h=5, (c) R/h=7, (d) R/h=9. Distance between inclusion centers 2p = 20h

The second model corresponds to the non-regular inclusion system with a more
realistic scenario for the growth of perovskite inclusions in a pyrochlore matrix (Fig. 1(a)).
The study focused on six adjacent perovskite inclusions. A key feature of the experiment
was that the centers of these inclusions were positioned at varying distances from one



36 M. Bakkar, A. Mhemeed Dbes, D.V. Avdonyushkin, A.S. Semenov

another. The considered model with an irregular (non-periodic) arrangement of inclusions
allows for a more detailed study of the effects of interaction between inclusions, paying
particular attention to such parameters as stress and configuration force.

Under identical boundary conditions, the differences in the radial, circumferential,
and vertical stress values for the three-dimensional and two-dimensional axisymmetric
models were 2, 9.7, and 2.7 %, respectively (compare Figs. 4 and 13) in elastic solutions,
for an inclusion radius R/h =5. Similar to the two-dimensional model, the maximum
stress jump between the perovskite and pyrochlore phases was found to be the jump in
vertical and circumferential stress.
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Fig. 13. Dependences of the stress tensor components a,,, 0,;, 04, 0y, [MPaJon the distance from the
substrate (vertical coordinate z) for the inclusion size R/h = 5h in the 3D model of cylindrical growth of
the perovskite phase. The distance between inclusion centers is 2p = 20h

A comparison of the configurational forces in the three-dimensional and two-
dimensional axisymmetric models revealed differences in the results only for inclusion
radii R exceeding 0.90 of the half-distance between inclusions p. At smaller radii, the
inclusions do not interact with each other. The results indicate that the maximum
discrepancy in configuration forces between the two models in this case is 8 % (Fig. 14).
This result demonstrates the potential of using a highly accurate two-dimensional
symmetric model to reduce the computational costs associated with calculating
configuration forces.

In order to comparison between three-dimensional models and a two-dimensional
symmetric model with respect to configuration force, it was necessary to choose an
inclusion radius that was nine times greater than the film height. This approach enabled
the selection of the influence of inclusions on each other. In the case of small radii,
inclusions do not affect each other. The findings indicate that the maximum disparity in
configuration forces between the two models is 8 % in the studied case (Fig. 14). This
result indicates the possibility of using a two-dimensional axisymmetric model to reduce
the computational costs associated with calculating configuration forces.
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Fig. 14. Comparison of the two-dimensional symmetric with the 3D solution for the configuration
force fy for R/h=5 and R/h=9. The distance between inclusion centers is 2p = 20h

Multiple cylindrical inclusions. A three-dimensional simulation is considered using
a representative configuration of six inclusions, the spatial arrangement of which was
obtained from available literature (see Fig. 1). Within the three-dimensional model, the
influence of inclusion distribution on both the stress-strain state and the configurational
force was investigated. Changes in the distances between inclusions at successive growth
stages were examined according to the attainment of radii of 2.5, 5, 7.5, and 10 um.
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Fig. 15. Growth models of the perovskite phase in a film with a distribution of stress intensity
fields according to Mises: (a) for cylindrical inclusions with a radius of 2.5 ym, (b) 5 ym,
(€) 7.5 ym, and (d) 10 pm
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The evolution of the von Mises stress intensity fields during the growth of six
cylindrical inclusions is shown in Fig. 15. As the radius of the perovskite inclusion increases,
the von Mises stress intensity increases simultaneously. This process continues until the
intersection of two inclusions, where stress concentrators are formed (Fig. 15(c,d).

To determine the extent to which the distance between perovskite phase inclusions
influences the configurational force, two stages of perovskite growth development were
considered. At these stages, the radiuses of the cylindrical inclusion were R; = 2.5 pm and
R, =10 um. Two paths were defined for the study the degree of influence when the
distance between the inclusion centers was L; =25.7 uym and L; = 34.4 uym. Consider
points A, A;, B:1 and B,, which are defined as shown in Fig. 16. Point A; is located at
the boundary of the perovskite and pyrochlore phases on the L; trajectory, when
the perovskite phase develops for the R: cylinder radius. Point A; is located at the
boundary of the perovskite and pyrochlore phases on the L, trajectory, when the
perovskite phase develops within the R; cylinder radius. Point B: is located at the
boundary between the perovskite and pyrochlore phases along trajectory L;, when the
perovskite phase develops within the radius of cylinder R,. Point B, is located at the
boundary between the perovskite and pyrochlore phases along trajectory L,, when the
perovskite phase develops within the radius of cylinder R,.

Fig. 16. Geometry parameters for representative volume element of PZT film for multiple cylindrical
inclusions. 1 - perovskite inclusions, 2 - pyrochlore matrix

The study demonstrated that the configuration force is related to two geometric
parameters: the first is the distance between the centers of the perovskite inclusions 2p,
and the second is the radius of the perovskite inclusion R. The configuration force
increase with decreasing perovskite inclusion radius and with decreasing distance
between the centers of the perovskite inclusions.

The greatest configurational force was observed at point A; (Fig. 17(b)), which was
located at the interphase boundary at the smaller radius and on the first path L;. The next
largest configurational force, which was 50 % lower, was at point Bi. The next largest
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Fig. 17. Dependencies of (a) the radial stress a,,- [MPa] vs the distance from the spherulite center and
(b) the configurational force fy vs the distance to the substrate (vertical coordinate z) at different ratios
of the inclusion radius to the film thickness R/h in the 3D model of growth of 6 perovskite inclusions

configuration force, which was 16 % lower, was at point B,. The configurational force,
amounting to 7 % less, was observed at point A,. It has been observed that configurational
force in point B, exhibits a greater magnitude than in point A,. This is explained by the
influence of the perovskite inclusion, located at the other end of path Li, on the
configurational force.

The radial distributions of radial stresses o,, along two different orthogonal
directions L; and L, differ very little (Fig. 17(a)). It is evident that as one moves away from
the center of the spherulite, the radial stresses decrease.

Comparison of growth axis deviation angles for different deformation
mechanisms and with experimental data

The rotation of the crystal-lattice growth axis in growing spherulitic islands, as well as in
the resulting spherulitic block structure observed in experiments on PZT films [10-14], is
a consequence of the significant mechanical stresses induced by changes in film density
during crystallization of the perovskite phase. The growth axes exhibit axial symmetry and
are oriented radially from the center of each spherulitic island toward its periphery.

9B

The growth axis rotation rate > measured in experiments using XRD analysis and

scanning electron microscopy methods, lies in range of ~ 0.5+1.4 deg/um [10-14].
The rotation rate calculated from Eq. (7) withn =0.32 and z=h/ 2, is equal 0.4 deg/um
for axisymmetric elastic formulation (see section “Elastoplastic solution”) and 0.8 deg/um
for axisymmetric elastoplastic formulation (see section “Plastic solution”). These results
are consistent to the order of magnitude observed in the experiments.

However, in addition to the mechanism of growth-axis rotation caused by the
nonuniform distribution of configurational forces along the film thickness during the
pyrochlore — perovskite phase transition, which was discussed in detail above,
alternative mechanisms of film deformation are also possible. These include deviations
of the perovskite growth axes due to:

1. bending of a multilayer plate (taking into account the compliance of the substrate) due
to nonuniform initiated by the pyrochlore — perovskite phase transition [14];
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2. bending of a multilayer plate due to polarization associated with the paraelectric —
ferroelectric phase transform [33];
3. bending of a multilayer plate during cooling from 580 to 21 °C due to mismatches in
coefficients of thermal expansion [34].

Growth axis rotation rate (bending plate curvature) for the first deformation
mechanism was performed with assuming constant transformational deformation within
the film based on Egs. (18) from [14]:

EPZTh( ﬁ)
o _ &* 6 Egi H tH
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122 2432 )+
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where for double-layered plate £; = —, in the film /= PZT (0 < z < h), in the substate

i=Si(—H < z<0), 7P = —0.0267.

Equation (12) can also be used for calculating the rotation growth rate (plate
curvature) for the second deformation mechanism, which arises from polarization associated
with the paraelectric — ferroelectric phase transformation with £*7°"¢ = 0.0073 [35]
([36-38] provide data ranging from 0.0020 to 0.0191).

Equation (12) for calculating the rotation growth rate for the third deformation
mechanism, which arises during cooling from 580 to 21 °C due to mismatches in

coefficients of thermal expansion, has the form:
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In the rotation growth axis rate calculations according to Egs. (10) and (11) the
following parameter values were used Ep,r=70 GPa, Esi=109 GPa, ap,;=9.0-10°1/K,
ag;=2.510%1/K, h=500 nm, H=5 pm, *77~7¢ = —0.0267, £*7*~F¢ = 0.0073, AT =559K.
Calculations were performed assuming constant transformation deformation and thermal

deformation in the film.
Comparison of the growth axis rotation rate caused by various deformation
mechanisms is shown in Fig. 17. It can be seen that the dominant contribution arises from
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Fig. 18. Comparison of the growth axis rotation rate caused by various deformation mechanisms
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nonuniform distribution of configurational forces along film thickness. The rotational
rates resulting from plate bending due to nonuniform stress distribution, associated with
pyrochlore — perovskite phase transition [14], bending due polarization associated with
paraelectric — ferroelectric phase transition [33], bending during cooling due to
mismatches in coefficients of thermal expansion are significantly smaller. Calculations
were performed assuming the substate thickness equal 10 thickness of the film. As the
substrate thickness increases and the film thickness decreases, the influence of the three
deformation mechanisms under consideration will decrease.

Conclusion

The results of the interphase boundary propagation during the growth of the perovskite
phase within a pyrochlore matrix in thin PZT films, carried out using configurational-force
mechanics, are presented. The nonuniform distribution of configurational forces along
the film thickness leads to a dependence of the interphase-boundary propagation velocity
on the vertical coordinate. This, in turn, causes a progressive tilt and curvature of the
interphase boundary away from the center of the spherulite, thereby determining the
orientation of the growth axis of the emerging perovskite phase.

The growth of cylindrical, conical, and spherical inclusions was analyzed. For
cylindrical inclusions, the dependence of the configurational force on distance from
substate is nearly linear (monotonically increasing with distance from the substrate),
which leads to a progressive deviation of both the interphase boundary and the growth
axis from the vertical as the distance from the spherulite center increases. For conical
inclusions with small cone angles, the configurational-force distribution along the height
is monotonically increasing, whereas for large cone angles it becomes monotonically
decreasing. This behavior indicates the existence of a characteristic slope toward which
the growth axis asymptotically tends as the interphase boundary propagates. In spherical
inclusions, more intensive growth in the vertical direction is observed near the substrate,
while on the free surface growth in the radial direction dominates. At large radius, the
model of a spherical inclusion reduces to a conical inclusion.

A comparison of the solutions obtained using linear elastic and elastic-plastic
formulations showed that the latter yields lower values of configurational forces. The
elastic-plastic formulation indirectly accounts for the presence of dislocations,
micropores, and microcracks. Solving the problem within an elastic-plastic framework
also demonstrated the possibility of a linear increase of the growth axis rotation angle,
consistent with experimental observations.

A comparison of the numerical solutions obtained in axisymmetric and three-
dimensional settings for an elementary representative volume (regular inclusions)
demonstrated good agreement, with differences of less than 10 %.

The results of a comparison between the growth of single inclusions and multiple
inclusions arranged regularly or irregularly are presented. The same radial distribution
pattern (axial symmetry) is observed on the free surface of the film for different angles
within an inclusion (a growing spherulite) surrounded by neighboring inclusions located
at various distances.
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The dominant influence on the growth axis rotation angle is exerted by the non-
uniform distribution of the configurational force along the film thickness during the
pyrochlore — perovskite phase transition. The rotation associated with plate bending
caused by stress inhomogeneities initiated by the pyrochlore — perovskite phase
transition, polarization during the paraelectric — ferroelectric phase transition, and due
to differences in the thermal expansion coefficients of individual layers are much smaller
(at least six times lower). This indicates that the distribution of configurational forces
across the film thickness is the primary mechanism determining the orientation of the
growth axis. The predicted rate of growth-axis deviation as a function of the distance
from the spherulite center, obtained using this approach, correlates well with
experimental data from X-ray diffraction analysis and scanning electron microscopy.
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ABSTRACT

The first attempts of scientifically based analysis of grinding process belong to Rittinger and Kik. Results
of theoretical and laboratory studies aimed to obtain finely dispersed graphite for manufacture of
technological lubricants are presented. Modern very labor-intensive technology for grinding graphite is
shown and its shortcomings are indicated. Theoretical analysis of possibility of changing graphite by
progressive method of oxidative milling of graphite with help of hydrogen peroxide is given. Original
method of laboratory research on oxidative grinding of graphite has been developed. Presented results of
laboratory studies fully confirmed theoretical calculations that makes it possible to simplify process of
obtaining colloidal graphite for technological lubricants. This eliminates operation of washing colloidal
graphite from decomposition products of chromium mixture and sulfuric acid which takes place in
manufacture of OGV lubricant.
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Introduction

Graphite lubricants have become firmly established in practice of forging and stamping
over past 20-30 years [1-3]. Main dispersion medium for them is water [4-6]. Degree of
graphite grinding varies depending on severity of metal deformation conditions and it is
in range of 1-30 um [7-10]. Colloidal graphite in form of single dispersion has proven
itself especially well for hot stamping [10-12]. Colloidal state is characterized by particle
size of dispersed phase of less than 1 ym. Process of obtaining colloidal graphite is very
laborious [13-15]. It should be noted that dispersion of graphite in water is mainly
discussed when it is talked about modern lubricants used in stamping [16]. Gaseous
products of oxidation which are formed in quantities (that are harmless to worker) are
ideally meet requirements for lubrication of dies. Durability of die increases at least twice
compared to its durability when lubricated with oils. There have been many publications
on this topic since that time. Interest in grinding has especially increased due to sharp
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expansion of production and consumption of powders and new technological possibilities
for increasing their fineness [17-19].

Simple mechanical grinding of graphite does not lead to production of highly
dispersed graphite. An obstacle is its ability to reverse process that is aggregation [20-22].
From our point of view, it is also necessary to chemically treat surface of particles in order
to create polar groups of basic and acidic nature on them when crushing graphite.
According to our observations, graphite (although quite strongly crushed by swelling
(bulk density of 10 g/L) has an inert surface and therefore is not even wetted by water. It
was enough to treat expanded graphite in acidic medium at pH =10 with hydrogen
peroxide for 10 h in cold environment so that graphite acquired hydrophilic character and
ability to form stable aqueous suspension at 5 % concentration. Even better effect is
obtained by oxidizing expanded graphite with chromium mixture.

Water-graphite lubricant OGV (‘aquadag’ type) is oxidized and crushed graphite with
particle size of 1-2 um in the form of 16-20 % aqueous suspension. Oxidation is carried
out by strong oxidizing agent that is potassium bichromate in concentrated sulfuric acid.
Aqueous graphite is stabilized with ammonia to pH =10-11 and it is dispensed as
finished lubricant after laborious operation of washing graphite from chromium salts and
sulfuric acid. It is obvious that such lubricant can be practically ashless.

It must be assumed that surface of graphite particles in this case is dotted with
carboxyl groups that is COONY. which can strongly decompose into ions:
COONY; — COO- + NH4*, while negative charge remains on graphite particles value of
which depends on depth of grinding and oxidation. Presence of negative charge on
sufficiently small colloidal particles imparts stability of dispersion without additional
stabilizer.

High lubricating properties of colloidal graphite are probably also associated with
presence of polar groups on particle surface. Thanks to these groups, graphite acquires
@ ability to adsorb and even to chemically interact with the thinnest oxide film which is
always present on surface of metal stamp [15,16,23]. Thus, graphite covers surface of
stamp with even film that is well retained by chemisorption forces. The film is certainly
destroyed when hot object touches this surface but graphite performs its separating
function between metal and tool [24-27]. Moreover, graphite contributes to creation of
gas cushion which enhances lubricating effect thanks to oxidizing due to oxygen of oxide
film of workpiece [28-30].

Materials and Methods
Oxidative grinding of graphite using hydrogen peroxide

It has already been noted that oxidation and grinding of graphite during production of
OGV lubricant is very laborious operation accompanied by production of toxic washing
water when graphite is washed from chromium salts. Therefore, it is desirable to find out
possibility of fine grinding of graphite in presence of “pure” oxidizing agent such as
hydrogen peroxide or ozone. In case of positive result, it can be possible to get rid of
washing operation and obtain finished products at the final stage by simply neutralizing
crushed mass with ammonia.
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Oxidizing ability of hydrogen peroxide, like any other oxidizing agent, is determined
by normal potential ¢°. Hydrogen peroxide accepts electrons from reducing agent
(in acidic environment) according to equation: H,0; + 2H*+ 2e = 2H,0 where ¢° = 1.77.
Its oxidizing ability is lower in alkaline environment. Real potential can be kept equal to
1.77 by creating concentration of hydrogen ions equal to 1 g/L and concentration of
peroxide equal to 1 mol/L, i.e. approximately 3-3.5 - 100 % solution. It was decided to
carry out experiments on oxidative grinding at room temperature because grinding of
graphite proceeds at ordinary temperature.

But what will be rate of oxidation reaction under these conditions? It will probably
be close to zero. Where activation energy can be got from? There is only one hope left
that is on active areas of graphite particles which are formed at moment of breaking
bonds during crushing of larger particles.

Laboratory experiment on oxidative grinding of graphite was set up as follows.
Metal rod 10 mm in diameter and 75 mm long was placed in glass conical flask with flat
bottom. This rod with weight equal to 46 g was sealed inside glass tube. 40 g of graphite
grade GS-1 by GOST 7022-76, 400 ml of distilled water, 4 g of concentrated phosphoric
acid, and 5 ml of 33 % hydrogen peroxide were loaded into the flask. pH of aqueous pulp
turned out to be equal to 1.6-1.7. The flask was placed on magnetic mixer and the rod
was rotated at about 300 rpm. Grinding of graphite was carried out by friction of glass on
glass. 5 ml of hydrogen peroxide was added to the flask every day. And thus, the mixer
totally worked for 82 h. Sample was taken twice to determine nature of oxidation during
oxidative grinding. The first sample was taken after 12 h of oxidation, the second one
was taken after 65 h.

The sample was taken in the following way. The mixer was turned off, contents
were allowed to stand for 5 min and upper dark layer was poured into a beaker. Contents
of the beaker were allowed to settle overnight (18-20 h) and in the morning clear liquid
returned to the grinding flask again. Precipitate of fine graphite in the beaker was
thoroughly washed by centrifuge and test tubes until neutral reaction on universal
indicator paper. The neutral sample was subjected to determination of oxidation nature.

Determination of nature of graphite oxidation

Moving equilibrium between solid phase and electrolyte solution was used to determine

sign of charge of functional group of surface carbon atoms. If surface belong to hydroxyl

groups and surface of particles has sign “+” then pH of aqueous phase shifts towards its

increase when sodium chloride is added to graphite mixture:

RrgOH + Na* + Cl~ & RCl+ Na*™ + OH". 1)
When there are carboxyl groups on surface of graphite particles it results in pH of

aqueous phase shifts to the lower side:

Ry — COOH + Na* + Cl”" & R—COONa+H* +Cl". (2)
Thus, shift of pH value when sodium chloride solution is added to graphite

suspension indicates nature of graphite oxidation.
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Determination of pH shift of graphite suspension

After carefully washing out about 20 ml of graphite pulp its pH was determined on pH
meter. pH of 5 % sodium chloride solution was determined in separate beaker. Then
2-3 ml of sodium chloride solution was poured into a cup with graphite pulp and pH
meter electrodes lowered into it and pH of which was controlled. Pulp pH shift was noted.
Experiments carried out with the first sample of graphite taken after 12 hours of oxidative
milling showed upward shift of pH. Data is given in Table 1.

Table 1. Upward pH changes

pH graphite pulp 7.3
pH of NaCl solution 7.1
pH of pulp mixture and NaCl 8.2-8.4-8.5

Slowly (within 2 min) pH of solution increased while contents were mixed by gently
shaking the glass. Experiments carried out with the second sample of graphite (taken
after 65 h of oxidation and grinding) showed opposite picture where pH shift was
obtained to a lower side. Results of experiment are given in Table 2.

Table 2. pH changes downward

pH graphite pulp 4.4
pH of NaCl solution 475
pH of pulp mixture and NaCl 3.8-3.7-3.6

It results in over time depth increase of graphite oxidation and surface carbocation
atoms of graphite are transformed into carbanion ones. Presence of positive charge at
nodal carbon atoms can be assumed due to benzene structure of six-membered graphite
rings where carbon is in SP? hybridization.

Conjugation of P-electrons in benzene rings leads to their “contraction” to the
center of the ring and, thus, electron density on nodal atoms that are common to two
rings is depleted. Further oxidation leads to formation of carboxyl groups and graphite is
converted into a cation-exchange substance. Schematically, this can be represented by
following fragments in Fig. 1.

coO~ +H'

coo- '

Fig. 1. Cation-exchange formation scheme
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Determination of cation-exchange capacity of oxidizen graphite

Cation-exchange capacity was determined by method for determining capacity of ion
exchange resins. Sample of graphite taken after 82 h of oxidative grinding (with weight
equal to 1.212 g and pulp volume equal to 30 ml) was washed with hydrochloric acid and
then with water until pH = 4.7. pH was measured in 5 % NaCl solution. It was equal to
4.5. Preliminarily, readings of pH meter were checked against standard buffer solution
with pH = 6.86.

10 ml of sodium chloride was added to a cup with graphite pulp and lowered
electrodes of pH meter. pH changed from 4.7 to 3.46 within 2 minutes. 0.100 N sodium
hydroxide solution was added dropwise from the buret to the pulp. Results of titration
are presented in Table 3.

Table 3. Results of titration

No VNaOH, ml pH
1 0 3.46
2 0.2 4.0
3 0.3 4.4
4 0.4 5.0
5 0.5 5.8
6 0.6 6.8
7 0.7 7.4

Equivalent volume was taken to be equal to 0.5 ml. Pulp was washed twice with
water, evaporated and dried in weighed beaker to determine mass of taken graphite.
As a result, mass of graphite was equal to 1.212 g. Cation-exchange capacity of graphite
Q was calculated by equation:

Q= w = 0.041 mg-equal/g, (3)
where Viaon is volume of caustic soda used for titration, Ny.on is normality of sodium
hydroxide solution, m is mass of graphite.

Results of experiments convincingly indicate effect of oxidative grinding on quality
of resulting material. Cation-exchange graphite with a clearly defined capacity is
obtained as a result of oxidative grinding.

Results and Discussion
Calculations of state of oxidized graphite particles size and its maximum cation-exchange capacity

Main assumption. Maximum cation-exchange capacity will be if all corner and edge
carbon atoms in graphite microcrystals contain carboxyl groups. One plane of graphite
flake with scale of 1 A: 1 cm can be taken. Carboxyl groups on extreme carbon atoms can
be placed in Fig. 2:

1. Number of carboxyl groups is equal to number of units consisting of 4 C atoms along
length of flake.

2. Along width, number of carboxyl groups is equal to twice number of units of 6 C atoms.
3. There are no carboxyl groups on the upper face of the flake.
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Fig. 2. Carboxyl groups Fig. 3. Dimensions of six-membered ring of carbon
atoms in graphite
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Fig. 4. Carboxyl groups Fig. 5. Dimensions of six-membered ring of

carbon atoms in graphite

Dimensions of six-membered ring of carbon atoms in graphite (Fig. 3) can be set to:
length of C-C bond is 1.42 A, width of six-membered ring is 2.46 A. Distance between
six-membered rings is 4.26 A (Fig. 4). Fragment of graphite flake (Fig.5) can be
considered. Distance between planes in graphite is 3.55 A. Calculations of ratio between
carbon atoms and limiting number of carboxyl groups are described below.

The first case. Particle size is 0.1 pm that is equal to 1000 A. Particle view can be
set as cube for simplicity.

1. Number of links along the length = 1000 + 2.46 = 406.
2. Number of links in width = 1000 + 4.26 = 234,
3. Number of planes = 1000 + 3.55 = 2.81.
4. Number of carbon atoms in plane: 406-234-6 = 5.7-10°.
5. Number of carbon atoms in cube: 5.7-10°-281 = 1.6-108,
6. Mass of atoms is 1.6-10% 12 = 1.92-10° amu.
Number of carboxyl groups:
1. Number of carboxyl groups in face along length and height is 406-281 = 114086.
2. Number of carboxyl groups in face along width and height is 234-281-2 = 131508.
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3. The total number of carboxyl groups is 114086-2 + 131508-2 = 491188.
4. Their mass is 491188-45 = 2.2-107 amu.
5. Cube weight is 1.92-10° + 2.2-107 = 1.94-10° amu.

It means that in 1.94-10° g of graphite there are 2.2-107 g of carboxyl groups. Carboxyl
group equivalent is 45. Amount 2.2-107 can be converted into number of r-equivalents:
2.2:107 + 45 =4.9-10%. It is equal to 4.9-102 mg-equal. Proportion can be solved:

. 8
Q=X= % = 0.25 mg-equal/g. 4)

Similarly, for particle with size of 1 um it can be got equal to 0.025 mg-equal.

The second case. Particle 2 um long, 1 ym wide and 0.5 um high can be taken.
Cation-exchange capacity of 0.02 mg-equal/g can be obtained by repeating calculations.
Calculation results for graphite particles of various sizes are summarized in Table 4. From
Table 4 it follows that it is really possible to determine cation-exchange capacity of
graphite only having particle size of less than 2 um, i.e. almost practically for colloidal
graphite. Cation-exchange capacity indicates the maximum particle size. Smaller
particles provide obtained Q under condition of incomplete oxidation. So, if figure 0.04
was obtained in experiment to determine Q it means that particle size was no more than
1 pm. There may be smaller particles with lower degree of oxidation.

Table 4. Calculation results for graphite particles of various sizes

No Particle size, um, cube/plate Capacity Q, mg-equal/g
1 0.1 0.25
2 0.05x0,1x0.2 0.20
3 0.5 0.050
4 0.025x0,5x1 0.040
5 1.0 0.025
6 0.5x1x2 0.020
7 2.0 0.012
8 1x2x4 0.01
Conclusions

1. Possibility of graphite oxidation with hydrogen peroxide of low concentration (0.3 -
0.4 %) at room temperature during its grinding has been proved.

2. Graphite acquires cation-exchange capacity due to formation of carboxyl groups on
faces of colloidal particles.

3. Sample of colloidal graphite with cation-exchange capacity of 0.04 mg-equal/g was
obtained after 82 h of oxidative grinding under laboratory conditions using magnetic stirrer.
4. Particle size of sample is estimated within limits not exceeding 1 ym using theoretical
calculations.

5. These studies outline ways to simplify process of obtaining colloidal oxidized graphite by
its oxidative grinding using “pure” oxidizing agents which are hydrogen peroxide and ozone.
This eliminates operation of washing colloidal graphite from decomposition products of
chromium mixture and sulfuric acid which takes place in manufacture of OGV lubricant.
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ABSTRACT

The remarkable electrical and optical properties of barium doped TiOs perovskite make it an appealing
material for optoelectronic applications. This study comprehensively investigates the structural, electrical,
and optical characteristics of BaTiO3 using density functional theory. The electrical characteristics, such as
the energy band structure and density of states, were carefully examined. A band gap of 1.92 eV was
discovered by the TB-mBJ functional, which is in good agreement with earlier experimental and theoretical
findings. The partial density of states analysis reveals that the Ba-p, Ti-d, and O-p states have a significant
impact on the material's electronic structure. By evaluating critical variables, the optical properties of
BaTiOs were investigated. The TB-mBJ approximation indicates that the optical spectrum reveals BaTiOs
has remarkable properties in the 4-5 eV energy range, making it suitable for solar energy harvesting. Its
potential for integration into perovskite solar cells and other optoelectronic devices requiring high optical
sensitivity is further corroborated by its low reflectance in this spectrum.
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Introduction

The chemical formula ABXs, where A and B denote cations and X signifies an anion,
characterizes perovskite materials. The materials in question demonstrate remarkable
suitability for solar energy applications, attributed to their outstanding optoelectronic
characteristics. These include a long carrier diffusion length, low trap state density, high
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absorption coefficient, excellent intrinsic carrier mobility, and an appropriate band
gap [1-3]. This development may result in solar cells that are more effective, greatly
increasing energy conversion rates. In the near future, researchers hope that these
developments will open the door to sustainable energy solutions. Increase their potential
for photovoltaic applications by producing photovoltages higher than their band gap.
ABO3 perovskites' optical and electronic characteristics can be tuned through cationic
substitution at either the A or B site, providing a great deal of design flexibility for
functional materials [4-7]. Among these, barium titanate (BaTiOs), which crystallizes in
the ABO; perovskite structure and experiences a tetragonal phase transition at about
120 °C, is a classic ferroelectric material [8-10]. BaTiOs is a topic of theoretical and
experimental interest due to its exceptional ferroelectricity, piezoelectricity,
pyroelectricity, high dielectric constant, wide bandgap, and low electrical loss [11,12].
Moreover, it has exceptional chemical and mechanical stability over an extensive
temperature range. This stability makes it an ideal candidate for various industrial
applications, including aerospace and automotive sectors, where materials are often
exposed to harsh conditions. Additionally, its resistance to corrosion further enhances its
suitability for long-term use in demanding environments. Owing to these properties,
BaTiOs; finds applications in sensors, actuators, waveguides, high-performance
computing, laser frequency doubling, nanoelectronics, and aerospace technologies [13].
The phase transitions of BaTiOs; exhibit significant temperature dependence. At 120 °C,
the material changes from a cubic phase (Pm3m) to a tetragonal phase (P4mm). At 5 °C
finally, at around -90 °C, it changes to a rhombohedral phase (R3m) [14,15]. These phase
transitions are crucial for understanding the material's properties and potential
applications, particularly in the fields of electronics and materials science. The ability to
manipulate the phases by varying temperature allows for tailored performance in
different environments. Structural modifications make BaTiOs highly suitable for various
applications, for semiconductor applications in solar energy [16-20]. Enabling
adjustments to its lattice structure [20]. Empirical studies have demonstrated that BaTiOs
possesses a substantial bandgap of approximately 3.00 eV, which deviates from
theoretical predictions [21,22]. To mitigate energy losses in photovoltaic applications,
this structure ensures robust charge carrier mobility and an extended diffusion length.
The lattice constants of cubic and tetragonal BaTiOsz are estimated to be roughly
3.958 and 3.954 A, respectively, based on theoretical simulations using the PBE-GGA.
These values are crucial to understanding the material's phase transitions and structural
features. This provides a platform for future research on the ferroelectric and piezoelectric
properties of BaTiO3z under various circumstances. The values are marginally lower than
the experimental results, which span from 3.996 to 4.006 A [11].

This study systematically investigates the electrical and optical properties of BaTiOs
for prospective application in perovskite solar cells, employing density functional theory
(DFT). The study seeks to evaluate its technological viability by examining critical aspects
such as lattice constants (&), electronic bandgaps (eV), and state density prior to structural
optimisation. The The TB-mBJ potential is utilized to improve the precision of band
structure calculations.
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Materials and Methods

A first-principles analysis of BaTiOs was carried out [23,24]. The electronic structure of
BaTiOs was better understood thanks to these computations, which also helped to clarify
its phase transitions. The accuracy and dependability of the results were also confirmed
by comparing them to experimental data. To improve computational accuracy, we used
the TB-mBJ method to incorporate the exchange-correlation effects. mBJ potential, which
is known for its exceptional accuracy and produces an approximate deviation of only 2 %
in band structure estimations of perovskites and semiconductors [25,26]. High-resolution
Brillouin zone sampling was used for structural and electronic characterization using a
carefully optimized 7 x 7 x 7 k-point mesh, which was then further refined to a denser
10 x 10 x 10 k-grid for increased precision. The VESTA software was used for structural
visualization and crystallographic analysis, allowing for a thorough depiction of the
polyhedral framework inherent in perovskite lattice configurations [27-30].

Results and Discussion
Structure properties

The P4mm space group is used to describe the tetragonal perovskite structure in which the
BaTiOs compound crystallizes. In this context, six oxygen anions (0?") coordinate the
barium cation (Ba*) octahedrally, while the titanium cation (Ti**) coordinates twelve times.
The basic skeletal network is formed by corner-sharing between the TiOg octahedra, as
shown in Fig. 1. Furthermore, the titanium cation occupies a central position inside the
octahedral units.

Fig. 1. Crystal structural of BaTiOs compound using VESTA simulation software

First-principles computing was used to improve the crystal structure and figure out
the ground-state energy lattice parameters. The results showed that there was a strong
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link between the lattice parameters and the physical properties of the material that were
measured. The analysis also showed possible ways to improve the material's performance
in @ number of uses. The computed equilibrium lattice parameters, equilibrium volume
and energy, bulk modulus, and first derivative for tetragonal BaTiOs are displayed in
Table 1 and Fig. 2. These values are compared with existing experimental and theoretical
datasets in a systematic way. The theoretical predictions match up very well with the
reported experimental and computational results.

Table 1. Structural and electronic properties of BaTiOs; compound using TB-mBJ approximation

Properties BaTiO; Experimental
. a0=bo=4.068 3.9988 [13]
Lattice constant, A = 4183 40222 [13]
Space group P4mm (99)
Ba (0,0,0)
- Ti (0.5,0.5,0.5)
Wyckoff position 0 (0.5,0.0,0.48 ), (0.0, 0.5, 0.48) and
(0.5,0.5,0.96)
Minimum volume V,, a.u® 4457012
Minimum energy Eo, Ry -18438.63743
Bulk modulus By, GPa 159.3559
First derivative of bulk modulus By, GPa 4.0942
Band gap £, eV 1.92 1.56 [31,32]
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Fig. 2. Equilibrium volume V; equilibrium energy curve of BaTiOs using Birch—Murnaghan equation
of state (EOS) equation

Electronic properties

The electronic BS and DOS of BaTiO3z have been investigated with help of TB-mBJ exchange
potential [33-37]. The wave vector passes through high-symmetry points in the Brillouin
zone along a particular k-point path. An estimate of the BaTiOs; band structure is presented
in Fig. 3. The Fermi energy located at origin. With the VBM point at the top and the CBM
point at the bottom, the TB-mBJ approximation demonstrates that BaTiOs has an indirect
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band gap. This method gives a band gap of 1.92 eV. This value matches what has been
seen in experiments and BaTiOs's electronic properties, which are very important for
using it in piezoelectric devices and ferroelectric materials. However, DFT calculations
tend to underestimate the band gap because of the inherent problems with DFT-based
methods, such as the fact that the energy derivative changes when the number of
electrons changes. This underestimation happens because self-energy corrections and
excited-state interactions are not handled well enough. The method used is correct.
Figure 4 shows some important information that the study gives us.
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Fig. 3. Band structure of BaTiOs Fig. 4. Density of state of BaTiOs

The impact of individual atomic orbitals on the DOS is displayed by the projected
density of states (PDOS). According to the analysis, the titanium and oxygen orbitals make
substantial contributions, especially in the valence band region. This realization aids in
comprehending BaTiOs electrical characteristics and possible uses in piezoelectric
devices. The unoccupied electronic states in this work have been analyzed using the
PDOS, which takes into account contributions from the Ba-p, Ba-d, Ti-d, Ti-f, and O-p
orbitals. 1.92 eV is found to be the calculated valence bandwidth for TB-mBJ in the
tetragonal phase.

Optical properties

Figures 5(a—-d) show the calculated optical properties of BaTiOs. These elements include
the optical conductivity o(w) shown in Fig. 5(b), the dielectric function &(w) shown
in Fig. 5(a), the refractive index n(w) shown in Fig. 5(c), and the reflectivity R(w) shown
in Fig. 5(d). Figure 5(a) shows the real and imaginary components of the dielectric
functions with respect to the photon energy. The findings show that the optical responses
of BaTiOsz exhibit distinct behaviors across a range of energies. It is important to note
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that the dielectric function’s real part exhibits significant change that impacts both
reflectivity and refractive index, whereas the peaks in the imaginary part are closely
associated with absorption. For accurate optical property calculations to guarantee
convergence, a dense and uniformly distributed k-point mesh is essential [38,39]. The
dielectric function has two components: ei1(w), which represents the electronic
polarization and structural features of the material's bands, and &;(w), which accounts for
all possible electronic transitions from the occupied state to the vacant state. These
elements are essential for comprehending the interactions between materials and
electromagnetic fields, especially in fields like photonics and optoelectronics.
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Fig. 5. Optical properties of (a) dielectric function e(w), (b) optical conductivity o(w),
(c) refractive index n(w), (d) reflectivity R(w) for BaTlOs

By examining the dielectric function, researchers can discover more about the
optical characteristics and dynamics of various materials. This enables them to create
increasingly sophisticated gadgets. €1(0), in the TB-mBJ approximation is found to be 5.70.
Moreover, £1(w) shows negative values in the energy intervals of 4.0 and 9.50 to 13.5 eV,
as shown in Fig. 5(a), suggesting the appearance of metallic properties in the UV
spectrum. The relationship between energy dissipation from electronic transitions from
the valence to the conduction band and the absorption spectrum is depicted in Fig. 5(a).
Determine which orbitals are responsible for these changes by comparing the peaks in
the &;(w) curve with those in the DOS diagram in Fig. 4. It is possible to identify the
electronic states that substantially influence the material's optical characteristics by
examining these correlations. This knowledge is essential for customizing materials for
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particular optoelectronic and photonic applications. The energy level at which BaTiOs
exhibits optimal optical absorption and reduced polarization response is 3.90 eV, where
€:(w) reaches its maximum value based on the TB-mBJ approximation. Strong electronic
transitions within the material are indicated by the distinct peaks in the optical
conductivity o(w) of BaTiOs. At photon energy of 8.5 eV, the optical conductivity reaches
a maximum value of roughly 5500 Q*cm?, as illustrated in Fig. 5(b). Significant charge
carrier excitation and energy dissipation mechanisms within this energy regime are
suggested by the presence of such peaks. The optical transparency of BaTiOs is
determined by its refractive index n(w), which is directly related to its actual dielectric
function, €1(w), as shown in Fig. 5(c). The refractive index peaks at 2.4 at photon energies
of 0 eV. BaTiOs's refractive index spectrum n(w) exhibits two notable features.

The first is a noticeable peak that shows a strong optical response at about 3.0 eV.
According to the Tb-mBJ approximation, the second is a region where the refractive index
is less than unity and covers the photon energy range of 10.5 to 13.5 eV. Because of
interactions with the electronic structure of the material, incident photons lose velocity
when the refractive index rises above unity. This effect is further enhanced by a higher
refractive index, which causes more. The first characteristic is a noticeable increase in the
refractive index as the photon energy approaches the band gap. This indicates a stronger
interaction between the material and light. The second characteristic is a distinct
decrease in n(w) with increasing energy level. This implies that as the material
approaches the ultraviolet spectrum, its optical characteristics alter.

Generally speaking, any process that raises a material's electron density also raises
its refractive index. The frequency-dependent optical reflectivity R(w) of BaTiOs, which is
impacted by its complex dielectric functions, is displayed in Fig. 5(d). The amount of light
that a substance reflects is known as its reflectivity. This property is essential for
comprehending how the material behaves in a variety of applications, including electro-
optic devices and capacitors. The changes in R(w) disclose how various light frequencies
interact with BaTiOs's dielectric characteristics, offering information about its possible
applications in cutting-edge photonic technologies. It provides a comprehensive view of
its light-responsiveness. Interestingly, under the Tb-mBJ approximation, BaTiOs shows
noticeably increased reflectance.

The optical characteristics of BaTiOs demonstrate significant interaction with
electromagnetic radiation, particularly within the UV-visible spectrum. The &,(w) peak at
3.90 eV signifies pronounced interband transitions, corresponding to density of states
contributions from O-2p to Ti-3d states. The refractive index n(w) peaks at 2.4, showing
strong light-matter interaction near the band edge, and decreases in the UV region. An
abrupt increase in o(w) at around 8.5 eV indicates elevated optical conductivity resulting
from excited carriers. The reflectivity R(w) increases at elevated energies, indicating
metallic characteristics. These findings illustrate the promise of BaTiOs in optoelectronic
and photonic applications, particularly when using the TB-mBJ functional.

Conclusions

The structural, electronic, and optical characteristics of tetragonal BaTiO3 are thoroughly
examined in this first-principles investigation. The perovskite framework's stability is
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confirmed by the optimized structural parameters, which also emphasize how important
TiOe octahedral connectivity is to be preserving the crystal's integrity. These results
support the potential of BaTiOs for use in ferroelectric and electronic devices. The indirect
band gap of BaTiOsz is 1.92 eV, according to electronic structure calculations performed
with the TB-mBJ functional. Its use in sophisticated electronic and ferroelectric
technologies is supported by the band structure and density of states (DOS) analyses,
which provide important insights into its semiconducting behavior. To comprehend how
the material interacted with electromagnetic radiation, the optical characteristics - such
as the dielectric function, absorption coefficient, reflectivity, and refractive index - were
assessed. In the ultraviolet region (4.0 and 9.5 - 13.5 eV), the real part of the dielectric
function, e1(w), exhibits negative values, signifying a shift toward metallic-like behavior.
Strong optical absorption and electronic transitions are indicated by the imaginary part,
€2(w), peaking at 3.90 eV. A noticeable peak in the optical conductivity spectrum at 8.5 eV
indicates strong interband transitions. With a notable peak at 3.0 eV, the refractive index
exhibits a strong optical response, reaching a maximum value of 2.4 at OeV. It's
interesting to note that the refractive index exhibits unusual dispersion behavior in the
10.5-13.5 eV range, falling below unity. The energy range where g4(w) turns negative is
represented by a clear peak in the reflectivity spectrum at 4.0 eV and a gradual increase
beyond 5.0 eV. These findings confirm BaTiO3 suitability for optoelectronic and photonic
applications by highlighting the strong coupling between electronic transitions and
optical responses.
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ABSTRACT

This study investigates the compressive behavior and energy absorption of bio-inspired scutoid cellular
structures made from polylactic acid to enhance mechanical energy absorbers used in impact protection.
Seven four-cell scutoid specimens with varied transition point positions and wall thicknesses were
fabricated using additive manufacturing and tested under quasi-static compression. Numerical simulations
were conducted using finite element analysis in Abaqus to complement the experiments. Results show that
scutoid structures outperform equivalent honeycomb designs in energy absorption efficiency, with the
highest performance achieved when the transition point is located near the mid-height of the cells.
Increasing wall thickness improves all key energy absorption indicators. Design of experiments reveals
inner wall thickness as the most significant factor affecting energy absorption. The findings demonstrate
that optimizing transition point location and wall thickness significantly enhances the crashworthiness of
scutoid structures, making them promising candidates for lightweight energy absorbers.
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Introduction

Mechanical energy absorbers are structures that convert all or part of the impact kinetic
energy into potential strain energy. Since 1952, when a patent about a crumple zone was
issued, mechanical energy absorbers have been used in various industries, such as
automotive, railway, shipbuilding, and military industries [1]. Crumple zones, also known
as crash boxes, are lightweight tubes that absorb collision energy and minimize the effect
of collision impact on passengers, thereby increasing passengers’ safety [2]. These
energy-absorbing structures are usually subjected to axial compressive load, and the
quasi-static compression test is a simple method to evaluate structures’ energy
absorption capability. Increasing the efficiency of energy absorbers is possible by either
increasing the amount of absorbed energy (EA) or reducing the peak crushing force (PCF)
in the quasi-static compression test. Researchers have been trying to enhance energy
absorbers' efficiency by comprehending the behavior of conventional structures or
introducing contemporary designs.

The first serious discussions and analyses of the compressive behavior of thin-
walled circular tubes under quasi-static loads emerged during the 1960s with
Alexander [3], who studied cylindrical tubes as a passive energy absorbing method and
developed an empirical formula to predict the PCF for thin-walled cylinders. Abramovich
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and Jones [4,5] performed a series of static and dynamic collapse tests on cylindrical and
square tubes, modified Alexander's formula for the axisymmetric buckling failure mode
of the cylinders and suggested the PCF empirical formula for the square tubes. Tak and
Igbal [6] compared the performance of square and circular tubes under impact load.

A great deal of previous research into energy-absorbing structures has mainly
focused on enhancing tubes’ energy absorption capacity by filling them with foam. For
instance, Yamada et al. [7], Zarei et al. [8], and Zhibin et al. [9] investigated the absorbed
energy and the collapse behavior of foam-filled aluminum tubes. Another method is using
functionally graded foams and foams with different densities to improve the tube’s
energy absorption capacity [10]. However, filling tubes with lattice and cellular structures
can improve the energy absorption performance of the tubes, as well. This idea was
studied by Baykasoglu et al. [11], Cetin and Baykasoglu [12], and Tao et al. [13]. Moreover,
Le et al. [14] and Nikkhah et al. [15] suggested a new stepwise lattice-filled structure to
maintain a high compressive load after first buckling and improve the efficiency of the
energy absorption. Hosseinpour et al. [16] conducted both numerical and experimental
analyses on thin-walled auxetic cylindrical tubes (featuring Cylindrical Lozenge Grid,
Square Grid, and Peanut Grid patterns) under quasi-static axial compression. Their
findings emphasized that pattern type and rib thickness (porosity) significantly influence
energy dissipation and failure modes, concluding that careful design can prioritize
controlled and predictable deformation.

Other researchers suggested that the lower the PCF is, the higher the energy
absorption efficiency is. They concluded that introducing imperfections, such as dents,
grooves, or corrugation, may decrease the first buckling force, and consequently, the
energy absorption process will be more efficient. Nikkhah et. al. [17], and Rogala et
al. [18] reduced PCF by creating grooves on the circular, square. Whereas Tran et. al. [19],
Taghipour et al. [20], and ELl-Baky et al. [21] argued that although holes can decrease PCF,
they may cause major implications on energy absorption and can decrease the energy
absorption capacity.

Following the introduction of the additive manufacturing method, many researchers
use 3D-printed complicated structures for energy absorption applications, i.e., 3D-printed
FGM structures are common shapes. Borovkov et al. [22] studied the mechanical
properties of 3D printed meta materials. Baroutaji et al. [23] investigated a metal FGT 3D-
printed circular section under transverse loading. By changing the FGT pattern they
succeeded in improving the energy absorption capacity by 79%. Nian et al. [24,25] studied
the energy absorption of the tube filled with FGM lattice and used an optimization
method to increase the energy absorption. Similarly, Gharehbaghi and Farrokhabadi [26]
utilized additive manufacturing to evaluate the energy absorption capability of a novel
cruciform composite lattice structure made from continuous glass fiber reinforced
polymer, highlighting the need for innovative printing paths to prevent debonding in
complex cell joints. Focusing on enhanced structural topology, Gharehbaghi et al. [27]
and Ghorbani et al. [28] introduced a new lattice structure for energy absorption
applications. Ghorbani et al. [29] investigated a bone-inspired composite cellular
structure fabricated using fused deposition modeling (FDM) 3D printing from glass fiber-
reinforced polylactic acid (PLA).
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Moreover, to date, several studies have begun to examine the use of bio-inspired
cellular structures as energy absorbers. Among them, honeycomb is a well-known
geometry that has been used for many structural applications. The structure of the basic
form of the honeycomb is studied by Galehdari et al. [30] and Gu et al. [31]. While, Usta
et al. [32], Feng et al. [33], Xia et al. [34], Nikhah et al. [35], and Tau et al. [36] studied
the crushing behavior of the honeycombs with more complex geometries, i.e., graded
honeycomb and hierarchical honeycomb.

A scutoid is a complex three-dimensional bio-inspired cellular structure that can be
found in the epithelial tissues of organisms and is highly efficient in stabilizing packing
structures [37]. Dehiri and Patel [38], for the first time, studied the compressive behavior
of the aluminum scutoids self-packing cell numerically using ABAQUS software. To the
authors' best knowledge, no experimental studies have been paired with numerical
analyses. To fill the gap, this paper presents an experimental and numerical investigation
of the compressive behavior and energy absorption characteristics of polymetric scutoid-
based cellular structures under quasi-static compressive loading. For this purpose, sets of
self-packing scutoids consisting of four cells are designed and fabricated through additive
manufacturing using PLA filament and are tested under a quasi-static compression load.
The energy absorption performance of these cellular structures is also studied
numerically in the explicit dynamic module of Abaqus software.

Materials and Methods

A scutoid is composed of two parallel polygon or polygon-like shapes whose vertexes are
connected through lines, curves, and at least a Y-shaped edge. The scutoid structures are
widely observed in the living creatures’ hard curved shells which have high compressive
strength. The scutoid’s transition point is the bifurcation point on the Y-shape edge (Fig. 1).
Scutoids are efficient shapes in packing cellular shapes between two parallel surfaces.

Transition Point

E
The bottom view The top view Section F-F Section E-E

@) (b)
Fig. 1. The top and bottom view (a) and details of the self-packing four-cells scutoid (b)

In this research, the compressive behavior of a four-cell structure consisting of
polymeric scutoids elements is investigated experimentally and numerically and the
effect of the location of the transition point on the energy absorption and the crushing
behavior is studied. Moreover, an equivalent honeycomb structure is used as a
comparison basis. Seven cellular structures consisting of four self-packing scutoids are
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modeled and their compressive behavior is analyzed in Abaqus software. These structures
are also made through additive manufacturing and tested under a compressive load.

Scutoid structure design

The studied scutoid geometry is shown in Figs. 1 and 2. It is composed of two pentagons
and two hexagons on the top and bottom planes. A hexagon on the top plane (or on the
bottom plane) is connected to a polygon on the bottom plane (or on the top plane) by
4 lines and a Y-shaped edge (Fig. 1(a)). The transition point is defined as the bifurcation
point of the Y-shape edge and is shown in Fig. 1(b) in the section views. The cells have
two hexagonal and two pentagonal cross-sections in the top and bottom planes with an
edge length of 6 mm. According to these dimensions, all specimens have the same
relative density. As mentioned before, an equivalent honeycomb structure is also studied
as a comparison basis.

Fig. 2. The self-packing four-cells scutoid

All specimens have a fixed length of 20 mm, so for T20, the transition point is
positioned 4 mm from the base. The scutoid specimens used in this study are divided into
two distinct groups based on wall thickness configurations:

1. Group A: These models correspond to the specimens described in the Methodology
section, where the inner walls have a thickness of 1 mm, which is twice the thickness of
the outer walls at 0.5 mm.

2. Group B: This separate set of models was specifically designed to analyze the effect of
wall thickness by using uniform wall thicknesses for both inner and outer walls.

For both groups, the specimens are labeled with the letter "T" followed by a number
(e.g., T20, T30, ..., T80), which indicates the percentage height of the transition point
relative to the total height of the scutoid. For example, T20 refers to a specimen whose
transition point is located at 20% (0.2) of the total height from the base (lLower) plane.
The specimens in Group B are labeled with the transition point percentage followed by
the wall thickness, for example, "T50 0.5 mm" indicates a specimen with a transition point
at 50 % height and uniform wall thickness of 0.5 mm.

Additive manufacturing of specimens

Additive manufacturing can be used to create complex geometries. In this research, the
four-cell scutoid specimens are fabricated using Dayan K36P 3D printer (Fig. 3). The 3D
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models of the specimens were first designed in SOLIWORKS software and imported into
ULTIMAKER CURA software in STL format. Then, the printer setup is implemented and
the G-CODE files are developed to print the samples. The 3D printer settings for the
specimens’ fabrication are shown in Table 1.

Table 1. 3D printing process characterization

Filament material PLA
Nozzle diameter, mm 0.5
Nozzle temperature, °C 200
Bed surface temperature, °C 50
Layer height, mm 0.2
Internal density, % 100

Fig. 3. The scutoid and honeycomb specimens fabricated by 3D printer

PLA material properties

The specimens are made of PLA using additive manufacturing. The PLA material
properties are given in Table 2. In the finite element model, the mechanical behavior
before the yield point is described by the elastic modulus, Poisson’s ratio, and density. In
the post-yield stage, the piecewise linear elastic-plastic model is defined by the
experimental stress-strain curve of the standard specimen. Since no obvious fracture can
be detected in the specimens during quasi-static experiments, the fracture and damage
are not considered in the numerical simulations.

Table 2. The basic material parameters of PLA [33]

Density, kg/m* | Elastic modulus, GPa Po:::ic:,n s Yield strength, MPa Initial yield strain
1200 1.97 0.35 40 0.026

Experimental procedure

Energy absorption and crushing behavior of seven scutoid specimens and a honeycomb
specimen were investigated under quasi-static compressive load. The specimens were
made of PLA filament using an additive manufacturing process and were tested using
SANTAM STM20 compression test device. As shown in Fig. 4 each specimen was placed
between test machine platens, then, the upper platen moved downward with constant
speed, while the lower platen was fixed. To fulfill the quasi-static criterion, the
compression rate of 2 mm/min is applied. A load cell measured the crushing force at each
displacement interval and the force-displacement diagrams are extracted, so that the
behavior of the specimens during the test can be evaluated and compared.
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Fig. 4. SANTAM STM 20 Test Machine

Numerical modeling

The studied scutoid and honeycomb specimens are modeled in the SOLIDWORKS
software, and the models are imported to the explicit dynamic module of the Abaqus
software. As the models' walls are relatively thick compared to the dimensions of the
specimens, the models are meshed with C3D10M solid elements. C3D10M is a 10-node
modified quadratic tetrahedron which is well-suited for uniform mesh continuity and
reduces computational time. To ensure the accuracy of element size, the mesh sensitivity
analysis for the PCF parameter of the honeycomb specimen is conducted. Figure 5 shows
the calculated PCF for the honeycomb specimen in relation to the element size. After
performing the mesh size sensitivity analysis based on the PCF parameter, the mesh size
of 0.3 mm is chosen and applied to all specimens, and the models are discretized with a
total of 456,000-490,000 elements. Figure 6 shows a specimen that is meshed using this
element size.

5
3 /\s—o
=4
o
-
3
0.6 0.5 0.4 0.3
Mesh Size(mm)

Fig. 5. Mesh sensitivity versus PCF

To model the quasi-static crushing test, two rigid plates are modeled at both ends
of the specimens as the upper and lower platen of the compression test machine. The
friction coefficient of 0.2 is defined in the contact surface between the rigid plates and
the specimens [39,40]. The self-contact, i.e., the contact between the faces of the
specimens itself, is also defined. The bottom rigid plate is assumed to be fixed and the
upper rigid plate moves downward with constant speed.
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Crushing direction 1

Moving rigid plate / :

SCULOI(] et

Fixed rigid plate \

Fig. 6. Sample specifications of T50 (mm)

Moreover, to evaluate the accuracy of the quasi-static analysis in explicit dynamics,
one should ensure that the total kinetic energy is small compared to the total internal
energy and the ratio of kinetic energy to internal energy must be less than 5 % [41,42].
In Fig. 7, the kinetic energy to internal energy ratio is presented for the finite element
crushing modeling of the honeycomb specimen, in which, the amount of kinetic energy
is almost zero.

60
internal energy

= a0 | kinetic energy
5
5
5
=20 F

0

0 0.025 0.05 0.075 0.1

Solution Time [s]

Fig. 7. A typical kinetic energy and internal energy versus solution time diagram

Results and Discussion
Numerical and experimental quasi-static compressive results

In this research, the crushing behavior and energy absorption of the 4-cell scutoids and
honeycomb structures have been investigated in the quasi-static compression test. The
crushing force-displacement curves for the honeycomb and scutoid specimens are
extracted from the experiment and the numerical models. The numerical results for all
specimens are illustrated in Fig. 8. The comparison of the force-displacement
experimental and numerical diagrams is presented in Table 3. In which the bold line is
the experimental result and the dashed line is the numerical result. The results indicate
that the transition point location changes the compressive behavior and energy
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absorption capability of the scutoids. The maximum crushing force for these specimens
varies between 3.84 and 4.10 kN. The absorbed energy is between 34.69 and 39.67 and
the crushing efficiency is between It varies from 62.84 to 71.28 %. The deformation of
the specimens in different stages is, also, shown in Table 3.

Force [kN]

Displacement [mm]

Fig. 8. The force-displacement curves from experiments for the honeycomb and scutoid specimens

Table 3. The comparison between the experimental and numerical results for the honeycomb specimen
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Under axial load, thin-walled cylindrical tubes usually fail in progressive folding
buckling mode. While the failure modes for the square tubes are different. For the square
tubes, the buckling shape develops when the load reaches the buckling load. By
increasing the compressive load, the amplitude of the deformation increases, and many
folds form simultaneously. Whereas, in progressive folding mode, each fold develops after
the previous fold completion [43]. Chen [43] showed that the deformation modes of the
uniform hexagonal honeycomb are similar to the symmetric deformation of the
cylindrical tube.

The experimental and numerical results for the honeycomb and scutoid specimens
are compared in Tables 3 and 4, respectively. The behavior of the studied honeycomb, in
the numerical study, was like that of the cylindrical tubes. The buckling started by forming
two folds on the honeycomb outer skin which is the thinnest part of the specimen. As the
load increased, the folds grew larger. In contrast, in the experiment, due to the
manufacturing imperfection at the ends, a fold started to form at the bottom first, and

Force (Kn)

Displacement{mm)
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another fold started to form after the first fold completion. The fluctuation in the
experimental force-displacement curve is due to this phenomenon. From Table 4, it can
be deduced that for all specimens, the buckling of all outer shells starts in the same
manner. The outer shell first buckled in the upper and lower regions. Like the square
tubes studied by Chen [43], the buckling shape amplitudes grew simultaneously.

Table 4. The comparison between the experimental and numerical results for the scutoid specimens (continued)
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Table 4. The comparison between the experimental and numerical results for the scutoid specimens (continued)
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Energy absorption capacity assessment

The impact efficiency of the energy absorbers can be determined using various indices.
Each of these indicators evaluates the behavior of the energy-absorbing structure by
considering different aspects, i.e., Peak Crushing Force (PCF), Absorbed Energy (EA),
Mean Crushing Force (MCF), Specific Absorbed Energy (SEA), and Crushing Efficiency

(CLE) [44,45] as follows:

(DEA = [ F(x)dx (1)
(2) SEA == )
(3) MCF == (3)
(4) CLE = == (4)

where F(x), m and d are the collapse force at displacement x, the energy absorber mass
and crushing length, respectively. Crushing length is the amount of force displacement
in the crush test before densification. All indicators in the quasi-static collapse test are
calculated until the beginning of the densification zone.
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In this study, all specimens have the same mass, therefore, only PCF, EA, MCF and
CLE are considered. For all samples, the amount of crushing length is the same and the
effect of transition point can be determined better. Based on the force-displacement
curves extracted from the numerical analysis, the energy absorption indices are
calculated for T20 to T80, and the honeycomb specimens are shown in Table 5. Among
these specimens, the amount of absorbed energy for the T50 specimen is higher than all
the specimens. On the other hand, the amount of PCF for T80 and T20 is lower than all
the structures. The reason is the collapse initiation in the inner shells in the top and
bottom region, which leads to the collapse of some parts of the object in an inclined
direction. Since the amount of energy divided by the crushing length gives the MCF value,
the MCF value for the T50 specimen is, also, the highest, and the value of the crushing
efficiency for T50, which is obtained by dividing the MCF by the PCF, is the highest.

Table 5. Energy absorption indices of scutoid specimens (experimental tests)

EA) PCF, KN MCF, KN CLE, % SEA, J/qg
T20 35.74 3.96 2.55 64.47 23.57
T30 37.49 4.05 2.68 66.12 24.80
T40 37.77 4.06 271 66.45 25.02
T50 40.56 3.97 2.90 72.98 26.87
T60 36.45 4.01 2.59 64.93 24.13
T70 37.49 3.98 2.68 67.28 24.78
T80 36.34 3.84 2.60 67.20 23.98
Hc 39.88 4.10 2.85 69.48 26.93

Failure mode assessment

In progressive buckling, the peak force indicates the beginning of the buckling process,
which can be controlled by placing mechanisms to control the buckling onset and reduce
the PCF value. When the crushing process starts, the structure enters the plastic region,
the crushing load decreases, and the structure starts to fold. When the folding of this part
of the member is completed, the load starts to increase until the plastic process occurs
in the next place. This process is repeated until all the energy is absorbed or until the
member cannot absorb any more energy. This stage is characterized by a sudden increase
in load and is called densification.

In Figs. 9 and 10, the failure modes of 4-cell scutoids specimens and a honeycomb
specimen from numerical analysis are presented. It should be noted that due to the lower
thickness of the outer walls (0.5 mm), the commencement of the buckling and the failure
of all specimens are when the outer walls of the specimens are buckled. For all
specimens, the outer wall, first, buckled in the upper and lower regions in a symmetrical
manner (Table 4 Point A). All specimens underwent the densification phase, which is the
end of the energy absorption phase.
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Fig.9. Force displacement diagram of T50 and Hc with diffrent thickness

Fig. 10. Failure mode for T50 1mm and HC 1 mm from Group 2

Figure 11 compares the T50 and T20 specimens’ deformation and the honeycomb
specimen’s deformation. T50 is the best specimen in energy absorption. The outer wall
deformation of the three specimens is quite similar at the beginning. In the honeycomb
specimen, after the outer shell buckling, increasing the displacement would cause the
inner shells to buckle locally in the middle part. The inner shell buckling shape differed
from the outer shell buckling shape. The outer shell buckled in a fold, whereas the inner
shell buckled in 2 folds. In the T50 specimen, the outer shell buckling, also, affected the
inner wall buckling, and the first two small buckling deformations on the outer wall
shaped a two-fold deformation on the outer shells. The fold number of the inner shell of
the T50 is 3 which is the biggest fold number of all specimens, and means that it
deformed more effectively.

Scutoid specimens whose failure mode occurred away from the rigid plates have
more energy absorption capacity, i.e., T40, T50, and T70 specimens. In addition to the
energy absorption that was discussed, reducing the maximum crushing force is also
required to increase the efficiency of the crushing load. In addition to these points, it has
been pointed out that the type of external walls’ failure mode has a great effect on the
amount of energy absorption, for example, in specimens whose external walls are folded
inwards during the crushing process, energy absorption is less, T20, T30, T60, and T80
specimens.
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Fig. 11. A cut view of Hc specimen(a) and the T20 specimen (b)

The effect of thickness

In addition to the transition point location, the wall thickness also plays a significant role
in the energy absorption characteristics of the scutoid and honeycomb structures. The
force-displacement diagrams for the T50 0.5 mm, T50 0.75 mm, T50 1 mm, Hc 0.5 mm,
Hc 0.75 mm, and Hc 1 mm specimens are presented in Fig. 9. T50 1 mm has higher PCF
which makes it less efficient in energy absorption application compared to HC 1 mm,
while better in the strength required applications. Although the deformation pattern for
all specimens is alike in some aspects, the thicker specimens are more efficient in energy
absorption due to more uniform loading pattern

Figure 10 shows a comparison of failure modes between a honeycomb structure
(right) and a T50 scutoid structure (left), both with a wall thickness of 1 mm. The initial
failure mode observed is local symmetric buckling at 5 mm of compression. The final
failure mode is densification, which closely mirrors the modes observed in experimental
specimens.
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As shown in Table 6, increasing the wall thickness leads to higher values for all the
evaluated energy absorption indices: EA, PCF, MCF, and CLE in both the T50 scutoid and
the honeycomb specimens. This trend can be attributed to the increased resistance to
deformation provided by thicker walls. Thicker walls require higher forces to initiate
buckling and collapse, resulting in a higher PCF. Consequently, the structure absorbs
more energy before failure, leading to an increase in EA. The MCF, which represents the
average force sustained during the crushing process, also rises due to the enhanced
resistance. This ultimately leads to an improvement in the CLE, indicating that thicker
walls enable the structure to absorb energy more efficiently relative to the peak force.
While the transition point location influences the deformation mode and fold formation,
the wall thickness acts as a global factor affecting the overall strength and energy
absorption capacity of both the scutoid and honeycomb structures.

Table 6. The effect of the thickness on scutoid energy absorption

EA) PCF, kN MCF, kN CLE, % SEA, J/g
T50 0.5 mm 23.84 3.82 1.70 44.5 20.37
Hc 0.5 mm 24.581 3.78 1.75 46.4 21.31
T50 0.75 mm 46.44 5.59 3.31 59.3 28.3
Hc 0.75 mm 47.14 5.78 3.36 58.2 27.8
T50 1 mm 80.49 8.25 5.75 69.6 35.94
Hc 1 mm 78.31 7.60 5.60 73.5 36.48

Based on Fig. 12, at a wall thickness of 0.5 mm, the Specific Energy Absorption (SEA)
of the honeycomb structure surpasses that of the T50 specimen. However, at a wall
thickness of 0.75 mm, the T50 specimen exhibits a higher SEA than the honeycomb
structure. This trend reverses again at a wall thickness of 1 mm, where the honeycomb
structure demonstrates a greater SEA value compared to T50. While increasing the wall
thickness generally leads to an increase in energy absorption for both specimen types,
this enhancement does not consistently favor either the honeycomb or the T50 structure.
The inconsistent very small superiority between the two structures with increasing
thickness indicates that simply increasing thickness and mass does not guarantee a
superior SEA performance for either configuration.

40

30

SEA (J/g)

20 T T
(0.5mm) (0.75mm) (1mm)

Wall thickness

Fig. 12. The comparison of the SEA of T50 and HC from Group A
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Figure 13 illustrates a comparative analysis of Specific Energy Absorption (SEA)
values between our Group A (scutoids) and Group B (T50s and HCs) specimens and those
reported by Cetin and Baykasoglu for cubic lattice-filled specimens (LM 4 mm, 5 mm, and
6 mm). Notably, the HCS specimen exhibits the highest SEA among all samples. The
scutoid from Group B specimens performs favourably relative to the specimens from Cetin
and Baykasoglu [12]. The scutoid and Hc specimens demonstrate competitive SEA values,
generally outperforming the 4 mm and 5 mm LM specimens while exhibiting comparable
performance to the 6 mm LM samples.

50

E. Cetin, and C. Baykasoglu [11] Presented Method

45
40 Group B HC
35

30 LM & mm Group A

SEA (1/g)

LM 5 mm

25

20 LM 4 mm

15

10

Fig. 13. Comparative analysis of Specific Energy Absorption (SEA) for scutoids & Hc, T50S, HCS, and cubic
lattice-filled specimens (LM) with varying thicknesses. Based on [12]
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Fig. 14. Comparison of energy absorption efficiency (n) between scutoids, HC, T50, 3D cross—chiral
auxetic materials. Based on [46]

Figure 14 presents a comparison of energy absorption efficiency(n), equivalent to
CLE, between presented specimens and the 3D cross—chiral auxetic materials studied by
Wang et al. [46] Scutoid specimens exhibit n values ranging from approximately 44 to
50 %, while HC specimen displays an n of around 48 %. The T50 specimens from Group B,
with varying thicknesses, show a range of n from approximately 32 to 51 %. In
comparison, the CCS specimens from Wang et al. [46] demonstrate n values between
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roughly 41 and 50 %, indicating a comparable energy absorption efficiency to scutoid
specimens.

DOE analysis

To systematically investigate the effects of key geometric parameters on crushing
performance, a 2* full factorial Design of Experiments (DOE) was employed. The factors
investigated were transition point height (h), inner wall thickness (t;;,), and outer wall
thickness (t,,¢), with crushing load efficiency (CLE) and specific energy absorption (SEA)
as the primary response variables.

The DOE matrix consisted of eight simulation runs combining two levels of each
factor (h = 20, 50 mm; ¢t;,, = 0.5, 1 mm; t,,; = 0.5, 1 mm). The FEM simulations were
performed according to this full factorial matrix, enabling systematic variation of
parameters to capture their individual and interactive effects.

Analysis of Variance (ANOVA) was applied to the simulation results to identify
statistically significant factors influencing CLE and SEA. The results confirm that inner
wall thickness (t;,) is the most influential parameter for both responses. Increasing t_in
improved both CLE and SEA due to the higher structural stiffness and delayed local
buckling. Outer wall thickness (t,,;) also played a meaningful role, particularly in SEA
enhancement, while transition height (H) contributed less strongly but still showed a
noticeable effect.

Updated ANOVA observations based on the 8-point dataset revealed the following
relationships:

1. t;, (p<0.01) and t,,; (p < 0.05) significantly influenced CLE, accounting for 74 % of the
total variance (R* = 0.74).

2. tin (p <0.01) and h (p < 0.05) dominated SEA variations, with a model fit of R = 0.81.
3. A notable h X t,,; interaction (p < 0.1) affected SEA, indicating non-linear sensitivity
when both parameters increase simultaneously.

Table 7. The effect of the thickness on scutoid energy absorption

h, mm tin, Mm t oy, MM CLE, % SEA,J/g
20 0.5 0.5 49 21.38
20 1 0.5 64 23.51
20 0.5 1 62 28.29
20 1 1 73 34.34
50 0.5 0.5 45 20.38
50 1 0.5 70 35.94
50 0.5 1 68 31.84
50 1 1 70 78.31

The DOE matrix (Table 7) demonstrated:
1. The highest SEA occurred at t;; =1 mm, t,,; =1 mm, h =50 mm, with a value of
78.311/q.
2. The maximum CLE was also observed at t;;, =1 mm, t,,; =1 mm, h = 20 mm, yielding
73 %, though a similarly high value of 70 % appeared at h = 50 mm.

These results show that increasing both wall thicknesses enhances energy
absorption, while transition height has a mixed influence—raising h improves SEA
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substantially in thick-wall configurations but reduces CLE in thin-wall cases, highlighting
a performance trade-off.

This DOE approach enabled efficient exploration of the geometric design space
using a limited number of FEM simulations. The findings confirm the critical role of inner
wall thickness in maximizing both crushing efficiency and energy absorption, while
interactions with outer thickness and transition height must be considered for multi-
objective optimization of crushing components.

Conclusions

In this research, the crushing behavior and crashworthiness of the scutoid structure have
been investigated using numerical and experimental methods. Seven 4-cell self-packing
scutoids and a 4-cell equivalent honeycomb were designed, fabricated using PLA filament
through additive manufacturing, and tested under quasi-static compression. Numerical
models were developed in Abaqus to simulate the crushing behavior, and the results were
compared with experimental data, showing good agreement.

Seven four-cell self-packing scutoids and a four-cell equivalent honeycomb
structure were designed and analyzed. The key findings of this study are:

1. Scutoid structures exhibited superior energy absorption capabilities compared to
traditional honeycomb structures.

2. The energy absorption of scutoids was directly related to the number of folds formed
during crushing. More folds resulted in higher energy absorption.

3. The location of the transition point in a scutoid significantly influenced its energy
absorption efficiency. Scutoids with a transition point near the middle of their height
demonstrated the highest energy absorption efficiency.

4. The honeycomb specimen exhibited a nearly symmetrical buckling shape in both the
outer and inner shells.

Furthermore, the investigation into the effect of wall thickness on the T50 scutoid
and honeycomb specimens revealed that increasing the wall thickness resulted in higher
values for all the evaluated energy absorption indices (EA, PCF, MCF, and CLE). This
finding highlights the significant role of wall thickness as a global factor influencing the
overall strength and energy absorption capabilities of both the scutoid and honeycomb
structures.

In conclusion, both the location of the transition point and the wall thickness are
crucial design parameters that significantly impact the energy absorption performance of
scutoid structures. By optimizing these parameters, it is possible to enhance the
crashworthiness and energy absorption capabilities of these bio-inspired cellular
structures for various applications.
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ABSTRACT

Areca palm stem fiber reinforced epoxy composites modified with alkaline surface treatment and nano
alumina were investigated to evaluate improvements in physical and mechanical performance. Composite
laminates were fabricated by the hand layup method with 20 wt. % areca palm stem fiber, while sodium
hydroxide treatment levels (0, 3, 6, and 9 %) and nano alumina loadings (0, 2.5, 5, and 7.5 wt. %) were
varied. The fabricated composite specimens containing 5 wt. % nano alumina, subjected to varying
treatment concentrations, consistently exhibited reduced void content and enhanced density. Mechanical
characterization showed a significant enhancement in strength and toughness due to the combined effects
of fiber surface activation and nanoparticle reinforcement. A 6 % NaOH treatment with 5 wt. % nano
alumina resulted in a 53.60 % increase in tensile strength and a 43.05 % increase in flexural strength
compared to untreated composites. Maximum impact energy (5.81 J) and hardness (59.5 HV) were obtained
at 7.5 wt. % nano alumina with 6 % NaOH-treated fibers. Scanning electron microscopy revealed reduced
fiber pull-out and improved interfacial bonding, though voids and microcracks were observed at higher
filler loadings.
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Introduction

Natural plant fibers are abundantly available worldwide and offer numerous advantages,
including high specific strength, renewability, excellent biodegradability, reduced energy
processing requirements, low production costs, and favourable mechanical characteristics [1].
While natural fibers offer numerous advantages, they also present certain limitations,
including weak interfacial adhesion with polymer matrices, high moisture absorption, and
variability in mechanical properties [2,3]. These limitations pose a significant challenge,
prompted extensive research into chemical and physical surface modification techniques
to improve compatibility and maximize mechanical properties. Various chemical
treatments such as alkali, benzyl chloride, silane, and acetylation have been employed to
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modify fiber surfaces, mechanical interlocking and enhancing wettability with the
polymer matrix [4,5]. Among chemical treatments, alkali treatment process enhances
fiber surface roughness and removes hemicellulose and lignin, which in turn increases
the number of reactive hydroxyl groups, thereby improving interfacial bonding with the
polymer matrix [6]. Yousif et al. [7] demonstrated that alkaline treatment of kenaf fibers
enhance the flexural strength by approximately 36 %, compared to 20 % improvement in
untreated fibers through wax removal and surface roughening, which enhance interfacial
adhesion and stress transfer efficiency.

Areca fiber is extracted from the husk of Areca catechu (betel nut), an abundant
agricultural byproduct. In tropical regions like India, where betel nut cultivation is
widespread, these fibers represent a substantial renewable resource with significant
annual production potential [8,9]. Areca fibers exhibit excellent mechanical properties,
including high strength, environmentally friendly, and an impressive strength-to-weight
ratio, while also being cost-effective, biodegradable, and non-toxic [10]. Nayak and
Mohanty [11] investigated the mechanical, mechanical behavior of thermoplastic
composites reinforced with randomly oriented short areca sheath fibers. Their findings
indicated that treating the areca fiber with benzyl chloride significantly improved its
compatibility with the matrix, and an optimum fiber loading of 27 wt. % led to enhanced
overall composite performance. Rahman et al. [12] reported that alkali treatment notably
improved the tensile and flexural properties of coir and betel nut fiber composites in
comparison with untreated counterparts. Yousif and Nirmal [13] observed that chemical
treatment improved flexural properties by 28 % and increased hardness by 6 % relative
to unreinforced polyester matrix.

The hybridization of natural fiber reinforced polymer composites with inorganic
particulate fillers resulted in substantial enhancements in mechanical performance,
physical characteristics, and wear resistance relative to traditional composite
systems [14-17]. The incorporation of nanoparticles such as nano silica [18],
nano alumina [19], carbon nanotubes [20], and nano titanium dioxide [21] into natural
fiber reinforced epoxy composites is a significant research focus, aiming to combine the
environmental advantages of natural fibers with the enhanced mechanical performance
offered by nanoparticles. The addition of nanoparticles (e.g., nano alumina) can
substantially enhance the mechanical performance of composites through improved
filler-matrix interfacial bonding and more efficient stress distribution [22].
Kumar et al. [23] demonstrated that incorporating 3 wt. % nano clay into bamboo/epoxy
laminates increased their flexural and tensile strengths by 27% and 40%, respectively,
compared to the pure composite. Dhanasekar et al. investigated the effect of nano silica
particles on the density, mechanical, and tribological properties of sisal/hemp hybrid
nanocomposites. Their results demonstrated that a 6 wt. % nanosilica content
significantly enhanced tensile strength (48.13 % increase) and impact strength (1.9 times
higher) compared to unreinforced composites [24]. Chowdary et al. [25] demonstrated
that incorporating nano silica enhances the tensile and flexural performance of sisal and
kevlar fiber reinforced polyester composites, with maximum tensile and flexural
strengths observed at a 4 wt. % concentration. Patnaik et al. [26] studied the mechanical
performance of epoxy composite reinforced with needle punch nonwoven jute fiber and
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nano alumina. At 5 wt. % filler content, the composite exhibited a 30 % increase in tensile
strength and 20% increases in flexural strength compared to the untreated composite.
The effects of nano alumina and sodium hydroxide treatments on the mechanical
characteristics of areca fiber reinforced epoxy composites have not been explored in the
literature. This research systematically examines the combined effects of sodium
hydroxide treatment (at concentrations of 0,3,6, and 9 %) and nano alumina
reinforcement (0, 2.5, 5, and 7.5 wt. %) on the physical and mechanical characteristics of
epoxy-based areca fiber composites. The findings will provide fundamental insights for
optimizing the mechanical performance and long term durability of APS fiber reinforced
epoxy composites, facilitating their adoption in demanding industrial applications.

Materials and Methods
Materials

Areca fibers were selected as the reinforcement phase because they are derived from
renewable biological sources, are naturally abundant, and intrinsic mechanical properties
such as high specific strength and modulus. The Areca palm (Areca catechu) stems used
in this study were obtained from a plantation in Chirala, Andhra Pradesh, India. The
collected stems were subjected to a 14-day water retting treatment. Subsequently, the
retted stalks were mechanically separated using a wooden mallet to extract the fibers.
The extracted fibers were thoroughly rinsed under running water and subsequently air
dried at room temperature for 48 h to eliminate residual moisture. Nano alumina particles
were selected as the filler material due to their well-established ability to enhance
mechanical properties and improve wear resistance in polymer matrices. Nano alumina
particles used in the study were sourced from a supplier Fiber Source in Chennai, India.
Figure 1 shows the reinforcement materials. Table 1 presents the physical characteristics
of the nano alumina filler, while Table 2 summarizes the physical and mechanical
properties along with the chemical composition of the areca palm stem fibers [8,27,28].
The epoxy resin matrix and hardener, procured from Sree Industrial Composite Products
(Hyderabad, India), had a specified density of 1.1 g/cm?. The densities of APS fibers and
nano alumina were recorded as 1.34 and 3.96 g/cm?, respectively.

Fig. 1. Reinforcement material (a) nano alumina and (b) APS fiber
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Table 1. Properties of nano alumina powder

Property Units Value
Particle density (g/cm?) 3.96
Surface area (m?/g) 5.00-20.00
Thermal stability °C >1200
Thermal conductivity W/m-K 30.00-35.00
Average particle size nm 20-100
Crystal phase a
Solubility in water mg/L 0.01-0.1
Color Off white

Table 2. Properties of areca palm stem fiber

Property Units Value
Density g/cm? 1.34
Cellulose % 65.02
Hemicelluloses % 8.26
Lignin % 18.62
Tensile strength MPa 320.00-876.00
Young's modulus GPa 42.00-48.00
Elongation at failure % 1.47-1.48

Sodium hydroxide treatment of fibers

Sodium hydroxide (NaOH) treatment was employed to modify areca fiber surfaces by
enhancing their roughness and improving interfacial adhesion with the epoxy matrix.
The fibers underwent alkali treatment using varying concentrations of sodium hydroxide
(NaOH) (O, 3, 6, and 9 %). This alkali treatment was carried out to partially remove
hemicellulose and lignin from the fiber surface. As a result, the surface roughness
increased, which improved mechanical interlocking at the fiber—-matrix interface.
The surface treatment process involved immersing pre-cleaned areca fibers in an aqueous
sodium hydroxide solution at room temperature (28 * 2 °C) for 4 h to modify the fiber
surface. After treatment, the fibers were thoroughly rinsed with distilled water until a
neutral pH was reached, ensuring the removal of any residual alkali. Finally, the fibers
were oven-dried at 70 = 2 °C for 24 h to eliminate all moisture before their incorporation
into composites.

Composites fabrication

The composite fabrication involved reinforcing surface modified continuous APS fibers
into an epoxy matrix with nano alumina as a filler. Epoxy resin and hardener were mixed
in a 10:1 ratio by weight. For composites containing nano alumina, the specified weight
percentages of nanoparticles (2.5, 5, and 7.5 wt. %) were added to the resin, and the
resulting resin—nanoparticle mixture was subjected to mechanical stirring for 5 min,
followed by sonication for 30-45 min in pulse mode to ensure homogeneous dispersion
and prevent nanoparticle agglomeration. The treated APS fibers were incorporated into
the epoxy matrix using the hand layup technique. Prior to fabrication, a mold release
agent was applied to the mold surface. The epoxy resin and layered APS fibers were then
alternately arranged, ensuring thorough fiber wetting and eliminating air bubbles
through controlled rolling process. The composites were then cured under light pressure
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of 0.5 MPa at room temperature (28 £ 3 °C) for 24 h, followed by post-curing for physical
and mechanical tests. Figure 2 displays the fabricated composite specimens for
subsequent physical and mechanical testing. The process was systematically repeated for
different sodium hydroxide (NaOH) treatment concentrations and nano alumina filler
loadings. Table 3 summarizes the complete experimental design, including all parameter
variations and composite compositions.

Fig. 2. Fabricated composite specimens

Table 3. Experimental parameters and their compositions

Sample NaOH Areca Nano alumina Total Matrix

P concentrations (wt. %) (wt. %) reinforcement (wt. %)
C1l 0 20.0 80.0
C2 2.5 22.5 77.5
C3 0 20 5.0 25.0 75.0
C4 7.5 27.5 72.5
C5 0 20.0 80.0
C6 2.5 22.5 77.5
Cc7 3 20 5.0 25.0 75.0
C8 7.5 27.5 72.5
9 0 20.0 80.0
C10 2.5 22.5 77.5
C11 6 20 5.0 25.0 75.0
C12 7.5 27.5 72.5
C13 0 20.0 80.0
C14 2.5 22.5 77.5
C15 ’ 20 5.0 25.0 75.0
Cl6 7.5 27.5 72.5

Physical and mechanical testing

The developed APS fibers reinforced epoxy composites were subjected to extensive
physical and mechanical characterization to evaluate their performance properties. FTIR
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(Fourier transform infrared) spectroscopy was employed to characterize chemical
composition alterations and surface functional group modifications in both untreated and
NaOH treated fibers. FTIR spectra were acquired in the 4000-400 cm™ spectral range
using [specify instrument model/model number if available] spectroscopy to characterize
functional groups and assess the effects of alkali treatment on fiber surface chemistry.
The analysis provided critical evidence of chemical modification success and revealed
correlations between surface chemistry and composite performance. The theoretical
density p. of the APS fibers reinforced composites was determined using the rule of
mixtures, based on the weight fractions and densities of the individual constituents as
shown in Eq. (1). The composite density was measured according to ASTM D792 using the
water displacement method. The calculation of theoretical density facilitated a
comparison with the experimental density p_, to estimate the void content V, in the
composites as shown in Eq. (2):
1

_ , 1
Pet = Walon) + Wnlom)+ Walom) @

I/v — pct_pga’ (2)
Pct
where Wy, W,, and W,, are weight fractions of areca, nano alumina, and matrix,

respectively; p,, p,, p,, is density of areca, nano alumina, and matrix, respectively.

The mechanical properties of the fabricated APS fibers reinforced epoxy composites
were comprehensively evaluated. Tensile and flexural properties were evaluated using
a tensometer testing machine. Tensile properties were characterized according to
ASTM D3039-76 using rectangular specimens (153 x12.7 x4 mm?). Testing was
conducted at a constant crosshead speed of 5 mm/min until failure, with strain measured
using an extensometer to determine both tensile strength and elastic modulus. Flexural
properties were determined via three-point bending tests conducted in accordance with
ASTM D790-07. Rectangular specimens (125 x 12.7 x 4 mm?) were loaded at a constant
crosshead speed of 5 mm/min, with flexural strength and modulus calculated from the
resulting load and displacement. The impact resistance of the hybrid composite samples
was evaluated using the Izod impact tester. Impact resistance was evaluated using an
lzod impact tester according to ASTM D256 standards, with notched specimens
(64 x 12.7 x 4 mm?®). Surface hardness measurements were performed independently
using a Vickers microhardness tester. A minimum of five specimens per composite
configuration were tested for each mechanical property. Mean values with corresponding
standard deviations are reported to ensure data reliability and enable statistical
comparison. Finally, scanning electron microscopy (SEM) was used to evaluate the
fracture surface morphology, which revealed various defects such as fiber pull-outs,
interfacial bonding quality, nano-alumina dispersion, internal cracks, and voids.

Results and Discussion
Fourier transform infrared spectroscopy analysis

FTIR spectroscopy analysis was performed to investigate the chemical modifications in
APS fibers following NaOH treatments at varying concentrations (0, 3, 6, and 9 %).
Figure 3 displays the FTIR spectra, where characteristic absorption peaks corresponding
to specific functional groups in the fiber composition are clearly identified. The broad
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absorption peak observed around 3445 cm is attributed to the O-H stretching vibrations,
which correspond to the hydroxyl groups present in cellulose and hemicellulose. With
increasing NaOH concentration, the intensity of these peak decreases, indicating the
partial removal of hemicellulose and the exposure of cellulose components. The peak at
2891 cm corresponds to C-H stretching vibrations, primarily from lignin and cellulose. A
reduction in peak intensity with higher NaOH concentrations suggests effective
delignification of the fibers. Another significant peak is observed at 1632 cm®,
corresponding to the C=0 stretching vibrations associated with lignin and other carbonyl-
containing compounds. The decrease in intensity at this peak with increasing NaOH
treatment concentration confirms the removal of lignin content, enhancing the fiber-matrix
bonding potential. The differences in the FTIR spectra between untreated and treated fibers
suggest that alkali treatment effectively modifies the fiber surface chemistry by removing
impurities and enhancing the availability of reactive hydroxyl groups. This modification
leads to improved interfacial bonding between the fibers and epoxy matrix, contributing
to enhanced mechanical properties of the composites. Overall, the FTIR analysis confirms
that alkali treatment positively affects the chemical structure of APS fibers.

3445 2891 1632

NaOH - 9%

NaOH - 6%

NaOH - 3%

Untreated

Transmittance

Ll L} L} Ll L} L) L}
4000 3500 3000 2500 2000 1500 1000 500
Wave Number

Fig. 3. FTIR spectra of untreated and treated APS fibers

Density and void content

Table 4 presents the density and void content analysis of APS fiber reinforced epoxy
composites, evaluating the effects of different surface treatments and varying weight
percentages of nano alumina filler. Among all tested compositions, the untreated APS
fiber/epoxy composite containing 7.5 wt. % nano alumina filler had the maximum
experimental density 1.141 g/cm3. With sodium hydroxide (NaOH) treatment, the
composite density progressively increased to 1.149 g/cm?® (3 wt. % NaOH), 1.153 g/cm?
(6 wt. % NaOH), and 1.146 g/cm® (9 wt. % NaOH), indicating a positive correlation
between alkali concentration and densification. This increase in density suggests that
NaOH treatment, by enhancing surface roughness and wettability, promotes superior
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fiber-matrix adhesion, thereby reducing void content and improving composite
compaction. The 9 % NaOH treatment resulted in a noticeable decrease in density, likely
due to over-treatment damaging the cellulose crystalline structure and reduced fiber
flexibility, which hindered proper matrix wetting and led to increased void formation [24].
The void content, a critical factor influencing the mechanical performance of composites,
consistently decreased as the concentration of NaOH increased, until an optimal
treatment level was achieved. Composite specimens incorporating 5 wt. % nano alumina,
under varying treatment concentrations, consistently exhibited reduced void percentages
of 24.75, 22.76, 22.11, and 21.63 %, respectively, in comparison to unfilled composites.
This observation directly indicates an improvement in fiber-matrix interfacial adhesion,
attributable to the alkali treatment's efficacy in eliminating surface impurities and
augmenting fiber roughness. The observed decrease in void content with increasing
nanofiller concentration is consistent with established scientific findings. This reduction
in void content is mainly attributed to the high surface area-to-volume ratio of
nanoparticles, which facilitates improved void filling and results in a denser, more
compact composite matrix [29]. At higher void content, typically resulting from poor
impregnation, the mechanical properties of composites can be severely compromised.
These voids act as stress concentration points and reduce the material's ability to
effectively transfer loads.

Table 4. Densities and void percentage of the nano alumina filled APS fiber composites

Sample Theoretical density, g/cm? Actual density, g/cm?® Void percentage, %
C1 1.141 1.067 6.481
C2 1.163 1.097 5.687
C3 1.185 1.123 5.284
C4 1.209 1.141 5.578
C5 1.141 1.076 5.672
C6 1.163 1.104 5.059
Cc7 1.185 1.130 4.643
C8 1.209 1.149 4.967
Q9 1.141 1.082 5.195
C10 1.163 1.108 4.709
C11 1.185 1.13%34 4.327
C12 1.209 1.153 4.586
C13 1.141 1.078 5.467
C14 1.163 1.101 5.294
C15 1.185 1.127 4951
Clé6 1.209 1.146 5.174

Tensile properties

The influence of NaOH treatment on the tensile strength and modulus of APS fiber
reinforced epoxy composites is shown in Figs.4 and 5, comparing untreated and
chemically treated fibers across nano alumina filler content of 0, 2.5,5,and 7.5 %.
The tensile strength of APS fiber reinforced epoxy composites was significantly
influenced by the nano alumina filler content and chemical treatments applied to the APS
fibers. The tensile properties of the APS fiber-reinforced composites increase with
nano alumina content, reaching an optimum at 5 wt. %, after which the properties
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decrease at 7.5 wt. % filler loading. The integration of nano alumina into APS fiber
reinforced epoxy composites has been shown to substantially reduce void formation,
consequently leading to an enhancement of their tensile properties. At this optimal
5 wt. % nano alumina concentration, the peak tensile strength values recorded were
84.54 MPa for untreated composites, 90.42 MPa for 3 % NaOH treated composites,
97.63 MPa for 6 % NaOH-treated composites, and 92.59 MPa for 9 % NaOH treated
composites. Compared to unfilled and untreated composites, the addition of
5 wt. % nano alumina led to tensile strength enhancements of 33.01, 42.25, 53.60, and
45.67 % for composites with untreated fibers, and those treated with 3, 6, and 9 % NaOH,
respectively.
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Fig. 4. Impact of nanofiller and surface treatment  Fig. 5. Impact of nanofiller and surface treatment
on tensile strength of composite on tensile modulus of composites

By modifying the fiber-matrix interface, surface treatments on areca fibers
strengthen adhesion and optimize stress transfer, resulting in enhanced ductility and
overall mechanical performance. The 6 % NaOH-treated APS fiber composites exhibited
optimal tensile modulus (4.956 GPa) at 5 wt. % filler loading. This tensile modulus value
gradually decreased with other loadings: 4.743 GPa (7.5 wt. %), 4.57 GPa (2.5 wt. %), and
4.174 GPa (0 wt. %). The results revealed significant differences in tensile properties
between untreated and NaOH treated APS fiber composites, with the extent of
improvement varying systematically with NaOH concentration (3, 6, and 9 %). The study
observed a reduction in tensile strength and tensile modulus of APS fiber reinforced
epoxy composites at a 9 % NaOH concentration. This reduction is attributed to the
removal of larger amounts of lignin, pectin, and other amorphous components at higher
NaOH levels. Beyond an optimal concentration, such aggressive chemical treatment can
degrade the cellulose structure itself, compromising fiber integrity [30]. This structural
damage weakens the intrinsic tensile strength of the individual fibers, resulting in a direct
decline in the composite's overall tensile properties.

Flexural properties

The flexural properties of APS fiber reinforced epoxy composites were evaluated as a
function of surface treatment and nano alumina filler content (0-7.5 wt. %), with the
results presented in Figs. 6 and 7. Optimal filler content was achieved with 5 wt. % nano
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alumina, leading to the highest flexural strength and modulus values across all fiber
treatments. The composites with 5 wt. % nano alumina exhibited the highest the flexural
strengths observed were 128 + 7.8 MPa for untreated APS fiber, 137 £ 5.4 MPa for 3 %
NaOH treated, 146 = 5.2 MPa for 6 % NaOH treated, and 141 + 4.9 MPa for 9 % NaOH
treated composites. Ata 7.5 wt. % nano alumina loading, particle agglomeration becomes
prominent, leading to weakened interfacial bonding, non-uniform dispersion, and
increased void formation. These factors collectively contribute to the observed reduction
in flexural properties compared to composites with lower filler concentrations. Compared
to untreated and unfilled composites, the incorporation of 5 wt. % nano alumina resulted
in flexural strength improvements of 26.02, 34.61, 43.05, and 38.47 % for the untreated,
3 % NaOH treated, 6 NaOH treated, and 9 % NaOH treated composites, respectively.

[ 0 wt.% Alumina 8.0| IO wt.% Alumina
150 | M 2.5 wt.% Alumina I 25 wt.% Alumina
5 wt.% Alumina 7:5 I 5 wt.% Alumina
140 B 7.5 wt.% Alumina I 7.5 wt.% Alumina
— ~ 7.0
£ 130 &
= S
26.5
5 120 2
2 3
= 110 £56.0
g g
2 Z
9 3]
2 100 255
90 5.0
50 4.5
Untreated 3% NaOH 6% NaOH 9% NaOH Untreated 3% NaOH 6% NaOH 9% NaOH

Fig. 6. Effect of nanofiller and surface treatment Fig. 7. Effect of nanofiller and surface treatment
on flexural strength of composites on flexural modulus of composites

The 5 wt. % of nano alumina filled APS fiber composites showing maximum flexural
modulus values of about 6.563, 6.934, 7.496 and 7.196 GPa for untreated, 3 % NaOH,
6 % NaOH, and 9 % NaOH treated composites, respectively. Among these, the 6 % NaOH-
treated composites showed the most significant improvement, with a 13.56 and 14.21 %
increase in flexural strength and modulus, respectively, compared to the untreated
composites. The results suggest the 6 % NaOH treatment is an optimal balance between
surface modification and fiber integrity. However, the 9 % NaOH treated composites
exhibited reduced flexural properties due to excessive delignification and potential fiber
degradation at higher alkali concentrations. The optimal reinforcement observed at
a 5 wt. % nano alumina loading is consistent with previously reported findings for similar
nanofiller reinforced polymer composites [25,31]. This consistency suggests a common
threshold for effective nanoparticle dispersion, beyond which agglomeration may occur,
leading to a decline in composite properties.

Impact energy

Figure 8 displays the impact energy results for untreated and chemically treated APS fiber
composites at varying nano-alumina filler concentrations (0, 2.5, 5,and 7.5 %). Among all
tested compositions, the APS fiber composites containing 7.5 wt. % nano alumina had the
highest impact energy. This increase in impact energy is attributed to the nanoparticles’
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ability to deflect and absorb crack propagation, thereby increasing the material's
resistance to sudden impacts [2]. At 7.5 wt. % nano alumina loading, the composites
exhibited maximum impact energies of 5.32 (untreated), 5.68 (3 % NaOH treated),
5.81 (6 % NaOH treated), and 5.64J) (9 % NaOH treated), corresponding to a 6.8 %
increase in impact energy for alkali-treated specimens compared to untreated
composites. Composites incorporating 6 % NaOH treated fibers exhibited a marked
increase in impact strength (5.81 kl/m?), substantially outperforming both untreated
fibers and those treated with lower NaOH concentrations. The higher impact strength at
this treatment level aligns with previous studies reporting that moderate alkali treatment
enhances fiber—-matrix bonding, whereas excessively high concentrations can degrade
the fiber structure and reduce toughness [32].
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Fig. 8. Effect of nanofiller and surface treatment on impact energy of composites

Surface hardness

Vickers microhardness testing was utilized to evaluate the surface hardness of the APS
fiber reinforced composites, offering quantitative insight into their resistance to plastic
deformation under standardized indentation loads. Figure 9 presents a comparative
analysis of surface hardness across various NaOH treatment conditions, evaluated for
both unfilled composites and those reinforced with nano alumina. Surface hardness
continued to increase with increasing nano alumina content, reaching its highest value
at 7.5 wt. % loading, which confirms its effectiveness as a reinforcing filler. The increased
surface hardness of the composites with higher weight fractions is primarily due to the
inherent hardness of the alumina nanoparticles. These nanoparticles act as effective
stiffening agents within the polymer matrix by restricting the mobility of polymer chains,
consequently enhancing the material's resistance to surface penetration [33]. Surface
hardness measurements revealed maximum values of 55.2 (untreated), 57.4 (3 % NaOH),
59.5 (6 % NaOH), and 58.7 HV (9 % NaOH) for composites containing 7.5 wt. % nano alumina.
The 6 % NaOH treated composite exhibited the highest hardness, showing improvements
of 7.98 % over untreated, 3.65 % over 3 % NaOH treated, and 1.36 % over 9 % NaOH
treated specimens. The 6 % NaOH treated composites with 7.5 wt.% nano alumina
exhibited superior surface hardness (59.5 HV), highlighting a synergistic effect between
the optimized fiber surface modification and nanoparticle reinforcement.
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Surface morphology

Scanning electron microscopy (SEM) analysis was performed to examine the surface
morphology of untreated and NaOH treated APS fiber, as well as the fracture surfaces of
the resulting APS fiber reinforced epoxy composites, to evaluate the effects of nano
alumina and surface treatment on fiber microstructure and composite failure
mechanisms. Figure 10(a) displays the SEM images of untreated APS fiber, revealing a
relatively rough surface with visible waxy layers, impurities, and amorphous constituents
such as hemicellulose and lignin. These surface characteristics can adversely affect
reinforcement and matrix adhesion. Figure 10(b) presents the SEM micrographs of NaOH
treated APS fiber, revealing significant modifications in the fiber surface morphology.
The alkali treatment effectively removes pectin, impurities, and hemicelluloses, yielding
a cleaner, rougher, and more fibrillated surface. This enhanced roughness and exposure
of cellulosic fibrils improve fiber wettability with the epoxy matrix and facilitate
mechanical interlocking, ultimately strengthening interfacial adhesion.
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Fig. 10. SEM images of APS fiber (a) untreated, (b) 6% NaOH treated
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Figure 11 shows the SEM images assessing the dispersion of nano alumina particles
within the epoxy matrix. Figure 11(b,c) represents the uniform distribution of
nanoparticles at 5 wt. % of nano alumina concentration for achieving optimal mechanical
properties. In contrast, Fig. 11(d) shows the 7.5 wt. % nano alumina sample, where
agglomeration of nanoparticles was observed. Such particle agglomeration can introduce
defects, reduce the effective filler—matrix interfacial area, act as stress concentration
points, and initiate microcracks. The micrographs display matrix fiber breakage,
deformation, and crack propagation, providing direct visual evidence that supports the
observed tensile properties.

Fig. 11. SEM spectrographs of the tensile fracture surface of composites with (a) 0 % nano filler,
(b) 2.5 % nano filler, (c) 5 % nano filler and (d) 7.5 % nano filler

Conclusion

This study evaluated the combined effects of alkali surface treatment and nano alumina
reinforcement on the performance of APS fiber-reinforced epoxy composites. The results
confirmed that both fiber surface modification and nanoparticle dispersion play critical
roles in determining the mechanical response of the material. The main scientific
conclusions are as follows:
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1. Alkali treatment at 6 % NaOH provided the most effective fiber surface modification,
producing a cleaner, fibrillated surface that enhanced fiber-matrix interfacial adhesion
and stress transfer.

2. A synergistic reinforcement effect was observed between 6 % NaOH treatment and
nano alumina addition, resulting in mechanical improvements greater than those
achieved by either treatment alone.

3. The composite containing 5 wt. % nano alumina with 6 % NaOH-treated fibers
delivered the highest overall tensile and flexural performance, with increases of 53.6 and
43.05 %, respectively, compared to the untreated composite.

4. Impact resistance and surface hardness were maximized at 7.5 wt. % nano alumina,
indicating that energy absorption and indentation resistance benefit from higher filler
loading, even though tensile and flexural properties begin to decline beyond 5 wt. % due
to particle agglomeration.

5. Performance deterioration at 9 % NaOH and nano alumina levels above 5 wt.%
confirmed two key failure mechanisms: (i) excessive alkali treatment damages the
cellulose structure of fibers, and (ii) excess nanoparticles agglomerate, reducing
interfacial area and inducing stress concentration.
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ABSTRACT

Innovative geopolymer brick is an alternative to conventional building materials, notably enhancing its
mechanical properties and reducing construction costs. This research used a bibliographic approach based on
specific keywords and the Scopus database to collect data, resulting in 490 papers that contain the keyword
"geopolymer brick” used as sustainable construction materials between 2004 and 2024. The main approach
includes scientometric analysis, in which the patterns of the acquired articles are examined with respect to
different characteristics like countries with the highest number of publication sources, the most frequently
occurring keywords, affiliations, authors, and articles with more research works that are relevant.
Scientometric instruments, such as R-Studio and Vos Viewer, have been important in elucidating the complex
network of geopolymer research. The scientometric review facilitates the exchange of innovative concepts
and knowledge among scholars from different countries and promotes international collaboration in research.
The use of scientific instruments not only amplifies the accuracy of the study analysis but also showcases the
multidisciplinary character of modern research, establishing a pattern for forthcoming investigations. It is still
necessary to carry out an extensive investigation of the novel geopolymer bricks as an innovative building
material while taking the research gaps into account. To do this, it is necessary to examine the results of
previous studies and identify the research components and development trends and future endeavours by
highlighting the necessity for continued research and the advancement of geopolymers as a cutting-edge and
ecologically responsible alternative in construction techniques across the globe.
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Introduction

For thousands of years, bricks have been an important part of construction and building
projects. Even though burnt clay is a consistently workable and accessible material, its
manufacture has always required a significant amount of energy and resources.
The extraction of raw materials, consumption of energy techniques for manufacturing,
and massive amounts of waste production associated with traditional building materials
like clay bricks and concrete blocks all contribute significantly to increasing carbon
emissions and resource degradation [1-4]. It is an urgent demand for innovative and
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sustainable building materials in this era of mounting environmental concerns and the
need to reduce the ecological footprint of human activity. Geopolymer bricks are more
ecologically friendly than conventional bricks since they use less water and energy and
produce fewer waste materials [5,6].

Numerous scholars are investigating the possibility of substituting traditional
building materials with innovative, eco-friendly alternatives [7]. Sustainability has
become more important in the construction industry as a result of growing environmental
consciousness and the need to minimize the environmental impact of structures. Since
the energy cost of their extraction, treatment, and disposal influences the environmental
effect of construction, novel building materials are an important topic [8-10]. Among
these innovations, the idea of Geopolymer Bricks has gained popularity recently. It was
created with the same specifications as concrete bricks, fly ash bricks, lightweight bricks,
and geopolymer bricks. The introduction of waste from industries in brick manufacturing
was a breakthrough, and it produced opportunities for the reuse of waste, reducing the
harmful impact on the environment [11]. The shift from conventional bricks to
geopolymers is complemented by a concise examination of alternative brick varieties,
including concrete bricks, fly ash bricks, and Llightweight bricks [12-17]. The
incorporation of waste materials from businesses into brick production is emphasized as
a groundbreaking measure, not only mitigating environmental damage but also offering
prospects for waste repurposing [18,19].

Geopolymers are known for their reduced impact on the carbon footprint as they can
be created at low temperatures, unlike cement. Geopolymers are sustainable and
environmentally friendly materials as they are prepared from waste materials from the
industry, such as fly ash and slag. Apart from their raw material being industrial waste, they
are reusable at the end of their life span. Scholars used a variety of waste resources, such
as ceramic powder, glass powder [20], granulated blast furnace slag [21], mine tailings [22],
fly ash [23] and others [24,25], as ingredients for a revolutionary geopolymer brick.

Geopolymers have an advantage over traditional construction materials as their
better resistance to corrosion and chemical attack, which makes them a suitable option
for the replacement of conventional construction materials. Cement uses raw materials
from earth minerals, which makes it a limited and restricted production material as it can
cause problems to the environment like mineral scarcity and air pollution on the other
hand geopolymers act as a solution for the use of industrial waste without the
requirement of a high temperature of about 900 to 1200 °C which is necessary for cement
manufacturing process [26-30]. Apart from this, geopolymers can achieve the desired
strength with a shorter curing period and less greenhouse gas emissions. The current
review focuses on the scientometric analysis of the information available on the
geopolymer brick in the Scopus database using R-Studio and Vos-viewer applications that
provide essential information on the articles available in the database about the sources,
affiliations, authors, and their relation with the different parameters [31,32]. The
Scientometric Approach is used in this study to analyze the bibliometric dataset obtained
from the Scopus Database. The scientometric analysis is a scientific methodology that
uses a variety of statistical and computational tools to analyze patterns, trends, and
relationships among scientific works, authors, institutions, and research topics. It involves
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quantitative and qualitative assessments of scientific literature, publications, citations,
and collaborations within a particular field or discipline.

The current study evaluated the positive impacts of innovative geopolymer bricks
for building by conducting a scientometric analysis of published works that address the
issue of advancing sustainable construction. Based on 490 publications published
between 2004 and 2024, this article examines a growing collection of research on
geopolymer bricks and provides a qualitative evaluation of the historical development of
bricks. The study utilizes a scientometric methodology, using technologies like Web of
Science, R-Studio, and Vos Viewer to carry out a comprehensive analysis of the current
body of literature on geopolymer bricks [33,34]. The sheer magnitude of publications,
affiliations, and authors exemplifies the growing interest and the worldwide scope of
study in this field. India has emerged as a leading contender in the field of geopolymer
brick papers, highlighting the global reach and importance of this area of study [35-38].
The introduction establishes the foundation for the next parts by concisely outlining the
historical path of bricks, identifying the environmental obstacles presented by
conventional materials, and offering geopolymers as a modern, environmentally friendly
substitute [39-41]. These establishes are the framework for the extensive investigation
of geopolymer bricks in the next parts, spanning their production methods, mechanical
characteristics, uses, and the future potential of this revolutionary substance in the field
of environmentally friendly building. This assessment is notable for its primary emphasis
on resolving a crucial problem within the building industry—the ecological consequences
linked to traditional construction binding materials such as cement [42]. The research
suggests a revolutionary approach by promoting the use of geopolymers, particularly in
the form of bricks, as a basic construction component. The article thoroughly examines
alternative mix compositions, investigates the mechanical characteristics, and includes a
full analysis of numerous experiments performed on geopolymer bricks. Moreover, the
assessment provides insight into the most recent developments in geopolymer brick
technology, clarifying its many uses in building projects.

The research investigation makes use of cutting-edge scientific instruments,
including sophisticated scientometric analysis techniques like R-studio and Vos Viewer
software, and it obtains its analytical data from the Scopus database. The collection of
tools includes Network Visualization, Density Visualization, Topic Dendrogram, and
Cluster Analysis, along with Bar Charts and Pie Chart representations. The use of this
analytical toolbox enhances the research by offering a sophisticated comprehension of
the current research evolution [43,44].

The study takes into account a wide range of elements and criteria, including
Sources, Articles, Authors, Co-authors, Citations, Affiliations, and Keywords. This
methodical approach guarantees a comprehensive examination of the topic, enhancing
the understanding of the interrelated aspects of geopolymer bricks in infrastructure. This
comprehensive evaluation distinguishes itself from past reviews by thoroughly exploring
the complex interactions among crucial material qualities rather than focusing just on
physical aspects and future research directions. The study utilizes advanced scientometric
analysis to pioneer multidisciplinary methodologies, setting a new standard in research
methodology [45-48]. By prioritizing cost-effective solutions, this study investigates the
elements that impact the qualities of geopolymer bricks, ultimately improving their
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availability for a wide variety of building projects. The analysis highlights the significant
role of geopolymers, especially in brick manufacturing, as a critical aspect in providing
environmentally friendly choices for building projects [49-53]. These choices not only
foster sustainable infrastructure development but also conform to environmentally
conscious practices. In addition to its academic importance, this review plays a crucial role
in sharing information and promoting cooperation within the construction sector [54-57].
By serving as a catalyst, it stimulates innovation and advancement, leading to beneficial
transformations in the field of building materials and processes.

Literature search methods
Literature Search

This section should clearly outline which bibliographic databases and time frames were
used for the literature search, providing examples of keywords, phrases, and search
queries employed to identify relevant studies. Observing the articles on innovative
geopolymer bricks as a sustainable construction material for the record of 490 articles in
Web of Science throughout the period of 2004 to 2024, the researchers evaluated their
significance to conclude the investigation of the current study. These articles are
published in 182 different sources with an overall number of authors as 1536. The most
relevant source is identified as CONSTRUCTION AND BUILDING MATERIALS with a total
of 103 articles on the topic of geopolymer brick, followed by JOURNAL OF BUILDING
ENGINEERING and JOURNAL OF CLEANER PRODUCTION with several articles 33 and 23
respectively. The top three Authors were identified as ABDULLAH MM, SAHMARAN M, and
KADIR AA with the number of articles as 20, 19, and 18 respectively. The most relevant
Affiliations are UNIV MALAYSIA PERLIS, SWINBURNE UNIV TECHNOL, and HACETTEPE
UNIV with 54, 27, and 25 articles respectively. India is the country with the maximum
number of publications in geopolymer bricks, with 59 articles followed by China (57), and
Malaysia (39).
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After screening for the most relevant affiliation UNIV MALAYSIA PERLIS, 31
articles were obtained for the research related to geopolymer brick with the contribution
of 81 authors, among which 20 articles are published by ABDULLAH MMA as shown in
Fig. 1(a). It was seen in Fig. 1(b) in the network analysis that most of the work in these
articles was done on the fly ash and blast furnace slag, considering their mechanical
properties. Over the last few decades, the growth of industries and increased population
demands have given a tremendous rise to the emissions of greenhouse gases, which CO;
is @ major contributor which results in about 8 % of CO, emissions every year due to
cement manufacturing and the use of cement-based products [58-61]. It is estimated to
have a production of 6.1 billion metric tons of cement in the world by 2050 to fulfil the
demands of the population.

Data collection and processing

Based on information gathered from the majority of existing literature, which was used
in Fig. 2 out the results’ scientific foundation, Scopus was selected as the bibliographic
database since it is thorough and well-organized, making it an effective tool for in-depth
scientific investigation. The dataset obtained was further screened to scrutinize the
unwanted articles. The obtained articles were saved in a CSV format so that they could
be adjusted in the Vos Viewer and R Studio software for required analysis. The procedure
is shown in Fig. 2 using a flowchart. Due to the nature of the research procedure, the data
contained in the obtained file was processed and displayed using networks, clustering,

and graphics.
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Fig. 2. Research methodology flowchart

Result and Analysis
Scopus database analysis

For the identification of important research fields in the geopolymer bricks topic, an
analysis was performed in the Scopus database, as shown in Fig. 3. In the year range of
2013 to 2023, a total of 85 documents were received. Boost in the research can be seen
after 2018-2019, where 15.3 % of articles were published in the years 2020 and 2021
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each, 17.65 % in the year 2022, and 31.77 % in 2023, as shown in Fig. 4. This rise in the
frequency indicates the increasing interest of researchers in the field of geopolymer.
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The renown and significance of a paper for other researchers can be determined by
its citations. In this dataset, the Construction and Building Materials Journal contains the
maximum cite-score for the articles related to the topic of geopolymer brick which shows
that the articles published in this journal are more popular for containing important
information as shown in Fig. 5.
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Fig. 5. Cite-score obtained in different sources of the dataset

Apart from the cite score, the most relevant source list is also topped by the
Construction and Building Materials Journal, which contains 20 % of the articles available
in the dataset. This relevancy is followed by LECTURE NOTES IN CIVIL ENGINEERING and
MATERIALS TODAY: PROCEEDINGS with 9.4 and 7 %, respectively.

Research and innovation trends by year

Geopolymer bricks, as an innovative building material, have been the subject of relevant
research studies over recent decades. The frequency of documents published per year is
a symbol of consistent research in the concerned field. This consistency was maintained
by the Construction and Building Materials till 2017. Thereafter, it was surpassed by
Materials Today: Proceedings and later since 2020-21 Materials Journal has been holding
the top position for the publication of maximum documents per year in the concerned
field as shown in Fig. 6.

Analysis of articles from the author

A maximum of 6 articles were published by Sahmaran, H followed by Kul, A, and Khan,
S.A with 5 and 4 articles, respectively, as shown in Fig. 7(a). Figure 7(b) shows that a
maximum of 8 articles were received from Hacettepe Universitesi, followed by Ankara
and Hana Bin Khalifa University, with 4 articles each. India has contributed to this topic
with a maximum of 30 articles in the dataset, making 35.29 % of the whole, as shown in
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Fig. 7(c). In the funding institutes shown in Fig. 7(d), a maximum contribution of 4 articles
was seen from the Qutar National Research Fund.
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In the document type analysis of Fig. 8(a), 62.4 % are articles, 23.5 % are conference
papers, 8.2 % are review papers, and 4.7 % are book chapters. In the discipline of the
research in Fig. 8(b), a maximum of 36.1 % are from Engineering, 31 % are from material
science, and others are from diverse fields of environment, computing, chemicals, and
Business management.
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Fig. 8. (a) Document type in the dataset; (b) subject type in the dataset

The most relevant documents obtained in this dataset are Lignola GP, 2017
published in Compos Part B: ENG, Ahmari S, 2013 published in Construction Building
Materials, and Tang Z, 2020 published in Conservation and Recycling Journal with an
overall citation score of 190, 158, and 135 respectively which can be seen in Fig. 9.
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Fig. 9. Cite-score of the top ten articles

Analysis of co-occurrence network

The co-occurrence network of the keywords in Fig. 10 is a representation of the author's
keywords, showing the importance and relevance of the keywords that are mostly used.

The terms "geopolymers,” "inorganic polymers,” "brick," "sustainable development,” and
"fly ash" are most commonly used in the researchers examined in this collection. Out of
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861, 60 keywords, 10 occurrences, co-occurrences, all of the keywords, and complete
counting match the criterion.
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Fig. 10. Co-occurrence network of the author keywords
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Fig. 11. Topic dendrogram as per multiple correspondence analysis.
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Hierarchical clustering is presented in the topic dendrogram in Fig. 11. Two colours,
blue and red, represent the clusters with similarities. 1st group of clusters shown in red
represents the clusters of primary units in the geopolymer formation. In contrast, different
subgroups of the blue-coloured group represent the other ingredients, processes,
analysis, and final output obtained in the different clusters, which have similarities. Co-
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authorship and authors network analysis was done using Vos Viewer with max author per
doc as 5 and min documents of the author as 1, taking minimum citation score as 10, and
a total of 64 Authors met the threshold.

Network visualization represents the clusters of authors in Fig. 12(b) with higher
numbers of citations, which can be easily identified in the density visualization. Arulrajah,
Arul Zhang, Lianyang and Li Wengui are the authors with the most citations and the
highest temperatures in heat density visualization.
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Fig. 12. (a) Author keywords network visualization; (b) Author co-occurrence network

A structure of collaboration networks in the application of geopolymers in the field
of advancing sustainable construction is revealed by the Co-Authorship visualization and
Co-Authorship density visualization network, as shown in Fig. 13(a,b), respectively, and
can be helpful in organising future scientific collaboration. Bibliographic coupling and
countries clustering analysis was done in Vos Viewer with full counting, taking countries
with minimum documents as 2 and minimum citation as 10. Out of a total of 35, 19 met
the threshold. Network visualization of bibliographic coupling and countries shows the
maximum number of research articles from India, followed by Australia and Turkey, which
can be interpreted in the heat density visualization, as shown in Fig. 14. The most minor
research is shown in countries located at a farther place with small diameters, such as
Egypt, France, Brazil, and Poland.
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Fig. 13. (a) Co-authorship network visualization; (b) co-authorship density visualization
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Fig. 14. (a) Bibliographic coupling network of countries; (b) bibliographic coupling density visualization

Physio-mechanical properties

Compressive strength. The compressive strength of the brick was seen to vary according
to the type and proportion of the materials and activator used. The most common and
important thing that makes this research sustainable is the use of waste materials from
industries, which is common in almost all research papers. The compressive strength of
the brick was seen to vary from 2.1 to 42 MPa, as reported by different researchers
[62-64]. The bricks with less compressive strength are suitable for interior works where
they don't have to carry the load. Otherwise, the bricks with good strength can be utilized
in the load-carrying members of the structure. The proportion of the materials depends
upon availability. If the percentage of fly ash and ground granulated ballast furnace slag
is suitable, then the complete replacement of soil and other ingredients in the
conventional bricks will be achieved. The optimum percentage was seen to be between
10 to 30% for good compressive strength. If we only use GGBS (25 %) and fly ash (75 %)
with 30 % NaOH and 70 % Na,SiOs;, a good increase in compressive strength can be
achieved with better durability properties [58] and detailed mechanical properties
performed by researchers are shown in Table 1.

Durability and chemical resistance. The inclusion of silica-added brick kiln rice husk
ash and activators such as NaOH and Na,SiOs solution resulted in increased durability.
A reduction in water absorption was seen by 34 %, which is considerable in preventing
harmful ingredient absorption, especially in the case of coastal regions. The acidic
environment of coastal regions is well known to cause issues for building materials by
reducing their durability. Because of this, it's critical that building materials be chemically
resistant. Even a 10 to 15 % proportion of pozzolanic materials in geopolymer bricks will
give them good resistance to such environments [19]. In addition, resistance to abrasion
was seen in comparison to conventional brick [71]. Finding the ideal amount of mine
tailings in the brick will allow for the control of leaching properties [72]. While employing
low-reactive copper mine tailings does not significantly improve compressive strength,
durability qualities can be improved [73].

Flexural strength. It is evident that geopolymer bricks have higher flexural strength
than conventional materials. The use of fly ash (FA) and ladle furnace slag (LFS) with
varying percentages of silica fume along with sodium silicate and sodium hydroxide as
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Table 1. Summary of geopolymer brick studies with optimized compositions and properties
Comp.
Authors Ingredients Activator Test Optimum % | strength, | Time | Ref.
MPa
Rice husk ash
(oo | sadu
b?ast furnace hydroxide Compressive 60 % rha,
Hag et al. (NaOH) and strength and 20 % ggbs,
2024 | S139(9gbs). red | T water and20% | 273% | 28 163
mud, and - .
silicate absorption red mud
recycled (Na;Si05)
washed sand as 2
filler
Mortada Calcium Calcium Compressive 1 wt. % of
et al. . . - 42 28 | [66]
hydroxide hydroxide strength nano-silica
2023
Compressive 7
Ahmad et Fly ash i strength and i 40 and | [67]
al. 2022 water
. 28
absorption
. Compressive
. Granite waste . 7
Shilar et powder and Sodlum strength and 20 % 1041 and | [68]
al. 2023 . . hydroxide water
iron chips . 28
absorption
Compressive 10 %
strength, sodium
Morsy et Rice stréw Sodlum therm.aF hydroxide 21 28 (5]
al. 2022, ash,soil hydroxide conductivity,
and 20 %
and water
. RSA
absorption
Compressive
and flexural
Li et al strengths, bulk
' Brick powder Na,0 density, water 6 % Na,0 311 7 [69]
2022 ;
absorption and
softening
coefficient
Kakodkar . 10%fly ash
- Compressive and 30 %
etal. Iron ore tailings _ . 11.15 28 | [70]
strength GGBS with
2023, 50 %

activators was seen to increase the flexural strength of the brick [74]. Apart from fly ash,
if waste fibre cement is being used with a suitable activator, it has the capability of
increasing the flexural strength of the geopolymers to about 20 % of its compressive
strength [75]. Additional strength and sustainability can be achieved using carbon or steel
fiber reinforcement as a replacement for steel in the concrete [76]. Geopolymer bricks
have a vast application among the various structural units, and their performance is far
better than that of traditional clay bricks and fly ash bricks [77,78]. The application is
determined by the ratio of materials to be used and the improved properties, such as
increased flexural strength for use in the building’'s beams or increased compressive
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strength for use as paver bricks. For high resistance to chemicals and water absorption,
the application can be made on the structure's exposed surface likewise after serving the
life span as a main unit in the structures, the geopolymer recycled brick aggregate-filled
steel tubes can be made with good strength as compared to the traditional concrete-filled
steel tubes [79].

Discussion and Recommendations

The findings showed that there is a notable and consistently rising trend in the research
study on the subject of geopolymers as cutting-edge building materials, indicating that
the researchers are fully aware of and interested in the potential benefits and applications
of geopolymers as advancing sustainable construction. The statistical analysis and
mapping of the bibliographic databases and time periods utilized for the literature search
were carried out by a systematic review, which also provided examples of the keywords,
phrases, and search queries used to find relevant studies. The ability to fully and
accurately connect divergent sections of the literature is lacking in previous review
studies. The researchers assessed the relevance of the 490 publications on innovative
geopolymer bricks as a sustainable building material published in Web of Science
between 2004 and 2024 in order to wrap up the inquiry of the current study. There are
1536 writers total, and these papers are published in 182 distinct sites. Researchers from
China, Malaysia, and India have made significant contributions to the field of geopolymer
brick research by collaborating extensively with other researchers in the discipline and
utilizing their knowledge. Table 1 summarizes studies on geopolymer bricks with
optimized compositions and properties. Several researches observed the compressive
strength of bricks based on the ideal constituent proportions to replace the traditional
brick. The analysis carried out in this study suggests the following investigations for the
future.

In anticipation, the recognition of forthcoming avenues for study underscores the
need for economically viable resolutions and a more profound comprehension of the
variables impacting the characteristics of geopolymer bricks. The ever-evolving
characteristics of this domain need ongoing investigation, ingenuity, and cooperation to
tackle developing obstacles and unleash the whole capabilities of geopolymer
technology in the realm of building.

Fundamentally, this assessment not only consolidates preexisting information but
also functions as a catalyst for the spread of knowledge, promoting cooperation within
the construction sector and driving innovation and advancement. The use of
scientometric instruments not only enhances the analysis but also signifies the
amalgamation of conventional and state-of-the-art approaches in furthering our
comprehension of geopolymer brick study. As we find ourselves at the intersection of
historical significance and groundbreaking advancements, the investigation into
geopolymer bricks arises as an illuminating beacon, directing the building sector towards
a more environmentally friendly and enduring future.
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Conclusion

The investigation of geopolymer bricks as a groundbreaking and environmentally friendly
substitute for conventional building materials is a revolutionary expedition that mirrors
the changing demands of the construction sector. The current study evaluated the
positive impacts of innovative geopolymer bricks for building by conducting a
scientometric analysis of 490 papers published between 2004 and 2024 that address the
issue of advancing sustainable construction.

There are numerous strong connections among the research communities in China,
Malaysia, and India, all of which have made substantial contributions. With 59
publications, India leads the world in geopolymer brick publications, followed by China
(57), Malaysia (39), and other countries.

These research articles have been published in 182 different sources, and there are
1536 authors in total. Having 103 articles on the subject of geopolymer brick,
CONSTRUCTION AND BUILDING MATERIALS is the most relevant source. Journal of
Building Engineering and Journal of Cleaner Production, with multiple articles 33 and 23,
are the following two most relevant sources.

The extensive contributions from writers such as Abdullah MM, Sahmaran M, and
Kadir AA, in conjunction with affiliations such as Univ Malaysia Perlis, highlight the
worldwide cooperation that drives geopolymer research. Significantly, India emerges as
a prominent participant, exemplifying the extensive acknowledgment of the potential of
geopolymer technology in tackling the obstacles presented by traditional building
materials.

The environmental issues linked to the manufacturing of conventional cement-
based products, notably the concerning amounts of carbon dioxide emissions, provide a
striking context for the environmentally beneficial characteristics of geopolymer bricks.
Through the use of lower temperatures throughout the manufacturing process and the
inclusion of industrial byproducts such as fly ash and slag, geopolymers effectively reduce
their carbon footprint. The inherent durability of geopolymers and their capacity for being
repurposed after their life span establishes geopolymers as a tempting option for building
methods that prioritize environmental consciousness.

Scientometric instruments, such as R-Studio and Vos Viewer, have been important
in elucidating the complex network of geopolymer research. The methodical technique,
as shown in the flowchart, guarantees a meticulous screening procedure, enabling a
sophisticated study of sources, affiliations, authors, and keywords. The use of scientific
instruments not only amplifies the accuracy of the study but also showcases the
multidisciplinary character of modern research, establishing a pattern for forthcoming
investigations.

The main fields of study on geopolymer bricks used as building materials and any
knowledge gaps were outlined in a qualitative evaluation. This thorough analysis
broadens the framework's understanding and helps researchers identify high-impact
journals and scholars. It also clarifies current patterns in the field's investigation of novel
applications for geopolymer brick as construction materials.

The use of waste resources not only enhances sustainability but also establishes
geopolymer bricks as feasible substitutes for traditional building materials. The
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compressive strength, which varies from 2.1 to 42 MPa in different experiments,
highlights the versatility and robustness of geopolymer bricks, rendering them
appropriate for use in paver bricks, beams, and exposed surfaces. The versatility, along
with the environmentally conscious characteristics, establishes geopolymer bricks as a
fundamental element in the development of a sustainable future.
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ABSTRACT

3D printing offers advantages in terms of geometry customization and material waste reduction; however,
the formulation of polymeric composite materials with improved mechanical properties remains a
challenge. This study analyzes the use of natural fique fibers as reinforcement in polylactic acid filaments
for additive manufacturing applications. In order to improve their compatibility with the polymer matrix,
the fibers were subjected to an alkalization treatment and then incorporated into the polylactic acid at a
10 wt. % using a single-screw extruder. The composite filament was characterized by scanning electron
microscopy for morphological analysis, differential scanning calorimetry, and thermogravimetric analysis.
The test specimens for mechanical evaluation were manufactured by 3D printing and subjected to tensile
testing according to ASTM D638-22 using a universal testing machine. In addition, statistical analysis was
performed using ANOVA to determine the significance of the differences between pure polylactic acid and
the reinforced composite. The differential scanning calorimetry results showed an increase in the glass
transition temperature and cold crystallization temperature due to the incorporation of the fibers.
Thermogravimetric analysis showed lower thermal stability of the composite, reflected in a reduction in
the degradation temperature. Morphological observations indicated low interfacial adhesion between the
fibers and the matrix, which contributed to the decrease in tensile strength. However, the composite
material had a higher modulus of elasticity, indicating an increase in structural rigidity.
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Introduction

3D printing, also known as additive manufacturing, is a technique that has revolutionised
the industrial sector by making it possible to create prototypes and complex objects
quickly and with highly customised designs, building them layer by layer [1]. Among the
materials most commonly used in this process, polylactic acid (PLA) stands out for its
biodegradability, ease of printing, and low level of shrinkage during cooling. However, its
limitations in terms of mechanical strength, fragility, and thermal stability restrict its
application in more demanding conditions, which has driven the search for polymer
formulations and composites with improved properties [2]. A promising strategy for
improving the properties of PLA is to reinforce it with natural fibers. Materials such as
bamboo, kenaf, flax, hemp, and sisal stand out for their high mechanical strength, greater
thermal stability, biodegradability, and low cost, making them viable alternatives for
expanding the applications of additive manufacturing [3].
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The incorporation of natural fibers into polymer matrices reduces the density of the
composite, favoring the manufacture of lighter parts. In addition, these composite
materials have a lower environmental impact compared to pure synthetic polymers,
which is advantageous for sectors such as the automotive industry, construction, and
consumer goods [4]. The incorporation of natural fibers as reinforcement in polymeric
materials not only reduces the cost of filaments, but also improves their degradability. In
addition, this type of reinforcement gives printed parts a distinctive appearance that may
be attractive to certain users or sectors, especially when accompanied by an appropriate
marketing strategy [5]. The use of natural resources as reinforcement has generated
interest due to their availability and their potential to modify the mechanical and thermal
behavior of the material [6].

However, one of the main limitations in the manufacture of filaments with natural
fibers is the incompatibility between the two phases: natural fibers are hydrophilic, while
the polymer matrix is usually hydrophobic. This difference in their chemical nature can
cause adhesion problems, affecting stress transfer and, consequently, the mechanical
performance of the composite material, can cause adhesion problems, which can intensify
when certain fiber content levels are exceeded, reducing the mechanical properties of
the material [7]. Due to this limitation associated with the incompatibility between the
polymer matrix and natural fibers, various treatments have been studied with the aim of
improving the interfacial adhesion between the two phases [8].

In addition to compatibility between material components, processing conditions
during 3D printing also play a decisive role in the behavior of natural fiber-reinforced
thermoplastic composites. High temperatures in the print nozzle can degrade the fibers,
negatively affecting the mechanical properties of the final product. Therefore, it is
necessary to optimize parameters such as temperature and layer spacing to obtain
appropriate mechanical performance according to the application requirements.
Likewise, the presence of natural fibers can modify the crystallinity of the matrix,
influencing its thermal stability and resistance to degradation [9,10].

There are numerous developments and studies on filaments made from polylactic
acid and reinforced with natural fibres for use in 3D printing. Celik et al. [11] produced
polylactic acid filaments reinforced with hemp fibres, evaluating their thermal,
morphological and mechanical properties. The results showed that the addition of hemp
fibres deteriorated the thermal properties after 3D printing, although the flexural
strength increased slightly. Additionally, Faidallah et al. [12] evaluated filaments made
from PLA reinforced with 7 % by weight of hemp and jute fibres, achieving tensile
strengths of 38.8 and 62.38 MPa, respectively. These values represent significant
improvements compared to the original and recycled pure PLA filaments.

Selvan et al. [13] developed a PLA composite reinforced with flax fibres,
highlighting its mechanical properties. The 3D printing parameters were optimised,
achieving a tensile strength of 61.13 MPa and an impact strength of 12.77 kl/m?. On the
other hand, Wu et al. [14] fabricated 3D printing filaments from PLA and rice husk (RH),
incorporating PLA modified with acrylic acid (PLA-g-AA) and rice husk treated with a
coupling agent (TRH) to improve the properties of PLA/RH biocomposites. The results
showed that PLA-g-AA/TRH biocomposites exhibited superior tensile properties to
PLA/RH due to improved compatibility between the polymer and the reinforcement.
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Suteja et al. [15] developed PLA composites reinforced with continuous fibres from
pineapple leaves for 3D printing, improving the mechanical properties of thermoplastic
materials. Rafiee et al. [16] created PLA composite filaments reinforced with birch fibres,
highlighting their printability and potential in additive manufacturing. However, they
pointed out the need to optimise extrusion and printing parameters to improve the
strength and resolution of the final products, as, although the biocomposite filaments
were printable, they require high settings to achieve maximum performance.

In turn, Aumnate et al. [17] manufactured PLA/kenaf biocomposite filaments,
improving their mechanical properties through treatment with plasticizers. These
filaments showed an increase in tensile strength and elongation, making them suitable
for 3D printing applications in sustainable textiles, prosthetics, and medical devices.

Despite the aforementioned advances in the field of natural fiber-reinforced
filaments for 3D printing, no studies have been found that use fique fiber as
reinforcement. Similar approaches using advanced 3D-printed PLA structures have been
reported in [18], and the extrusion process in FDM printing has been modeled to optimize
performance [19]. Fique fiber, which comes from a plant native to Colombia, stands out
for its exceptional mechanical properties, particularly its high strength [20], making it a
promising option for the development of biocomposite filaments for 3D printing. Its
incorporation could lead to significant improvements in both performance and
functionality.

Therefore, this study develops and characterizes a PLA filament reinforced with
10 % by weight of alkali-treated fique fibers, manufactured by extrusion for application
in 3D printing. The morphological and thermal properties of the filament were evaluated,
as well as the mechanical properties of the material once printed.

Materials and Methods
Materials

Long fique fibres were supplied by the company Ecofibras, located in Santander,
Colombia. Subsequently, they were cut to sizes of 1to 2 mm (Fig. 1(a)). The average
diameter of the fibres was 187.8 pym, according to the micrograph obtained by scanning
electron microscopy (SEM), presented in Fig. 1(b).

o
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Fig. 1. SEM-images of fique fibres: (a) length of fibres after cutting; (b) average diameter of fibres
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The PLA used was of 2003D grade, from renewable resources and presented in roll
form. According to the manufacturer's specifications, this material has a density of
1240 kg/m?, a melt flow rate of 6 g / 10 min (measured at 210 °C with a load of 2.16 kg).
Before use, PLA was dried at 60 °C for 4 h and then processed into fragments of 1 to
2 mm in size.

Alkalinisation treatment

The fique fibers were subjected to an alkalization treatment using a 10 % by weight
aqueous solution of sodium hydroxide (NaOH). The fiber/solution ratio was 1:10. The
fibers were kept immersed in the solution for 30 min at room temperature. After this time,
the solution was decanted and the fibers were washed repeatedly with distilled water
and a small amount of acetic acid (CHsCOOH) until the alkaline residues were removed,
confirming neutralization using pH indicator paper.

Subsequently, and unrelated to the previous immersion time, the fibers were
subjected to a manual mechanical reduction process, decreasing their diameter to a range
of 10-20 um. Finally, the fibers were placed in a Petri dish and dried at room temperature
for 24 h. To remove residual moisture, the samples were then dried in an oven at 60 °C
for 6 h, until they reached a constant weight. Figure 2 shows the microfibrils obtained
after the mechanical reduction process.

\
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Fig. 2. SEM-images of microfibrils obtained by mechanical reduction

Filament processing

For the manufacture of the filament, a Wellzoom single-screw extruder, model Filament
Extruder Line Il, equipped with a 1.75 mm diameter nozzle, was used. The extrusion
process was carried out at 205 °C, within the range recommended by the manufacturer
for PLA and below the maximum degradation temperature of fique (337 °C), according to
the study by Guzman et al. [21], in which fique fibres were subjected to an alkalinisation
treatment similar to the one used in this work. Before extrusion, the screw was preheated
at 180 °C for 30 min. Extrusion was performed with a screw rotation speed of 10 rpm,
which generated an exit speed at the nozzle of 8.46 mm/s.
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The filament was manufactured with a 10 % weight fraction of the fique fibre. The
procedure consisted of feeding the two components directly into the extruder in
alternating layers, starting with 40 g of PLA, followed by 4 g of fique fibres, repeating this
pattern successively.

Figure 3 shows the filament produced, from which continuous filaments of 180 cm
in length were obtained. These filaments were used to manufacture the specimens for
mechanical characterisation, by means of 3D printing.

Fig. 3. Extruded filament

Scanning electron microscopy

Scanning electron microscopy (SEM) was used to evaluate the adhesion between PLA and
fique fibre in the extruded filament. The filament was sectioned into small fractions using
a Ted Pella microtome and coated with a thin layer of gold using a Cressington Sputtering
machine. This coating was done to improve the electrical conductivity of the material and
to guarantee the quality of the observations during the analysis. A Tescan MIRA 3 FEG-
SEM scanning electron microscope was used to capture micrographs at different focal
planes, with magnifications of up to 1000X.

Thermal characterisation of the filament

A differential scanning calorimetry (DSC) analysis was performed on a 3 mg sample of the
fique fibre filament and pure PLA using a TA INSTRUMENTS Discovery apparatus. The
test was carried out in a nitrogen atmosphere with a flow rate of 20 ml/min, covering a
temperature range of 25 to 300 °C and using a heating and cooling rate of 5 °C/min.

Thermogravimetric analysis

These findings are in line with other analyses that associate thermal degradation with
printing defects in composite structures, and with studies showing that 3D printing
defects strongly influence strength. The analysis was carried out in dry synthetic air
atmosphere, with gas flow (25 mL/min) with a TGA5500 equipment of TA Instruments,
applying a temperature increase of 5 °C/min until reaching 600 °C. TGA thermograms and
derivative curves (DTG) were obtained for the filament of fique fibre with PLA, as well as
for pure PLA.



Polylactic acid filaments reinforced with natural fique fibers for 3D printing applications 121

Filament printing

The specimens for the mechanical characterisation of the biocomposite were
manufactured by 3D printing using a Creality Ender 3 V2 and Creality Slicer 4.8 software.
During the process, temperatures of 200 °C were set at the extruder and 70 °C at the
printing bed, (according to the results of the thermal analysis). The use of supports for
the model was not necessary, and the printing was performed at a controlled speed of
30 mm/s to ensure high precision in the details. Additionally, similar procedures have
been validated for ABS-based fiber composites with infill variations. The parameters
defined in the Crealty Slicer 4.8. software for 3D printing are shown in Table 1.

Table 1. Parameters defined in the printer

Quality
Layer height, mm 0.2
Shell
Wall thickness, mm 0.8
Wall line count 2.0
Top/bottom thickness, mm 0.8
Top thickness, mm 0.8
Botton thickness, mm 0.8
Top/bottom pattern, mm lines
Infill
Infill density, % 100
Infill line distance, mm 0.4
Infill pattern lines
Minimun infill area, mm? 0
Speed
Print speed, mm/s 30
Infill speed, mm/s 30
Outer wall speed, mm/s 30
Travel speed, mm/s 120
Travel
Retraction distance, mm 4
Retraction speed, mm/s 25
Cooling
Fan speed, % 100
Regular fan speed at heigth, mm 0.6
Mimimun layer time 10

Tension test

The tensile test was performed using an MTS universal testing machine, model C43.104,
following the guidelines of ASTM D638-22, entitled "Standard Test Method for
Determining Tensile Properties of Plastics”. Type V test specimens were used for this
study, which are suitable when the amount of material available is limited. Five test
specimens 3.2 mm thick and with the geometry specified in Fig.4 (all dimensions
expressed in mm) were prepared for both the PLA/fiche fiber composite and pure PLA in
order to compare their mechanical behavior. The tests were performed at a crosshead
displacement speed of 5 mm/min, as recommended by the standard. The values
presented correspond to the average of the five tests performed for each material.
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Fig. 4. Geometry of the specimen stress

Statistical analysis

The existence of statistically significant differences between the maximum stress and
modulus of elasticity of the PLA-fique composite material and pure PLA were evaluated
using analysis of variance (ANOVA). In this study, the ANOVA procedure was applied,
which establishes that if the p-value obtained is lower than the adopted significance level
(0.05), then it is concluded that the means of the mechanical properties differ statistically
significantly.

Results
Morphological analysis

Figure 5 shows the adhesion and distribution of the fique fibre in the PLA matrix that
makes up the manufactured filament. Scanning electron microscopy (SEM) images
revealed significant voids at the matrix-fibre interface, showing poor interaction and
suggesting inefficient charge transfer between the two components. Fibre agglomerates
were also detected in some areas, pointing to inhomogeneous dispersion during the
extrusion process.

Fig. 5. Fibre-matrix adhesion micrograph: (a) 800X; (b) 1000X



Polylactic acid filaments reinforced with natural fique fibers for 3D printing applications 123

This behaviour was also reported by Mazurt et al. [22] in their study on PLA filament
composites reinforced with natural fibres (wood, bamboo and cork), where they observed
the lack of continuity of the material and the presence of gaps between the applied
filaments, which resulted in an increased porosity of the materials and subsequently
affected their mechanical properties.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) (Fig. 6) reveals that the incorporation of fique fibre
reduces the thermal stability of PLA. In pure PLA, degradation starts at 290 °C and ends
at 400 °C, while in the composite it occurs between 260 and 370 °C, advancing the
decomposition process. In terms of mass loss, the pure PLA experiences a reduction of
94.63 %, while the composite loses 89.67 %, suggesting the presence of carbonaceous
residues from the fique fibre, with possible effects on its thermal and structural stability.
These findings are in line with other analyses that associate thermal degradation with
printing defects in composite structures, and with studies showing that 3D printing
defects strongly influence strength.
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Fig. 6. TGA curves Fig. 7. DTG analysis curves

Differential thermogravimetric analysis (DTG) (Fig. 7) shows that pure PLA exhibits
a single degradation peak at 380 °C, indicating rapid decomposition. In contrast, the PLA
composite with fique exhibits a broader and shifted peak at 345 °C, indicating a more
complex degradation process due to the decomposition of the lignocellulosic
components of the fibre. The lower intensity of the peak in the composite indicates a
reduction in the degradation rate, associated with the generation of carbonaceous
residues that slow down the process.

Differential scanning calorimetry

The (differential scanning calorimetry) DSC analysis, represented in Fig. 8, shows that the
incorporation of fique fibre modifies the thermal properties of PLA. The glass transition
temperature (7,) increased from 59.5 to 64 °C, suggesting a restriction in the mobility of
the polymer chains due to the interaction with the fibre. Likewise, the cold crystallisation
temperature (T.) increased from 103 to 107.5 °C, indicating a nucleating effect of the
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fibre influencing the reorganisation of the polymer chains. Finally, the melting
temperature (Tn) showed a slight increase from 155.5 to 156.5°C, suggesting that the
addition of fique does not significantly alter the crystalline phase of PLA. Numerical
simulations of PLA during additive manufacturing have confirmed similar
thermomechanical behaviour.

--- PLA
—— PLA + Fique

0.0 1
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Heat Flow (W/g)
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Fig. 8. DSC curves

The existence of statistically significant differences between the maximum tensile
stress and the modulus of elasticity of the PLA composite reinforced with fique fibre and
those of pure PLA was evaluated using an ANOVA (Analysis of Variance). According to this
technique, when the p-value obtained is lower than the established significance level
(0.05), it is concluded that the mean values of the mechanical properties differ
significantly.

These results are consistent with those reported by Celik et al. [11], who observed
similar behaviour in a PLA filament reinforced with hemp fibre. In their study, T, increased
from 55.86 to 59.7 °C, which aligns with the increase recorded in this work. Similarly, T
increased from 93.99 to 97.55 °C. Regarding Tm, although a slight decrease from 176.21
to 175.98 °C was observed, the variation was minimal and without significant impact, as
also occurred in the present study.

The 3D-printing temperature settings for the PLA filament reinforced with fique
fibre were established based on the thermal analysis of the material. The bed temperature
was set at 70 °C to ensure proper adhesion of the first layer and to minimise deformation,
as this value exceeds the glass transition temperature (T,) of the composite, providing
sufficient softening of the material at the interface.

The extrusion temperature was set at 200 °C, a value higher than the melting
temperature (Tm), which guarantees adequate material flow during deposition, yet low
enough to remain well below the degradation temperature identified through TGA, thus
preventing thermal decomposition during printing.

Mechanical characterization

Figure 9 shows the stress—strain curves of pure PLA and the composite reinforced with
fique fibre. Pure PLA exhibits the typical behaviour of thermoplastics, with an initial linear
elastic response followed by plastic deformation until reaching its maximum strength,
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after which it quickly loses its load-bearing capacity and fractures in a brittle manner. In
contrast, the composite with fique fibre presents a well-defined elastic response but with
a lower capacity for plastic deformation before fracturing.
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Fig. 9. Stress-strain curves

Figure 10 compares the tensile stress and modulus of elasticity of pure PLA and fique
fibre reinforced composite. The tensile stress of the composite was 18.76 £ 1.30 MPa,
which represents a 31.5 % reduction compared to neat PLA (27.36 *3.73 MPa).

In contrast, its modulus of elasticity increased, reaching 593.10 £ 165.65 MPa compared
to 441.34 + 103.64 MPa in pure PLA.
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Fig. 10. Comparison of modulus of elasticity and tensile stress of PLA and PLA + Fique

The differences in tensile stress are due to poor interfacial adhesion between the
fibers and the polymer matrix, as evidenced by electron microscopy images. This low
adhesion hinders stress transfer, creating weak areas that reduce the strength of the
composite material. Furthermore, the irregular distribution of fibers in the PLA matrix
exacerbates this phenomenon, as their irregular accumulation produces stress
concentrations, poor impregnation, and pore formation, further compromising the
mechanical properties of the material. On the other hand, thermal analysis revealed that

the incorporation of fique reduces the thermal stability of the material, accelerating its
degradation.
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The phenomenon of poor interfacial adhesion between the fibers and the polymer
matrix—previously described through microscopic observations—could affect the
structural integrity of the filament during 3D printing, negatively influencing its
mechanical performance. Pitchaimani et al. [23] observed similar behavior in PLA
filaments reinforced with short banana fiber, where poor interfacial adhesion reduced
tensile properties by 31 % and resulted in brittle behavior, consistent with the results of
this study. Comparable studies on biodegradable composites support these findings,
highlighting the importance of interfacial adhesion in PLA and natural fiber systems,
while other studies have reported greater thermal and mechanical stability with
lignocellulosic reinforcements.

The increase in the modulus of elasticity is a key characteristic of the polylactic acid
(PLA) composite reinforced with fique fibers, as discussed in the literature. This increase
is due to the fact that the fique fibers, when integrated into the PLA polymer matrix, act
as reinforcements. This mechanical reinforcement limits the deformation of the material
under load and transfers the stresses to the more rigid fibers, resulting in a substantial
improvement in the overall strength and stiffness of the composite material. Additionally,
the increase in the glass transition temperature (7;) and cold crystallization temperature
(T.) of PLA with fique indicates a restriction in the mobility of the polymer chains, which
favors greater crystallinity in the matrix. This effect contributes directly to the increase
in the stiffness of the material, reflected in a higher modulus of elasticity.

The dual utility of fique in materials engineering is further supported by studies
focused on its intrinsic properties. The fique fiber is particularly valuable not only for its
structural reinforcement capabilities but also for its proven characteristics of
sustainability and thermal performance, making it suitable for advanced material design.
Research has confirmed the potential of Fique as a sustainable material and thermal
insulation for buildings, along with studies detailing its decomposition and thermal
conductivity [24]. Furthermore, the physical and mechanical properties of Fique,
specifically its low thermal conductivity and high breaking strain, are essential for
understanding its performance as a reinforcement and an insulating agent [25]. Its strong
resistance to breaking provides the necessary mechanical reinforcement for load transfer
and stiffness, while its low thermal conductivity contributes to the overall improved
thermal profile of the resulting biocomposite.

Statistical analysis

Table 2 presents the ANOVA test results. These results show that the tensile stress of
PLA, compared to PLA composite reinforced with natural fique fibre, has a p-value lower
than 0.05, indicating statistically significant differences between the two materials.
However, for the modulus of elasticity, no statistically significant differences were
observed (p-value =0.121), which means that the addition of fique fibre does not
significantly affect the stiffness of the material under the evaluated conditions
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Table 2. ANOVA test results
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Property Source Sum of Degrees of Mean FO p
squares freedom square
. Material 184.6 1 184.61 23.6 0.001
T:t:‘;ie Residuals 62.5 8 7.81
Total 247.1 9
Material 57580 1 57580 3.02 0.121
hl‘:g:tll‘éft;f Residuals 152736 8 19092
Total 210316 9
Conclusions

The article developed and characterized a PLA filament reinforced with 10 wt. % of alkali-
treated fique fiber, analyzing its morphological, thermal, and mechanical behavior to
assess its suitability for 3D printing applications. Based on the experimental evidence,
the following scientific conclusions are established:

1. The incorporation of fique fiber generated measurable changes in the thermal
transitions of PLA, specifically increasing the glass transition temperature (7g) and cold
crystallization temperature (7.). These modifications indicate a restriction in the mobility
of the polymer chain, demonstrating that fique fibers act as nucleating agents that
promote crystallization. This behavior coincides with the response observed in other
lignocellulose-reinforced PLA systems, positioning fique as a functional thermal modifier.
2. Despite improvements in crystallinity-related transitions, the composite exhibited lower
thermal stability, as confirmed by thermogravimetric analysis (TGA). The earlier onset of
degradation suggests that the fiber introduces thermolabile components, such as
hemicellulose and residual lignin. This finding is crucial for defining safe processing ranges,
underscoring the need to optimize fiber purification or consider the use of thermal stabilizers.
3. Mechanically, fique-reinforced PLA achieved a significant increase in stiffness,
reflected in an elastic modulus higher than that of pure PLA. This confirms that fique
fibers provide effective reinforcement to support the load, transferring stress to the more
rigid fiber domains and limiting deformation. This behavior demonstrates the mechanical
potential of fique as a reinforcement for biodegradable structural composites.

4. However, a decrease in maximum tensile stress was observed, indicating premature
failure of the composite. SEM analysis revealed insufficient fiber-matrix interfacial
bonding, pores, and fiber detachment. These microstructural defects act as stress
concentration points, explaining the loss of strength despite the increase in stiffness. This
highlights the urgent need for improved surface treatments or compatibilizers to
maximize mechanical performance.

5. Extrusion and 3D printing tests demonstrated that the developed filament is
processable and compatible with standard FDM parameters, with no clogging or thermal
degradation during printing. Although it has lower thermal stability, the material
maintained its structural integrity during extrusion and layer deposition, demonstrating
its potential for the additive manufacturing of biodegradable components with moderate
mechanical requirements.

6. The results confirm that fique fiber is a technically viable and promising reinforcement
for PLA-based biocomposite filaments, offering sustainability advantages due to its
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availability, biodegradability, and high intrinsic strength. A solid foundation is established
for understanding its behavior in filament form and identifies key areas for future
optimization, such as refinement of chemical treatment, fiber dispersion strategies, and
interfacial compatibilization.

7. Future research should focus on improving interfacial adhesion and thermal stability.
As these two aspects currently limit tensile strength and processing robustness. Methods
such as silane treatments, coupling agents, fiber microrefining, or reactive extrusion
could significantly improve performance, enabling the development of high-strength
biodegradable filaments suitable for engineering applications.

This study allowed the development and characterisation of a PLA filament
reinforced with 10% by weight of fique fibre, evaluating its viability for 3D printing
applications. The results showed that the incorporation of fique significantly modifies the
thermal and mechanical properties of PLA.

It was observed that the addition of fique fibre increases the glass transition
temperature and cold crystallisation temperature, indicating a restriction in the mobility
of the polymer chains. However, it also reduces the thermal stability of the material,
bringing forward its degradation. In terms of mechanical behaviour, the composite
showed higher stiffness compared to pure PLA, although with a decrease in the maximum
tensile stress, attributed to the low interfacial adhesion between the matrix and the fibre.

The results obtained show the need to improve the compatibility between the fique
fibre and the polymeric matrix. The SEM analysis showed a low interfacial adhesion, with
the presence of spaces and voids that affected the mechanical properties. Despite these
limitations, the filament obtained proved to be suitable for 3D printing, opening up new
opportunities for its application in the manufacture of sustainable and biodegradable
parts.
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ABSTRACT

Microwave casting utilizes microwave energy to heat and cast metallic materials. This technique is novel and
efficient in comparison to traditional methods. This technique has been applied to cast various metallic
materials. There are some factors like dielectric characteristics of processing material, casting setup design, and
choices of susceptor and mold, that affect the microwave heating rate. Consequently, determining the optimal
exposure time for cast experimentally can be challenging. To address this, simulation studies are valuable. This
study involves finite element modeling of microwave casting experimental setup. Using finite element
simulations, the exposure times are predicted that are required to cast various metallic powders (Ni, stainless
steel SS-316, and Cu) under identical parametric conditions in an electromagnetic environment. The impacts of
microwave heating are analyzed through electric field configuration, resistive losses, and thermal distribution
within the applicator cavity. The electric field intensity is observed to be maximum (4.46 x 104 V/m) in the
susceptor zone, resulting in the highest resistive losses (4.9 x 109 W/m?®) in that area. Under the specified
conditions, the exposure times to cast Ni, SS-316 and Cu powder into dimensions of 150 x 35 x 3 mm?, are
predicted as 2280, 2080, and 1125 s respectively. Experimental results confirm these times with an average
percentage error of 13.83 %, demonstrating a close correlation between predicted and actual exposure times.
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microwave casting ¢ exposure time ¢ FE model ¢ simulation
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Introduction

Over the years, materials have been fabricated through traditional casting processes and
are extensively used for industrial applications [1,2]. In these processes, conventional
heating sources are used to heat the materials from the exterior to the interior core. This
results in several drawbacks, such as non-uniform heating, high energy consumption,
long processing time, material wastage, and, most importantly, not being suitable to the
environment [3]. Over the last two decades, researchers from all around the world have
been trying to develop a novel technique that can provide advantages of energy
efficiency, unique heating abilities, and an eco-friendly working environment; however,
they are facing challenges. Microwave-assisted casting is an advanced manufacturing
technique that offers numerous benefits over traditional methods. The conventional
heating processes rely on conduction or convection to transfer heat from a source to a
target. Whereas microwave heating directly converts energy into heat within the material
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itself. This method eliminates the need for heating furnaces and other heat transfer
mediums. Microwaves are absorbed by the material, causing its particles to interact and
generate heat throughout the entire volume, resulting in more uniform heating [4].
This efficient heating process reduces energy consumption and improves overall
operational efficiency. Microwave-assisted casting offers significant energy advantages,
with the required energy being only about one-third of that in conventional casting.
Combined with direct volumetric heating, shorter processing times, and reduced heat
losses, this highlights its superior energy efficiency. Additionally, microwave heating is
relatively simple to implement, requires less setup compared to traditional methods, and
produces less waste or hazardous by-products, making it a greener technology [5,6].

The electromagnetic waveform that has a frequency between 300 to 300 GHz is
termed as microwaves. The microwave heating phenomenon relies on the principle of
dielectric heating [7]. The depth of penetration (skin depth) of microwaves into materials,
is crucial for effective microwave processing. For metallic materials, the skin depth is very
small, so direct exposure to microwaves results in insufficient heating [8].

Earlier it was believed that processing metallic materials with microwave energy was
impossible because metals reflect microwaves and do not interact effectively with them.
To address this challenge, the concept of microwave hybrid heating (MHH) was developed
[9,10]. This approach uses a susceptor [11-13], a microwave-absorbing material with a
high dielectric loss factor. The susceptor is utilized to initially transfer heat to the metal
until it reaches its critical temperature (7). Once the metal reaches this temperature,
it begins to absorb microwaves effectively with increased penetration depth. Microwave-
assisted metal casting uses microwave energy to melt and process metal-based materials.
It can be classified into in-situ and ex-situ castings [14-17]. A variety of metals, alloys and
metal matrix composites (MMCs) were cast through MHH are listed below in Table 1.

It is revealed from the literature that the casting of materials using microwave energy
is dependent upon various process parameters such as casting setup design and geometry,
dielectric characteristics of casting material and operating conditions [14]. Based on

Table 1. Parametric description of various microwave casts reported earlier

. . Applicator
Sr- Authors Material Weight / size, Susceptor frZZuency, Power, Ex[Josure
No. g/mm w time, s
GHz

1. | Gangwar,etal[18] ’ggg/ 6%[603" A 150 Silicon carbide (SiC) | 245 | 900 | 700

2. Kaushal [19] MMC 50x 12 Charcoal powder 2.45 900 900

3. | Lingappa,etal [20] AL 1050 250 Silicon carbide (SiC) 2.45 900 1200
4. MishraandSharma[21] AA 7039 - Silicon carbide (SiC) 2.45 1400 930

5. |Mishraand Sharma [22] Copper - Silicon carbide (SiC) 2.45 1400 900

6. | Shashank, etal [23] Brass 600 Silicon carbide (SiQ) 2.45 900 1500
7. |Marahadige, et al. [24] Brass - Silicon carbide (SiC) 2.45 3300 1020
8. Ram, etal [25] SS-316 60 x 20 x 5 Charcoal powder 2.45 900 1200
9. Singh, et al. [26] MMC 50x20x6 Charcoal powder 2.45 900 1500
10. Kumar, et al [27] MMC - Charcoal powder 2.45 900 350
11. Pal, et al. [28] MMC - Pulverized charcoal 2.45 900 1900
12. | Nandwani, etal [29] MMC 55x12 x5 | Activated charcoal 2.45 900 1200
13. | Kaushal,etal [30] MMC - Charcoal powder 2.45 900 |660-1020
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selected process parameters, the heating rate of specimens is also affected. Therefore, it is
difficult to estimate the optimal exposure time for microwave cast experimentally.
Moreover, experimental measurement of parameters like electromagnetic distribution,
thermal history and heat transfer mechanism within the cavity is also challenging. In these
cases, simulation studies can be more effective for predicting and understanding the complex
multi-physics involved in microwave heating phenomena. Simulation tools can incorporate
detailed models of these phenomena, allowing for a more comprehensive understanding and
prediction of the heating behavior. Multi-physics coupled model can provide insights into
how different parametric conditions influence the heating rate during the process [31].
In [32-36], FE simulations are successfully modelled and validated by researchers for
microwave processing and melting of metallic materials using parametric variations.
However, there is limited research reported on predicting the optimal exposure time for
microwave casts of different sizes and materials. In this context, in this work, the FE
simulation model of a microwave casting setup is designed through the COMSOL multi-
physics tool. The FE model examines the MHH effects and predicts the exposure time
required to cast different metallic powders (Ni, SS-316, and Cu) in an electromagnetic
environment. The impacts of MHH are analyzed within the applicator cavity through electric
field configuration, resistive heating, and thermal distribution. Based on these predicted
exposure times, the specimens are cast experimentally using microwave casting. The study
includes the comparison of the simulated outcomes with the experimental findings.

FE model

Microwave-assisted casting involves multi-physics phenomena, including electromagnetic
field interactions and heat transfer. An FE model of microwave casting is developed using
the COMSOL multi-physics tool [37]. This study involved creating a 3D geometry of the
experimental setup by considering the actual experimental conditions. After the geometry
is established, material properties are allocated to each component based on the actual
specifications. The model geometry is then discretized into smaller elements to
approximate the behavior of the entire system.

3D geometric model

Microwave-assisted casting experimental setup composed of microwave applicator and
casting setup. Casting setup includes the metallic powder, mold, refractory brick, susceptor
and masking brick. Figure 1 represents the schematic diagram of the casting setup.

\ J\\ f— e
I/ & Py \0 /—1 Masking
[[Separator sheet }
ﬁ PCasting.
mold | Matorial
e T
Fig. 1. Schematic diagram of refractory brick Fig. 2. Schematic diagram of experimental setup

casting setup
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To simplify the FE model,
consideration (Fig. 2):

the following assumptions are taken
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into

1. The waveguide and microwave cavity walls are constructed from stainless steel.
2. The microwave cavity is assumed to be filled with air.
3. The microwave oven operates at a frequency of 2.45 GHz and 900 W power output.

4. The port is excited by a transverse electric

field.

5. The surrounding temperature is assumed to be 20 °C.
6. The material properties are considered isotropic and homogeneous.
7. The dielectric and thermo-physical characteristics of the materials are assumed to be constant.

8. Mass transfer is disregarded in the study.

9. The powder material is modeled as a bulk or plate form to simplify the computational

model and reduce complexity.

These simplified assumptions reduce computational complexity but may cause
deviations in temperature distribution, heating uniformity, and exposure time. Ignoring
mass transfer and modeling the powder as bulk can also lead to minor differences

between simulated and experimental results.

Figure 3 represents the 3D geometric model of the microwave casting experimental
setup modeled in COMSOL. A mold is designed with a cavity to hold the casting material.
The mold is covered with the separator sheet to avoid the contamination of casting
material through the susceptor. A refractory brick with a cavity is designed to contain a

susceptor and prepared mold.

Separator sheet

Casting
Material

Graphite Mold

Mold covered
with separator

Refractory Brick
with cavity

!

S
200 m™m | Rectangular
Port Waveguide

100

200
Refractory Brick
e cast setup @

Fig. 3. 3D geometric model (a) mold and separator sheet, (b) refractory brick casting setup,
(c) casting setup inside the microwave cavity

The refractory brick is covered with the masking brick with holes to allow selective
microwave hybrid heating (SMHH). The complete refractory brick casting setup is placed
at the optimized location within the applicator cavity. Microwave enters the cavity

through rectangular port waveguide.
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Table 2 displays the dimensional specifications for the components of the geometric
model utilized in the experimental setup. The properties of materials are essential in
microwave heating. Table 3 provides the input values for these properties in the
simulated model. Relative permeability is assumed unity for all materials.

Table 2. Dimensions of the 3D geometric model

Geometry Size, mm3
Waveguide port (TE1o) 30 x 85 x 28
The cavity of applicator 345 x 300 x 200
Mold (cavity) 156 x 41x 10 (150 x 35 x 3)
Refractory brick (cavity) 224 x 114 x 75 (174 x 62 x 40)
Masking brick (holes) 174 x 62 x 10 (3 x @ 25 x 10)
Separator sheet 156 x41x1
Table 3. Material properties [11,32,38]
. Density Electrical Relative Relative Heat capacity at Thermal
Material .. .. . i
properties (p), conductivity | permeability | permittivity | constant pressure | conductivity
kg/m* (0), S/m (1) (£r) (Co), J/(kg-K) (k), W/(m-K)

Ni Powder 8902 14577 1 1 440 90.9
Charcoal | ) 55 0.02 1 25 4186.8 0.478

powder

Air 1 0 1 1 0 0
Stainless | o050 | 1.339e6 1 1 490 16.5
steel

Alumina 2770 le-14 1 43 885 0.32
Graphite 2100 1300 1 15 830 470
Cu powder 8700 5.998e7 1 1 385 400

Governing equations

MHH is dictated by Maxwell's electromagnetic wave equation. The following equation
governs the propagation of microwaves from the port to the cavity of the applicator.
qu;l(VxE)—kg(sr—a])—;)E=O, 1)
where E is the electric field (V/m), ko, is wave number of free space, ¢, is relative
permittivity, g, is the permittivity of free space, p, is the relative magnetic permeability,
and ¢ is an electrical conductivity (S/m).

The relative permittivity is given as:
& =¢& —je,
where €' and &'’ are the dielectric constant and energy factor, respectively.

The relative magnetic permeability of any material during magnetization is
calculated as:
Py =@ — U, (3)
where u' and u'' are magnetic field penetration into the material and magnetic loss
tangent, respectively.

When an electromagnetic wave interacts with any dielectric material, the wave
energy gets converted into heat can be defined as follows:

Qe = Qrp + Qs

(2)

(4
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where Q., Q»and Q. are electromagnetic losses (W/m?), resistive heat losses (W/m?®) and
magnetic losses (W/m?) respectively.

The resistive Q,, and magnetic heat losses Q,,,; are computed through the following:
Qrn =5 Re(J - E), (5)
where w is angular frequency, J is current density (A/m?), R.is the Nusselt number, and
E’ is electric field intensity;
Qmi =5 Re(iwB - H"), (6)
where H™ and B represents the magnetic field intensity (A/m) and magnetic flux density
(Wb/m?), respectively.

The average power F,,, required for the conversion of electric energy into heat
energy is given by the following equation:

Ppvg = tan § Eqyg, (7)
where
Eavg = 380€'E2. 8)

Meshing and boundary conditions

Discretizing the entire model geometry into numerous small segments is referred to as
meshing. These subdivisions typically have simple shapes, such as triangles,
quadrilaterals, tetrahedrons, or hexagons. To achieve convergence and accurate
simulation results, mesh size is a critical factor. Mesh quality is assessed on a scale from
0 to 1, where 1 represents perfectly regular or structured elements, and O indicates
distorted elements.

Figure 4(a) illustrates the mesh geometry. In the present FE model, a physics-
controlled mesh is preferred over a user-defined mesh to ensure high-quality and
accurate meshing. The physics-controlled mesh offers a range from extremely coarse to
extremely fine mesh quality. For the current model, a fine mesh quality has been chosen.
The finalized geometry includes 12 domains, 81 boundaries, 156 edges, and 96 vertices.
The mesh comprises 760 edge elements, 4,992 boundary elements and 23,720 domain
elements. The mesh quality statistics was evaluated, yielding an average elemental
quality value of 0.6602, which, according to literature, falls within the acceptable range
for achieving numerically accurate simulation results [11,12]. Figure 4(b) represents the
mesh quality stat for the current FE model.

2 P 5255 |
N s ¥ F 02
5 e T
nafde : 200
o \ VI 01
. o 100
b : y.x 0
| Meshed geometry 0 vo2

Fig. 4. (a) Mesh geometry; (b) mesh quality statistics for fine meshing
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After completing the meshing process, boundary conditions are applied to the
FE simulation model. Figure 5 represents the impedance and port boundary conditions
[9,34,39]. As microwaves interact with the walls of the applicator cavity, they penetrate
through the skin depth of the metallic material. In this simulation study, metallic walls of
the applicator cavity are assigned as an impedance boundary conditions. The port
boundary condition is assigned to the waveguide through which the microwave enters
the cavity of the applicator.

Impedance S Port boundary |
boundary condition condition
100
o
200
150
100 ™
P 50
& 0
300
200
2 2
.5 x o mm (a) | i~

Fig. 5. (@) Impedance boundaries; (b) port boundary

Experimental study

This section describes the experimental process used to achieve microwave casting. Table 4
outlines the parameters used in the experimental process for microwave-assisted casting.

Table 4 Microwave casting process parameters
Process parameters

Overview
Domestic microwave oven

Microwave-type

(Make: LG, MC3286BLT)

Cast specimen material

Ni, SS-316 and Cu powder

Power output (frequency)

900 W (2.45 GHz)

Surrounding temperature 20 °C
Susceptor Powdered activated charcoal (AR)
Mold, separator sheet Graphite
Refractory and masking brick Alumina

Figure 6 represents the experimental setup which is used to achieve the microwave
casting. A household microwave oven is utilized as a source of microwave energy for
microwave metallic cast. To cast metallic materials using the MHH approach, a refractory
brick casting setup is designed. In this work, fine metallic powders of Ni, S5-316 and Cu
are taken as a cast material. The metal powder is packed in a microwave-absorbing
graphite mold. A thin layer of refractory coating is applied to the interior surface of the
mold to prevent the specimen from sticking. The graphite separator sheet (~ 1 mm thick)
serves as a barrier between metallic powder and susceptor. Activated charcoal AR powder
(molecular mass of 12.01 g/mol, density of 1.8-2.1 g/cm?) is taken as susceptor. Activated
charcoal powder is taken as a susceptor due to its high dielectric loss, thermal stability,
cost-effectiveness, and easy of availability. The cavity of the alumina brick is used to
contain the mold and the susceptor. The prepared mold is correctly positioned within the
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cavity of the refractory brick and is surrounded by susceptor material. To facilitate SMHH,
the cavity filled with the susceptor is then covered with masking alumina bricks with
cylindrical openings. The cast setup is placed at the optimal location within the
microwave oven to begin the heating process.

Fig. 6. Experimental setup

Results and Discussion
Simulation results

Firstly, the results in the form of electric field intensity, resistive losses, and thermal
profile, obtained from the FE simulation are explained. Then the thermal profiles are
compared for the different metallic casts including Ni, SS-316 and Cu.

Electric field distribution

As microwave radiations are the standing waveform; therefore, when these waves
encounter any target, anti-nodal and nodal positions are developed. Nodal positions tend
to cold spot regions or no heating zones and anti-nodal corresponds to the hot spot zones
where the maximum heating takes place. The distribution of the electric field helps in
predicting the optimum place to locate the casting setup inside the cavity to maximize

Fig. 7. Distribution of electric field
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the microwave heating of the metallic cast [33,40]. The distribution of the electric field
during the casting process is represented in Fig. 7, when the casting setup is located at
the centremost location of the applicator cavity. The maximum intensity of the electric
field is represented in red color and blue color represents the minimum electric field
region. The maximum electric field strength is observed in the susceptor zone with
a value of 4.46 x 10*V/m. This maximum electric field strength is likely to enhance the
heating of this zone. In the free space of the applicator cavity, the value of electric field
intensity is minimum as 1.22 x 102 V/m.

Resistive losses

The amount of energy transformed into heat energy through the absorber material is
termed as resistive or joule heating. It is also responsible for heat dissipation through
microwave-absorbing material. Figure 8 represents the resistive heating contour for the
susceptor heating. It was observed that the resistive heating loss is maximized
(4 x 10° W/m?) within the susceptor zone. Therefore, in this zone, the maximum amount of
energy of interaction between microwave and particles of charcoal powder is converted
into heat. In the other domains such as microwave cavity filled with air, refractory brick and
masking brick, zero losses as observed due to their non-interactive behavior with
microwaves. This resistive heating phenomenon highlights the significance of SMHH.

Time 2280 s Slice: Resistive losses (W/m?)

7 | Masking
Brick
10

Separator
sheet

Air inside
microwave
cavity

Graphite mold
With casting
material

i ve
Refractory Charcoal
Brick Powder

Fig. 8. Resistive heating (W/m?)

Thermal profile

The simulation results of the thermal profile of the susceptor domain undergoing through
microwave heating process are represented in Fig. 9. The thermal profiles have been
plotted at four random time intervals of 360, 720, 1440 and 2280 s.

Figure 9 shows that the susceptor heats up more rapidly near the openings in the
masking brick, which allows microwave radiation to enter the cavity. This illustrates the
significance of SMHH. Due to interactions of microwaves with susceptor, there is a rapid
increase in its temperature. The temperature of the susceptor reached around 1560 °C in
2280 s. The increased temperature of the susceptor helps in transferring the heat to the
metallic powder through graphite mold via a conductive mode of heat transfer.
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Fig. 9. Temperature distribution of charcoal inside the cavity at: (a) 360 s; (b) 720 s; (c) 1440 s; (d) 2280 s
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Fig. 10. Conductive heat transfer in susceptor domain at: (a) 360 s; (b) 720 s; (c) 1440 s; (d) 2280 s

The analysis of Fig. 10 illustrates the volumetric heating of the susceptor domain

and the conductive flow of heat transfer through the susceptor inside the cavity. The
black arrows indicate the direction of conductive heat flux, with the length of the arrow
representing the magnitude of heat transfer. It is observed from Fig. 10 that the length
of arrows increases with the increased temperature of the susceptor. This indicates that
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Fig. 11. Volumetric temperature distribution of Ni cast at: (a) 360 s; (b) 720 s; (c) 1440 s; (d) 2280 s
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Fig. 12. Thermal profile for metallic cast: (a) Ni; (b) SS-316; (c) Cu

the magnitude of heat transfer through the susceptor rises with its temperature. The
conductive heat transfer helps in raising the temperature of metallic powder inside the
mold. As a result, the penetration depth of metallic powder to microwaves gets increased
and it also starts absorbing the microwaves. The simulation results of thermal profile of
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Ni powder undergoing through microwave heating process is represented in Fig. 11.
According to the simulation results, the volumetric temperature of Ni cast approaches its
melting point, approximately 1450 °C, within 2280 s. The uniform heating is observed
throughout the complete volume of the cast at these different time intervals. This
highlights the significance of volumetric heating through microwave energy.

The MHH simulations are performed for SS-316 and Cu cast specimens using the
same FE model. The properties of SS-316 and Cu powder are assigned instead of
Ni Powder. For simulation, the properties of SS-316 powder are taken same as that of
stainless steel used for cavity wall. The MHH effects in the form of electric field strength,
and resistive losses are observed to be unaffected with change in cast material properties.
Figure 12 represents the temperature profiles of Ni, SS-316 and Cu cast specimens
corresponding to their melting temperatures. The simulation results reveal that uniform
heating is achieved across the entire volume of all three cast specimens in the
electromagnetic environment. The melting temperature of Ni, SS-316 and Cu cast
specimens is achieved in 2280 s, 2080 s, and 1125 s respectively.

Fabrication of metallic cast using microwave casting

The Ni, SS-316, and Cu powders have been effectively cast utilizing a custom-designed
refractory brick casting experimental setup. The setup is positioned within the applicator
and the maximum power level is activated. Once the power is activated, the susceptor
begins to absorb the microwave radiation. As a result, the susceptor starts to heat up. The
heat produced by the interaction between microwaves and the susceptor causes a
temperature increase in the metallic powder within the mold through conduction. As the
temperature of metallic powder reaches its critical value, it also begins to absorb the
microwave radiation with increased skin depth. The hybrid heating of metallic powder using
susceptor and microwave radiation helps in reaching the melting temperature of the cast.
The applicator power is switched off after reaching the optimum exposure time. The setup is
cooled within the applicator to achieve proper bonding during solidification. The specimens
cast using microwave radiation with their exposure time and sizes are discussed in Table 5.

Table 5. Sizes and exposure time for casts
Sr.No | Material Size, mm® | Exposure time, s Metallic cast

1 Ni powder | 120 x 32 x 2 1980

L
1 2 3 1 51 X ‘(3. ‘7-‘ = 13 f1lo' 1)1 L2

SS-316

2 148 x 33 x 2 1740
powder , . .
4 eton 5 ¥ 3 4? 2 125=13“:"°"6°°""
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In microwave-assisted casting, Cu exhibits a shorter exposure time. This is primarily
due to its high thermal conductivity and electrical conductivity, which enable faster heat
transfer and more efficient energy absorption from the susceptor. In contrast, Ni and SS-316
have lower thermal conductivities and higher specific heat capacities, causing slower
temperature rise and requiring longer exposure times to achieve complete melting.

Comparison of simulated and experimental exposure time

Table 6 represents the comparison of experimental and simulated exposure time for
different cast specimens including Ni, SS-316 and Cu. It is observed from Table 6 that
experimental and simulated exposure time for different metallic casts shows a close co-
relation. The percentage error between experimental and simulated exposure time for Ni,
SS-316 and Cu cast are observed as 13.15, 16.34 and 12.00 % respectively. The average
percentage error is measured as 13.83 %. The deviation arises from using idealized
material properties and modeling the powder as a homogenized bulk, neglecting porosity,
particle morphology, and microstructural evolution. The FE model assumes isotropic and
constant dielectric and thermo-physical properties, ignoring temperature-dependent
variations. Additionally, the use of simplified boundary conditions and modeling
assumptions may further limit the ability of FE model to fully capture the microwave-
thermal interactions and real experimental conditions of the MHH process.

Table 6. Comparison of simulated and experimental exposure time
sr. | Metallic S|z.e of -SIZE of Experimental Simulated Percentage
experimental simulated exposure exposure o
No | 9owder 3 3 - . error, %
cast, mm cast, mm time, s time, s
1 Ni 120 %32 x 2 150 x 35 x 3 1980 2280 13.15
2 SS-316 148 x 33x 2 150 x 35 x 3 1740 2080 16.34
3 Cu 136 x 32x 2 150 x35x 3 1260 1125 12.00
Conclusions

This study explores the microwave casting of metallic powders using an energy-efficient
microwave heat source. An FE model of the experimental setup was created to predict
the optimal exposure time for cast within the electromagnetic environment. Analysis of
the simulation results indicated that the highest concentrations of electric field intensity
are detected in the susceptor zone. The maximum electric field strength was recorded at
4.46 x 10* V/m. This high electric field strength increases heating in the susceptor zone
through microwave irradiation, resulting in maximum resistive losses of 4.9 x 10° W/m?*
in that area. Consequently, conductive heat transfer through the susceptor raises the
temperature of the metallic powder inside the mold. The simulations demonstrated that
as the temperature of the susceptor increases, the magnitude of heat transfer through
the susceptor to metallic powder also rises. The FE model accurately predicted the
exposure times needed to cast various metallic powders. Experimental validation
confirmed these predictions, showing a strong agreement between simulated and actual
exposure times, with an average percentage error of 13.83 %. This demonstrates the
effectiveness of the simulation in optimizing microwave casting processes and highlights
its potential to improve efficiency and accuracy in metal casting applications.
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ABSTRACT

This current study examines how carrier density and moisture sources cause deformation in an isotropic
photothermoelastic moisture plate. We develop simplified two-dimensional equations describing the
interaction of heat, moisture, and charge carriers within the material. These equations are expressed in a
dimensionless form and solved analytically using Laplace and Fourier transformations to obtain the main
field quantities—displacement, stress, temperature, carrier density, and moisture distribution. The
theoretical results are validated for silicon material and illustrated graphically. The analysis demonstrates
that both carrier density and moisture significantly affect the stress, temperature, and carrier concentration
within the plate. Moisture tends to stabilize stress variations and reduce temperature fluctuations, while
relaxation times strongly influence oscillation patterns in all field quantities. These results underscore the
integrated role of thermal, moisture, and photoelastic effects in shaping the mechanical behavior of
semiconducting materials. The proposed model aids in analyzing coupled thermoelastic, moisture, and
carrier effects in semiconductors, offering improved prediction of transient responses essential for
enhancing thermal stability and reliability in electronic and photonic devices.
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Introduction

Advances in modern technology have considerably expanded the use of semiconducting
materials in diverse engineering and applied physics applications. The study of wave
propagation in semiconducting media is of both academic and technological significance
owing to its relevance to optoelectronic and thermomechanical processes. In recent
years, the photothermal excitation of short elastic pulses has become a central topic of
research, finding applications in photoacoustic microscopy, thermal wave imaging,
thermoelastic parameter determination, non-destructive device evaluation, laser drilling
monitoring, and laser-induced annealing and melting phenomena in semiconductors.
When a laser beam irradiates a semiconductor surface, part of the absorbed energy
excites electrons to higher energy states. The recombination of electron-hole pairs
through non-radiative transitions produces photoexcited free carriers that influence the
local thermal and elastic fields. Consequently, photothermal (PT) and photoacoustic (PA)
techniques have emerged as powerful diagnostic tools for investigating the internal
dynamics of semiconductor materials.

© R. Kumar, N. Sharma, V. Rani, 2025.
Publisher: Peter the Great St. Petersburg Polytechnic University
This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.org/li-censes/by-nc/4.0/)


http://dx.doi.org/10.18149/MPM.5362025_11
https://orcid.org/0000-0002-1572-2108
https://orcid.org/0000-0003-3999-1780
https://orcid.org/0009-0000-1827-9335

146 R. Kumar, N. Sharma, V. Rani

Over the last few decades, PA and PT methods have evolved into highly sensitive
and versatile techniques for characterizing semiconductors and microelectronic
structures. These methods exhibit excellent sensitivity to the kinetics of photoexcited
carriers and have been employed for precise analysis of carrier transport, recombination,
and diffusion mechanisms (Mandelis [1]; Almond and Patel [2]; Nikolic and Todorovic¢ [3];
Mandelis and Michaelian [4]). In most semiconductor systems, an absorbed modulated
laser beam generates electron-hole pairs, producing carrier-diffusion or plasma waves
that significantly contribute to the PT and PA responses. These plasma waves induce
periodic thermal and elastic disturbances, resulting in coupled thermoelastic and plasma
wave propagation. The subsequent deformation of the crystal lattice alters the potential
profiles of the conduction and valence bands, producing complex photo-induced
mechanical behavior. Todorovi¢ [5-7] proposed theoretical models that linked carrier
recombination and transport phenomena with the deformation and mechanical response
of semiconductor media.

Considerable theoretical developments have since been made in the field of
generalized thermoelasticity and its extensions. Sharma [8] examined boundary value
problems in generalized thermodiffusive elastic media, while Sharma et al. [9] obtained
the fundamental solution for electro-microstretch viscoelastic solids and explored wave
motion. Othman et al. [10] analyzed magneto-thermoelastic behavior in perfectly
conducting half-spaces subjected to magnetic and thermal fields, and Marin et al. [11]
extended Saint-Venant’s principle to micropolar thermoelastic diffusion models. Zenkour
and Abbas [12] utilized the Green—-Naghdi model to investigate thermal shock in fiber-
reinforced anisotropic media under magnetic influence. Lotfy [13] applied a two-
temperature model to study magneto-thermoelastic interactions, while Sharma and
Sharma [14] and Abbas et al. [15] extended these formulations to bio-heat transfer and
microstretch elastic media.

Further research integrated electromagnetic, fractional, and relaxation phenomena
into photothermal and magneto-thermoelastic analyses. Hobiny and Abbas [16,17]
employed the coupled thermoelastic-plasma wave theory using the Green-Naghdi
framework and its fractional-order extensions. Marinetal. [18] developed
porothermoelastic models using fractional calculus and thermal relaxation parameters.
Lotfy et al. [19] and Abbas [20,21] studied the combined effects of electromagnetic,
thermal, and photonic fields on semiconductor response to laser-induced heating. Recent
studies by Sharma and Kumar [22,23], Lotfy et al. [24], and Mahdy et al. [25] examined
photothermoelastic deformations caused by inclined loads, ramp-type heating, Hall
currents, and time-fractional heat conduction effects.

Sharma and Khator [26,27] explored renewable energy challenges and microgrid
planning for prosumer markets, while several studies advanced semiconductor
thermoelastic modeling: Lotfy [28] studied Hall current and microtemperature effects in
magneto-thermoelastic semiconductors; Hobiny et al. [29] examined wave propagation
using the hyperbolic two-temperature model; El-Sapa et al. [30] applied a nonlocal
variable-conductivity approach at the nanoscale; Raddadietal. [31] modeled
photoacoustic wave generation via carrier diffusion; and Sharma et al. [32] investigated
micropolar thermoviscoelasticity incorporating nonlocal and hyperbolic two-temperature
effects under the MGT framework.
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The coupling of heat and moisture diffusion known as hygro-thermoelasticity has
also received significant attention due to its relevance in porous and hygroscopic
materials such as composites, foams, biotissues, and concrete. Foundational studies by
Szekeres [33,34] and Szekeres and Engelbrecht [35] established analogies between heat
and moisture transfer, later expanded by Sih et al. [36] to analyze coupled hygro-
thermoelastic behavior. More recently, Alhashash et al. [37] and El-Sapa et al. [38]
developed mathematical-physical models describing the effects of moisture diffusivity
in  semiconducting media under two-temperature and nonlocal frameworks.
Lotfy et al. [39] and Alshehri and Lotfy [40] investigated the interaction between
photoacoustic waves and moisture diffusivity in hydro-poroelastic semiconductors.

Kumar and Devi [41] and Kumar et al. [42,43] investigated thick circular plates
through modified couple stress and photothermoelastic frameworks, considering factors
such as porosity, phase lag, and fractional behavior. Abbas et al. [44,45] and
Lotfy et al. [46] explored thermoelastic half-spaces incorporating diffusion, voids, and
Hall current influences. Alzahrani and Abbas [47] and Sharma et al. [48] analyzed
semiconductor half-spaces exhibiting nonlocal and phase-lag thermoelastic responses.

The novelty of the present work lies in the combined analysis of carrier density and
moisture diffusivity effects on the deformation of an isotropic photothermoelastic
moisture (IPTM) plate, an aspect that has not been extensively reported in prior literature.
Unlike earlier studies that focused separately on thermal or photothermal interactions,
the current formulation incorporates simultaneous contributions from carrier generation,
moisture transport, and relaxation mechanisms. The governing field equations are
derived using generalized thermoelasticity and diffusion theories, introducing suitable
non-dimensional parameters and potential functions to simplify the coupled system. The
equations are solved analytically using Laplace and Fourier transform techniques to
obtain expressions for temperature, carrier density, moisture concentration, and normal
stress. The results are numerically inverted to retrieve time-domain responses, and
graphical analyses are presented to demonstrate the effects of carrier density, moisture
diffusivity, and relaxation times on the deformation characteristics of the IPTM plate,
which offers novel perspectives on the multiphysical coupling mechanisms in
semiconductor materials.

Basic equations

Following the formulations of Todorovic [5-7], Szekeres [33,34], and Alenazi et al. [49],
the constitutive relations and field equations are developed for a homogeneous, isotropic,
and linearly elastic photothermoelastic material with moisture. The model neglects body
forces, carrier photogeneration, and internal heat or moisture sources, while
incorporating finite relaxation effects for heat, carrier, and moisture diffusion.

tij = 2ueij + 6;j(Aegx — v¢T — ¥aN — ¥mM), (1)
9%,
(2ueij; + Aexr; — VeTi — ValN; — YmM;) + F; = P%, (2)
ON N T
DeNjj ————+6-=0, ()
m EgN 9 r :
pC(DeTy + DI*M ;) + -2 = (14 7o) [pCeT + ¥ Toérac] (4)
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Kon(DiMi + DT ) + 2% = (14 1°2) [KeuM + Vi Dy Mo 1] (5)
where t;; are components of stress tensor; e;; are components of strain tensor, Aend u
are Lames constants, &;; is kronecker delta, y, = (34 + 2u)a; - a; are linear thermal
expansion coefficients, y, = (31 + 2u)a,, - a, are electronic deformation coefficients,

m = 34+ 2w)a,, - a,, are moisture expansion coefficients, F; are the components of
body force per unit volume, u; are components of displacement, p is the medium density,

D, are the coefficients of carrier diffusion; N = n-n,, n, are the carrier concentration at

equilibrium, T is the photogenerated carrier lifetime, 6§ =% is thermal activation

coupling parameter, T is the temperature distribution, C, is the specific heat, D, = K/pC,
is temperature diffusivity, where K is a coefficient of thermal conductivity, D{"* is coupled
moisture diffusivity, E; is the semiconductor energy gap, 7,is the thermal relaxation
time, T° is the moisture relaxation time, T, is the reference temperature, K,,, is moisture
diffusion constant, D,,, is moisture diffusivity, D{, is coupled thermal diffusivity, M, is the
reference moisture. Partial derivatives and time derivatives are denoted by the symbols

", and "." respectively.

Formulation of the problem and model assumptions

We investigate a homogeneous, isotropic, thermally conducting, infinite
photothermoelastic moisture Cartesian plate with finite thickness 2d having an initial
uniform temperature T,. The origin of the coordinate system may be any point on the
middle plane, and the middle plane of the plate coincides with the x;x,-plane,
consequently —d < x; < d and —o < xq,x, < oo. The boundary surface of the plate is
subjected to carrier density source and moisture source. We limit our analysis to the
x,x3-plane, which we assume the plane of incident, so that the physical field elements
vary with xq,x3,t. Consequently, displacement components, temperature distribution,
carrier density distribution and moisture distribution are provided by:
U = (uy (g, x3,£),0,uz (g, x3,£)), T = T(x1, %3, 8), N = N(x1, x3,£), M = M(xy,%3,). (6)
The governing Egs. (2)-(5) and constitutive relation (1) for IPTM plate utilizing

Eqg. (6), adopt the following form:
oN oM 0%u,

de oT
(’1+”)a_x1+”Au1_Vfa_xl_y"a_xl_yma_xl_p 9tz ’ (7)
de oT ON oM 9%u
(/1+u)—+uAu3—Vt§—Vna—xB—Vmax P e ®)
T
DAN—E—;+5;—O a 9)
e
pC,[D,AT + D"AM] + - (1 +1, at) [pCe 5 +veTo o, (10)
Ky [DinAM + DEAT] + 225 = (14 7° 2 [Kpn 5 + Vi DM, 52|, (12)
t = (A4 2052+ A52 =y T = 1N = M, (12)
tos = (A + 2) 5= "’”3 % ~ T = YuN = YmM, (13)
(2 2us
t31 - ‘u. (6x3 + 6x1)’ (14)
2 2
where e = 2% 4 U3 andA—a—+a—
0x4 0x3 3

The model is formulated under the following physical and mathematical assumptions:
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The plate is homogeneous, isotropic, and linearly elastic, with uniform mechanical, thermal,
and electronic properties. All field variables temperature, carrier density, and moisture
concentration are considered small perturbations around a uniform equilibrium state,
allowing the governing equations to be linearized. Finite relaxation times are incorporated
for heat, carrier, and moisture fluxes to represent finite-speed propagation and realistic
transient behavior. Body forces, carrier photogeneration, and internal heat or moisture
sources within the medium are neglected.

The problem is treated as two-dimensional, assuming no variation along the
x,-axis, and all field variables are continuous and differentiable, ensuring the
applicability of Laplace and Fourier transforms. The plate is initially stress-free and
thermally uniform, and its bounding surfaces are subjected to prescribed, time-dependent
carrier-density and moisture loadings.

The dimensionless quantities are defined in the following way:

1
(x1, x3,u3,u3) = 11Co (x4, X3, Uq, U3), (t11:t§3,t§1) = m(tn,t%' t31),
(t',7),7°") = n1C2(t,7,,7°), T' =T, (15)

N'=ZoN, e =e, M =M,
A+2u

/’L+2
C A+2
wheren1=%,C§= p“.

Using the dimensionless quantities provided by Eq. (15) in Egs. (7)-(14) and, after
prime deprivation, we obtain:

de 2
f11a_h+f12Au1_a_h_a_h_f13a_ﬁ— 902 (16)
aT  ON aM  9%u
f116_+f12Au3_6_3_6_x3_f13a_x3=?23’ (17)
AN — f14 pes — fisN + f16T =0, (18)
oT de
AT+AAM+ﬁwh%1+naﬂﬁﬁ;1%a} (19)
a
AM + f51AT + f5,N = (1 +7 _) [f23 + f24 a_i]’ (20)
) a
t11 = azl f25 =T —N — f13M, (21)
s = 52+ fos 5 "’“1 ~T =N~ fisM (22)
—f (P %
t31 = f12 (ax3 + axl) (23)
/’L+;L 1
where fi1 = ocZ fiz = pcz » fiz = Cz y» fia = 11Da’ fis = Don? Cz » fi6 = W
D{"yt EgVe L VT, DE(A+21)
hr =3 c(A+2p) fre = TYnpCeDen3C2 fio =3 N fao = pCeDyn1 (A+2) » S = DYt
Eg(A+2p) 1 YmMo A
for = o S =5 = s =

According to Helmholtz's decomposition, u; and us have the following non-
dimensional connections to the potential functions @ and ¥:

_0e 0¥ o _oe 0%

U = ox,; Ox3 '’ Us = Ox3 T ox, (24)
With the assistance of Eq. (24), Egs. (16)-(17) provide:

(a- —) ®—T—N—fsM=0, (25)

Ap - 2P _ g (26)
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Define Laplace and Fourier Transform as:
fx1,x3,8) = fooof(x1;x3»t)e_5tdt, (27)
f&x5,9) = [7, f (1, x5, 8)e 1 dxy, (28)
where s is Laplace transform parameter and ¢ is Fourier transform parameter.

After executing Laplace and Fourier transforms provided by Egs. (27)-(28) to
Egs. (25), (18)-(20) and (26), we obtain the following:

(-8 +L - )&~ T~ N~ fislil = 0, (29)
(—&2+ “—2) N - frash - f15N +fieT =0, (30)
SZZT‘F +f17( §*M ) + figN = (1 + 7,9) [f195T+f205( &? T3 )‘5]: (31)
—&2M +?+f21( €2T+_)+f22 =1+ 5)[f235M+f245( &? +_)5]
(& +35) - ® =0 33)
Employing transforms defined by Egs.(27)-(28) on Egs.(24) and (21)-(23),

the displacement and stress components are obtained as follows:
@

d
= —iP — o (34)

a3=§3—@w (35)

di ~ ~ ~

t1 = —ifty, + f25 2T — N — fi3M, (36)

~ di ~ ~

ts3 —%—I'ffzsul T — N - fi3M, (37)

t31 = fiz ( — iU ) (38)

Algebralc simplifications of Eqgs. (29)-(32) result in:
(B,D% + 13, 136 + B3D* + B,D% + B5) (D, T, N, M) = 0, (39)

Where D = f17f21 1, 62 = ERl + ERLI. - 6152 - L7)152 + f13iR11’

93152 Ris” + Rs — Rg + f13R12,
B4 = ER3 — 8% — Ry8” + R — Ro + f13R4s,
Bs = —R3&? — R3s” + Ry — Ryo + f13Rua
and
R = (B =3f17/2008* + fior1 + faz72 + f1as + fis — fiafirf218 — fisfizfo1,

R, = 3firfar &t — 384 + 2f15f17f21<>ZZ + 2f14f17f21552 - 2f14552 - 2f15€2 - 2f194"152 -
—2f23728% = fiafi9715 — f1af23726 — fisfio?1 — fisfes?2 — fiofaz?172 + fiefis —
—f16f17/225
Ry =& — f17/218% + fis€* + f1a58* — flafi7/2158* — fisfirfor&* + fiori&* + o378 +
+f1af107158% + fiafoz7258% + fisfior1E% + fisfoz 728 + fief17/2287 — fief188% +
+fr0f2371728% + fiafiofoz1728 + fisfiof237172 — fiefisfzs?2,

Ry = firfaar2 — f2071

Rs = 3f20/’”1‘5zz - 3f17f24”’2<>z2 + fiaf20715 — f1af17f24725 + fisfo0”1 — fisfizfaar2 +
+f20f2371772,

Re = 3f17f24”"zf4 - 31[20”’“154 - 2f15f20”"1f2 - 2f14f20”"1552 - 2f20f23”’”1””2'f2 +
+2f14f17f244”2552 + 2f15f17f24”"2€2 — f1afa0f2371725 — fisfa0 237172,

R; = f20718—f17f24728° + frafoor15E* + fisfaor18* + faofoar1728* —
—]c14f17]c24”’2‘~554 - f15]c17f24”’“254 + f14f20f23”’“1”’“2552 + f15f20f234"14’”252,
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Rg = fi6f2071 — fr6/17/ 2472,
Ry = 2f16f17f244’“2§2 - 2f16f20””152 — fi6f20f237172s
Ry = f16f204ﬂ1€4 - f16f17f24”’“254 + f16f20f23””14"252,
Ri1 = faof2171 — f2a72s
Ry = 3f244”2§2 - 3f20f21”"1€2 + f1af24725 — f1af20f21715 + fisf2472 — fisfaof2171 +
+f19f247172,
Rz = 3f20fz1”’"1€4 - 3f24”"2€4 - 2f14f24””25€2 + 2f14fzofz1”’v15'f2 - 2f15f24””252 +
+2f15f20f21”’”1€2 - 2f19f24””1””252 — fiaf10f2471725 — fisfiof2a7172 — frefa0f2271 +
+f16f18f2472
Ry = f24”’"2€6_f20f21”’”1f6 - f14f20f21/’/v15€4 + 10141024””25'54 - f151020f21”’v1f4 +
'|‘f15f24””2€4 + f19f24”’”1”’“254 + f14f19f24””1”"2552 + f15f19f24””1””2'§2 - f16f18f244’v2€2 +
+fi6f20f22718%
with 7, = (1 + 1,9), 75 = s(1 + 1%).

The general solution of Eq. (39) is expressed as:
(&,T,N,M) =X¥.(1,a7,B7,y7) C7 coshmy x3, (40)
where my (i = 1,2,3,4) are roots of 3,D® + 3,D% + B;D* + 3,D? + 35 =0 and the
coupling parameters a, B, y;” are given by:

o _ w4 RamPl+RemP +Rem7 i 4R, 41
al - i=1f3 <6 o4 o2 4 ( )
1m; +m1mi +2R2mi +€R3
ﬁo _ 4 iRgmf4+iR9mf2+iR10 (42)
i = i=1ﬁ <6 o4 o2 ’
1mi +§R1mi +iRzml- +ER3
o _ 4 §R11mi°6+§R12mi°4+€R13mi°2+€R14 43
yl - i=1 B o6 o4 o2 ( )
1mi +§lei +m2mi +ER3
Additionally, Eq. (33) has a solution provided by:
P = €5 sinhmZx,, (44)
. . 1
where m¢ is a root of equation D? + 3, = 0, where 34, = — (EZ + f—sz).
12

Expressions for displacement and stress components are obtained with the help of
Egs. (34)-(38), (40) and (44) as:

i, = —i€ Y1, C7 coshmyx; — CSmg coshmgxs, (45)
i3 = Nieq CFmy sinhmy x3 —i€CS sinhmgx, (46)
t33 = ?:1("1_?2 —&fos —af —B7 - f13ViO)CiO coshmyxz +

+i€(fo5 — 1)CSmg coshmg xs, (47)
£ = 2?:1(‘?2 +m fos —af — B - f13)’i°)CiO coshmyxs +

+i€(fo5 — 1)CSmg coshmg xs, (48)
531 = _Zig Z?:l flzc_‘iomio Sinh miOX3 - (m% + 52)650 Sinh miOX3. (49)

Boundary restrictions

The boundary restrictions for an isotropic photothermoelastic moisture plate subjected
to carrier density source and moisture source are considered as:

t33 - 0,
t31 = 0,
T =0, (50)

N = F3(x1,x3,1),
M = F4(x1,x3,1),
where
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F3(x1,x3,t) = F306(x1)(cosh x3)H(t —a), (51)
Fa(1, %3, 8) = Fao8(x1) (cosh x3) 22 (52)
Here, §() is Dirac delta function, H() is Heaviside step function, F3, is the magnitude of
the carrier density source, F,, is the constant moisture applied on the boundary.

Applying Laplace and Fourier transform defined by Egs. (27)-(28) on Egs. (50)-(52),
we obtain:

E33 =0,

E31 =0, ]

T=o, atx; = +d, (53)
iV: ji (E X3,5)

M = .Fél-(fi X3, 5);

where

Fs(f x3,%) = F3o (54)
Fa(§x3,5) = Fo(cosh x3>( ) (L), (55)

Substituting the values of 53,5, T,N,M from Egs. (47), (49) and (40) in the
transformed boundary restrictions (53), along with Egs. (54)-(55), yield:

?=1(ai°C_i° coshm?x;) = 0 (56)
> (b7 CY sinhmfx3) = 0, (57)
i= t a7 CP coshmix; =0, (58)
1131 CF coshm?x; =F3(§, x3,9), (59)
i VG COShm x3 =F4(&,x3,9), (60)
where af =m?" =& fos —af = B7 — fisy7, by = —2ifi;m7, i =1,2,3,4,
and ag = i€(f5 — Dmg and bg = —(mg* + €2)fy,.
Equations (56)-(60) are expressed in matrix form as:
A°CY = B, (61)
where
afC, asC, aC; ajC, agCs [C1] 0
byS, b3S, b3S; biS, bISs Cy 0
A° =|a7C; asC, agC; agfC, 0 | C7=|C5|,B=|_ O , (62)
BrCi B3Cy PB3IC3 PBiCs 0 Cy 53(5' d,s)
¥7C v3C vsCs yiC O lod Fa(§,d,s)

and C; = coshm{d,S; = sinhm;d.

From Eq. (62), we determine:
Cr =3, 1=12345,
A%= C,C3C4(byags,Cs — a7 bs SsC1)Rpg — C1C3C4(b5 agS,Cs — aghsSsCy)Rz0 +  (63)
+ 616294(1930‘1;5365 — a3bg S5C3)R31—C1C,C3(by ag$,Cs — azb§55642§n32 .
where A7 = determinant of A when ™ column of A is replaced by B, which yield the
following:

AT = R33F3 + RauFa; A= R3sFz + RaeFas

§§: ER37]33 + ER38J§4; A= R3oF3 + RaoFas (64)
AS= Ry F3 + RyoFa,
where

_ e < <O < < <
Ropg =77y +15Vs +135Vs
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Rao =17y7 +77vs + 1574,
Ry1 = -T2 y7 +7V; +765Vs s
Ry =737y —T5 ¥ +T6 V3,
R33 = (a3bsSsC, — aghy 8§,C5)C3C,TY + (a3bs SsC; — ag by S3C5)CLC, Ty +
+(agbsSsCy — ashy S,C5)CLC57y,
R34 = (a3bsSsC, — aghy 8§,C5)C3C,TY + (a3bs SsC; — ag by S3C5)CLC4T5 +
+(agbsSsCy — ashy S,C5)C,C573,
R3s = (aghy§1Cs — a7 bs §sC1)C3C4TyY + (aghs §3C5 — a3bs S5C3)C1CaT5 +
+(agbs 85C4 — a5 by §4,C5)C, Csty,
Rie = (aghy§1Cs — a7 bs §sC1)C3C4T7 + (aghs §3C5 — a3bs S5C3)C1CaTy +
+(aghy84Cs — azbs §5C4)C1C375,
R37 = (a3bsS5C;, — agby§,C5)C1C4T5 + (aghy §1Cs — a7 b 85C1)CoCaTY +
+(aghy84Cs — azbs §5C,)C1Co75,
Rzg = (aghy81Cs — a7 bs §5C1)C,C475 + (a5bs S5C, — ag by §,C5)C1CuTy +
+(agbsS8sCy — aghi§4Cs)C1CoTy
R39 = (aghy8,C5 — azbsS5C;)C1C375 + (a3hs S5C3 — ag by §5C5)C1CoTs +
+(agby$,Cs — aybs S5C1)C,Cs75
Rao = (agh781Cs — a7 bs §5C1)C,C375 + (a3 bs S5C, — aghy §,C5)C1CsTy +
+(aghs83Cs — a3bs §5C3)C1Cr iy,
Ry1 = —b7S51C,C3C,(asry + a3ry + ajre) + by §,C1C3C, (a7 + a3ty —agry) +
+b383C1C,C4(aTTy — a3ry +agirs’) + by8,C1C,C3(airy +a3rs —a3rs),
Ryp = b7S81CC3C,(asiy + a3ty + ajiry) — by S§,C1C3C (a7 Ty + asiy +ajis) +
+b383C1C,Co(—aiTy + a3ty + agry) — by S$,C1C,C5(airs — a3rs + a3ig),
where
e = asBy — agps, 75 = agfs — asps, 75 = asps — asps,
Ty =aify —ayBy, s =aifs —aspy, s = a7y — a3 py,
= alys —a3vi, 5 =aiyy —agyy, T3 =ajys —a3vy,
W=aiys —aiys, Ts =aiys —a3yy, 6 =asy; —azys.

Inserting the values of C;” from Eq. (63) in Egs. (40), (45)-(47), and (49) ascertain the
displacement components, temperature distribution, carrier density distribution,
moisture, and stress components as:

iy =5 (S%sFs + S1eFa), s = (6%, Fa + STaFa), T = 1 (GTuFs + S5Fa),
N == (S5Fs + G%:Fa), M =1 (C5Fs + G5uFs), foa = - (S5sFa + S56Fa),

where

s = _ifZ?zo F_giﬂ - m;j_F;, Te = —i¢ Z?=1 le - mgFT@ B
SY; = ?sz?—él_R;Hl — i§ R, ©7g = _?=5mf_4[{§i+2 - ingo,_ 19 = ?:o 1R
S = Z‘?’zo a1 R34z, 651 = ?:0 BG1RZi1, G52 = i3=0 Bit1RZit2 5
67 = ?:0 YSaRSis1, 54 = i3=0 Y51 R4z, G55 = Z?:o a1 RSis1s
ST = ?:0 bi?m_;wz , 637 = Z?:s biv—4F20i+1 , G35 = Z?:s biv—4F§i+2’
where

Ef = R33C1, RS = R34C1, RS = R35C2, RY = R36C2, RS = R37C3, RE = R3Cs,

E? = SR39C44F_80 = i)[{40(34,F_9° = iR4165,Ff_0 = iR42€5,F21 = msssl'giz = R3481,
RT3 = R3581, RTs = R3651, RTs = R3781, Ris = R3851, RY7 = R3081, Rig = RaoS1,
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Ff9 = Ry181, Fgo = Ry 81.

Particular cases

Case 1: For carrier density source F,o = O vyield:

e A e e = 1, o . -
(ul,u3, T,N,M,ts3, t31) =i (&7s, 617, €10, 631, 633, G35, S37)F 3. (66)
L
Case 2: For moisture source F3, = 0 yield:
~ ~ F N AT z 1 < < < < < < oN\D
(u1» Uz, T,N, M, t33, t31) =% (&76, T8, S350, G52, S34, S36, S35) - (67)
L

Special case

In absence of moisture impact i.e. when D" = 0,K,,, = 0, y,, = 0 yield the corresponding
results for isotropic photothermoelastic plate, then Eq. (39) takes the form:
(D® + B, D* + B,,D? + B,3)(D,T,N) = 0, (68)
where
Bp1 =Ry —Rps — §% — 6% Bpz =Rz — fzmm - 529%1 — Rps — Rye,
Bz = _Ezmpz - E’ZERpZ - 911)5 - SRp%
where
Rp1 = —28% = fi3 5= fia — 71f17,
Ry = EF 4 f1358% + f148% + f1771E% + fisfizris + fiafir? — fisfie »
Rps = fre71; Rpa = —2f1g71&% — fi3f18715 — fiafie"1,
Rys = fis?1&* + fi3fis7158% + frafier1&%,
iRps = —fisfis"1 ERp7 = f15f184"152-
The general solution of Eq. (68) is represented as:
(&, T,N) =32.(1, api, Bpi) Cpi coshmyy; xs, (69)
where m,;(i = 1,2,3) are roots of D® + 3,,,D* + 3,,,D% + 3,3 = 0.
The coupling parameters a,,;, B,; are given by:

4 2
L 3 mpgmpi+§Rp4mpi+iRp5
apl — 4i=1

:Bpi - 13=1 m§i+9ip1m§i+9{p2 ’
In this case, ¥ = C_p4 sinh my,x3, where m,, is a root of equation D? + Bps =0,

354 is same as 35 and my, is same as mg.
Transformed boundary restrictions in this case lead to:

f23=0, T3, =0, T=0, N =F;(& x3,9) at x3 = +d. (72)
Utilizing these revised boundary restrictions, we compute the associated results as

iy = i(@pﬂ%); i3 = i(épzfﬁ)'

(70)

4 2
mpi+ERp1mpi+ERp2
2
mpempi+9%p7

(71)

T =1 (8pafs), N =1 (8pFs), 73)
fs3 = i(@p5ﬁ3)l fs1 = t(ép6ﬁ3)v
where

A, is determinant of matrix A, which is given by:
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ap1Cp1 Ap2Chz  ap3Cpz  ApaCiy

A, = ,
PofapiCpr ap2Cpz ap3Cps 0
LBplepl .szcpz .BpSCpS 0 J
with
?pl = —th 1Rp mp4RZ, Sp2 f 1mlel+4 is;Rp: Gp3 = i3=1 apiR?,
6p4 = i=1 ﬁszi ’ 6p5 = Z?=1 apiRi 'epﬁ - lel+4’
and
Rl - SRpBCpl; Rz - E]:{1)961)2; R3 - 9:{1)106103; R4 - 9?pllepéh
Rp 1: Rs - mp‘) p2 R7 - ERplO p3 Rg - ERp11
where

Rps = Ap2bpap3CpaCpaSps — Ap3bpayrCprCpaSps +

+p3Cpa(Pp3@p2Cp28ps — bp20psCp3Sp2),

Rpo = —ap1Dpsp3Cp1Cp3Spa + Ap3bpsy1Cp1Cp3Spa +

+p4Cpa(Pp1@p3Cp3Sp1 — bp3p1Cp18ps),

Rp10 = Ap1bpap2Cp1CpaSps — Apabpa®y1Cp1CpaSps +

+p4Cpa(Pp2p1Cp18p2 — bp1p2Cp2Sp1),

Rp11 = ap1Cp1(bp2psCpaSpz — Dp3paCpaSps) +

—Ap2Cp (bp1“p36p35p bp3“p1€p15p3) + ap3Cps (bplachpZS bp20p1Cp1S, 2)

Numerical outcomes and interpretation

For the mathematical calculations, we implement the isotropic Silicon (Si) material
constants (Alenazi et al. [49], Table 1).

Table 1. Material constants for the isotropic Silicon (Si) material

Symbol, Unit Value Symbol, Unit Value
2, N/m? 6.4 - 101 E, eV 111
u, N/m? 6.5 - 1010 D™, m?(%H,0)/s(K) 2.1-1077
a, K1 4.14-10°° T, K 800
a,, m3 —9.10731 K,,, (kg/msM) 2.2-1078
@, cm/cm(%H,0) 2.68-1073 D, m?s71 0.35-1072
p, kg/m3 2330 DL, m?s(K)/(%H,0) 0.648-10°°
D,,m?/s 2.5-1073 k,Wm~1K™! 150
7,8 5-107° Ny, m~3 1010
§,m3K1? 0.5 m, 10 %
Ce, )/ (kgK) 695

The Matlab (R20143a) software is utilized for computing in the following scenarios:
Photothermoelastic moisture plate with t, =.03,t° = .02 (IPTMT1);
Photothermoelastic moisture plate with t, =.05,t° = .04 (IPTMT2);
Photothermoelastic moisture plate with t, =.03,t° = .04 (IPTMT3);
Photothermoelastic moisture plate with t, = 0,7° = 0 (IPTMT4);

Photothermoelastic without moisture plate T, = .03,7° = 0 (IPTWMT1);
Photothermoelastic without moisture plate 7, = .05,7° = 0 (IPTWMT?2).
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Fig. 1. Variation of normal stress t53 w.r.t. x; owing to carrier density source
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Fig. 2. Variation of temperature T w.r.t. x; owing to carrier density source
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Figures 1-4 represent how moisture affects the field variables (t53, T, N, M) when
there is carrier density source. Figures 5-8 represent the impact of relaxation times in
case of carrier density source and Figures 9-12 represent the impact of relaxation times
in case of moisture source on the same field variables (t33, T, N, M).

In all the figures, the solid line (——— ) represents IPTMT1, the dotted (--+ - - )
line represents IPTMT2, the solid line containing the center symbol square (— @ —)
indicates to IPTMT3 and the solid line containing the center symbol triangle (— A —)
represents IPTMT4, the dash (— — —) line corresponds to IPTWMT1, the dash dot
(= —-= ) line corresponds to IPTWMT2.

Figure 1 displays the variation of normal stress t3; with x;. With the exception of
the IPTMT1 model, t35 for the IPTMT2, IPTWMT1, and IPTWMT2 models exhibit a declining
trend in proximity to the source. Across the entire domain, t;5 reflects identical behavior
with less fluctuations for the IPTMT1 and IPTMT2 models whereas it fluctuates more and
displays an opposing oscillatory pattern for the IPTWMT1 and IPTWMT2 models.

Figure 2 presents the variation of temperature T with x;. T exhibits a large-scale
oscillating behavior for the IPTWMT2 model. T for IPTWMT1 and IPTWMT2 demonstrates
a decreasing tendency initially, and it tracks the opposite trend for 0.5 < x,. T for IPTMT1
and IPTMT?2 displays an overall opposing oscillating pattern, with the exception of some
limited region where their behavior aligns.

Figure 3 shows how the carrier density N changes with x;. Close to the source, all
models exhibits a decreasing trend in N, with the IPTMT1 model showing the steepest
decline. N for all models possess a pattern of minor oscillations within the range
1.5 < x; < 3, followed by a slight and monotonic increasing trend thereafter.

Figure 4 depicts the variation of moisture M with x;. In the range 0 <x; <3, M
for IPTMT2 exhibits more pronounced oscillatory trend, followed by slight oscillations
thereafter. M for IPTMT2 decreases within the range 0 < x; < 1.5, transitioning into
oscillatory behavior beyond this interval.

Figure 5 demonstrates the variation of normal stress t55; with x;. All models indicate a
declining pattern in t35 near the source, with the IPTMT3 model showing the highest magnitude
and the IPTMT4 model depicting the smallest magnitude. As x;increases t;; continues to
decline with minor oscillations with slight variations in magnitude across the models.

Figure 6 illustrates how temperature T varies with x;. With the exception of a
limited initial segment, T for IPTMT1 and IPTMT2 reflect the opposite oscillatory patterns.
T for the IPTMT3 and IPTMT4 models exhibit an opposite fluctuating behavior within the
range 0 < x; < 3 but beyond this interval their trends aligns.

Figure 7 depicts the variation of carrier density N with x;. Close to the source, all
models reveal a decreasing trend in N, with IPTMT?3, reaching the highest magnitude and
IPTMT2 the lowest. As the distance increases, N begins to oscillate slightly, tends to
converge, and shows an increasing trend across all models.

Figure 8 shows how moisture M changes along x;. M for IPTMT1 and IPTMT2 exhibit
opposite oscillatory patterns throughout the entire domain, except for an initial small
region where their responses temporarily align. On the other hand, M for IPTMT3 and
IPTMT4 display inverse oscillatory behaviors within the range 0 < x; < 2.25, subsequently
exhibiting comparable behavior thereafter.
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Figure 9 displays the variation of normal stress t53 with x;. t35 exhibits an increasing
tendency near the vicinity of the source across all models. With the increasing distance,
t33 begins to decrease in reverse order and reveals an oscillating tendency with
magnitudes varying between models.

Figure 10 shows the variation of temperature T with x;. T for IPTMT1 and IPTMT2
exhibit an initial decline, followed by opposite oscillatory trend in the range 0.75 < x; < 5.
Meanwhile, T for IPTMT3 and IPTMT4 displays a similar oscillatory behavior in the range
0 < x; <4, and beyond this range, it transitions into an opposite oscillatory behavior.

Figure 11 illustrates how the carrier density N varies with x;. Close to the source, N
for IPTMT1 and IPTMT3 models follow a declining trend, though N for IPTMT2 and
IPTMT4 shows an increasing pattern. N for IPTMT3 and IPTMT4 demonstrate more
pronounced oscillations compared to IPTMT1 and IPTMT2 models. N for IPTMT1 displays
significant oscillations in the range 0 < x; < 3, and slight oscillation around 3 < x;. N
for IPTMT2 follows an increasing trend in the range 0 < x; < 2, and maintains a relatively
mild oscillatory pattern beyond this range. The oscillatory pattern of N for IPTMT3 and
IPTMT4 is opposing with high variation in magnitude.

Figure 12 displays the variation of moisture M with x;. Near the source, M for all the
models exhibit a decreasing trend, with the IPTMT3 model showing the highest
magnitude and IPTMT1 model the lowest and display slight oscillations within the range
1 < x; < 3. Near the source, there is a notable difference in magnitude for all the models,
while away from the source, the magnitudes tend to converge, and all models exhibit a
consistent upward trend, accompanied by slight amplitude variations.

Conclusions

This study investigates the deformation in an isotropic IPTM plate due to the influence
of a carrier density source and a moisture source. General equations are used to derive
the governing equations and constitutive relations for the plate under consideration. To
simplify the analysis, non-dimensional variables and potential functions are employed.
Analytical solutions for the resulting equations are obtained through Laplace and Fourier
transforms, and numerical inversion techniques are applied to retrieve the solutions in
the physical domain. Graphical representations illustrate the effects of moisture,
relaxation times, and source terms on various physical fields such as stress, temperature,
carrier density, and moisture distribution. Based on the numerical results, the following
key conclusions can be drawn.

Carrier density source. The presence of moisture leads to a more stable pattern of
normal stress, showing reduced fluctuations. Moisture presence also slightly attenuates
temperature variations. Carrier density maintains comparable behavior, with higher
magnitude induced by moisture. Moisture content oscillates more strongly with larger
thermal and moisture relaxation times (t, = 0.05, t°=0.04), near the source. For all
models, normal stress display oscillations. Near the source, normal stress reaches higher
values, for smaller thermal and higher moisture relaxation times (t, = 0.03, t° = 0.04).
Near the source, Temperature and Moisture fluctuations are more pronounced and attain
extremes for higher thermal and moisture relaxation times (t, = 0.05, t° = 0.04), while at
greater distances, stronger fluctuations occur under smaller relaxation times (t, = 0.03,
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1% =0.02). Carrier density for all models initially decreases monotonically then transitions
into a slight oscillatory phase and subsequently shows a modest increase, amplified under
smaller thermal and higher moisture relaxation times.

Moisture source. Normal stress intensifies near the source, and its peaks and valleys
occur at identical positions across all models. It has peaks for lower thermal and higher
moisture relaxation times (t, = 0.03, ° = 0.04) and lower overall magnitude when relaxation
effects are absent. Near the source, temperature fluctuations are more pronounced for
smaller thermal and moisture relaxation times (t, = 0.03, t°=0.02). At greater distances,
temperature shows stronger fluctuations with increased magnitude for lower thermal and
higher moisture relaxation times (t, = 0.03, t° = 0.04). Carrier density exhibits pronounced
oscillations across the domain under the conditions of high moisture relaxation time
(to=0.03, t®=0.04) and when relaxation times are disregarded (t, =0, t°=0). Moisture
concentration undergoes a monotonic decrease in all cases, with higher attenuation
magnitude corresponding to lower thermal and higher moisture relaxation times (t, = 0.03,
1°=0.04). However, with distance, the moisture profile transitions into an oscillatory form
that eventually converges, subsequently exhibiting a minor increasing trend.

The proposed method offers a unified analytical approach to study coupled
thermoelastic, moisture, and photo-induced effects in semiconducting materials. It is
particularly relevant for microelectronic, optoelectronic, and photovoltaic devices, where
thermal loading, carrier excitation, and moisture exposure affect performance and
reliability. The model aids in optimizing thermal management and structural stability,
providing deeper insight into transient behavior under realistic operating conditions.
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ABSTRACT

A mathematical model investigating the dispersions of Rayleigh wave on an inhomogeneous rotating half-
space with magnetic field influence, impedance and variable amplitudes of corrugation is presented.
Normal mode approach and non-dimensionalization principles were employed to the equations of motion.
Derivations of the analytical solutions of the stresses and displacement components occasioned by the
wave on the material were achieved. Variable amplitudes of corrugation due to a linear function
incorporated as the amplitude of the trigonometric Fourier series and the impedance conditions enriches
the material characterizations and paved way in formulating the structure or nature of corrugation at the
boundary. Thus, dispersion relations of Rayleigh waves due to homogeneous impedance and
inhomogeneous impedance were analytically given and graphically depicted with the variations of the
physical parameters.
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Introduction

Mechanical wave propagation is dependent on the physical composition of materials.
Scientists in the fields of seismology and geophysical analysis usually devote and
maintain clear position in examining compositions associated with most materials before
employing them into structural and engineering constructions or applications. This is
largely pertinent to ensure quality occasioned by such materials through which waves
and in particular surface waves modulate. These materials are classed into two forms;
anisotropic and isotropic materials and following which homogeneous and
inhomogeneous characterization of the materials would ensue. Also, the inhomogeneity
of these materials hugely depends on the nature of the deformation which typically lies
in the form of growth or decay of the material parameters or other geometrical
considerations of the interacting material constants.

Furthermore, mathematics, physics, and geophysics scientists have maintained
constant researches in this field of solid mechanics by exploring and developing models that
could necessitate great insights about the behaviors of these materials when acted upon by
stress and other environmental factors. Given this, the consideration of just isotropic material
may not holistically define or describe exact continuum information in composites. Part of
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this line of thought yielded examination on anisotropic material exhibitions. Anisotropic
materials exist as composites, for instance, the Fiber-reinforced composites, and the
orthotropic materials, etc., to mention but a few, are highly regarded for engineering
applications due to their high positive mechanical properties. On this note, Spencer [1]
developed and presented a work that hinged on deformation of fiber-reinforced material
as a composite whose characterizations in terms of tensile strength, weightlessness
(lLeading to flexibility), and so on, endears them to various industrial applications.

In a different vein, fiber-reinforced composites, also, might not give definite results
in terms of its behavior if the environmental factors or other physical interacting
quantities like magnetic fields Abd-Alla et al. [2] or maybe rotation Schoenberg et al. [3]
surrounding it are not factored into the mathematical model equations characterizing a
particular phenomenon. This is solely because they have a way of giving near accurate
predictions of the model problem needed for insightful reach of decisions. Aside the
surrounding characterizations, researchers equally exploit other mechanical properties
such as the impedance [4], which act like a resistance to the motion of matter or acoustic
energy on a material alongside appropriate boundary conditions which could be planar
or non-planar like the corrugated boundary [5] to enrich the understating of some
complex mechanical structures and surface wave (Stoneley wave, Love wave and
Rayleigh wave) propagations along and across interfaces of materials. Hence, the basic
mechanical reasoning behind this design of corrugation is to positively enhance the
stiffness-to-weight ratio of the material by giving optimal geometric representation
rather than addition of more material. Thus, increase in bending stiffness, energy
absorption, and anisotropic behavior exhibitions cum buckling resistance are some of the
key principles behind corrugation of materials. While variable corrugation shapes or
geometries of different heights, or even hierarchical construction on materials, allows for
further enhancement and optimization of the mechanical properties of the material for a
particular performance needs.

In the foregoing, several authors have made contributions to further the
investigations associated with these corrugated-impedance boundary effects on materials
along with other interesting wave phenomena. Singh et al. [6] and Singh et al. [7,8]
worked on gP-wave at a corrugated interface between two different initial stress elastic
semi-infinite material, influence of corrugated boundary surfaces reinforcement,
hydrostatic stress, heterogeneity and anisotropy on Love type wave propagation and also
on the effect of loose bonding and corrugation on Rayleigh-type wave modulation. More
so, Das et al. [9] dealt with surface waves in an inhomogeneous material which included
gravity. Abd-Alla et al. [10] investigated impact of rotation on a non-homogeneous
infinite elastic cylinder of orthotropic material under magnetic influences.
Chattopadhyay et al. [11] opined the dispersion equation of Love wave based on
irregularity in the thickness of non-homogeneous crustal layer. Following this trend,
Roy et al. [12] worked on the propagation and reflection of plane waves in a rotating
magneto-elastic fiber-reinforced semi space with surface stress. Singh et al. [13],
Gupta et al. [14], Anya et al. [15-18] dealt on magnetic effects on surface waves in a
rotating non-homogeneous half-space with grooved-impedance boundary conditions and
non-local effects, respectively. Likewise, Maleki et al. [19] developed model tests on
determining the effect of various geometrical aspects on horizontal impedance function of
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surface footings. Chowdhury et al. [20] examined the dispersion of Stoneley waves through
the irregular common interface of two hydrostatic stressed MTI media. Singh et al. [21,22]
contributed their investigation on Rayleigh wave at an impedance boundary of an
incompressible micropolar and orthotropic solid, respectively while Sahu et al. [23] dealt
on the Mathematical analysis of Rayleigh waves at the imperfect boundary between
orthotropic and micropolar media. Giovannini [24] worked on the theory of dipole-
exchange spin-wave propagation in periodically corrugated films. And Rakshit et al. [25,26]
also proposed a stress analysis for the irregular surface of visco-porous piezoelectric half-
space subjected to a moving load. Subsequently, Gupta et al. [27] presented different
theories of thermo-elasticity under the Rayleigh wave propagation along an isothermal
boundary while Kaushal et al. [28] examined wave propagation under the influence of
voids and non-free surfaces in a micropolar elastic medium. Also, Sharma et al. [29] dealt
on the fractional strain analysis on reflection of plane waves at an impedance boundary of
non-local swelling porous thermo-elastic medium. Sharma et al. [30] further made input
on the effect of rotation for generalized thermo-viscoelastic Rayleigh-Lamb wave
propagating on materials while its counterpart Shaw et al. [31] utilized eigen function
expansion approach to examine Rayleigh wave propagation in an orthotropic magneto-
thermoelastic half-space. Moreover, Othman et al. [32-34] incorporated effects of
magnetic field on a rotating thermo-elastic medium with some other physical properties
like voids, relaxation time and reinforcement of fibers to study wave propagation on
structures. Thus, we observed keenly that all these investigations were associated with
singular or part investigations of the interacting physical quantities of rotation,
micropolar effects, homogeneity, inhomogeneity, magnetism, corrugation, etc., which fall
short as constituted in this present investigation where the corrugation effects possess
variable amplitudes whilst considering different ideas of impedance characterizations in
generating the dispersions of Rayleigh wave.

In view of the literatures posited above, the present investigation is geared towards
exploring a mathematical model and analysis on the dispersion of Rayleigh wave for a
rotating inhomogeneous fiber-reinforced solid with magnetic influences under impedance
and variable amplitudes of corrugation. Following this, the variable amplitude of
corrugation is conceived to be a linear function of the horizontal coordinate and
incorporated at the point of the constant amplitude using the Trigonometric Fourier series
cosine terms. The equations of motion were derived using the stress-strain relations of a
fiber-reinforced material through the fundamental governing laws of motion of Physics. In
addition, the analytical solution is developed by utilizing the eigenvalue method also called
normal mode method. We developed both the homogeneous and inhomogeneous
impedance conditions at the boundary via which the two dispersion relations of the
Rayleigh wave were analytically derived and presented. Graphical results depicting the
impact of the contributing physical parameters of inhomogeneity, rotation of the medium,
corrugation parameters (variable amplitude parameters), wavenumber, and magnetic effect
on the two dispersion relations of the Rayleigh wave due to homogeneous and
inhomogeneous impedance were achieved. We observe that particular cases found in the
literature can be obtained from our results as special cases especially when we neglect one
of the parameters associated with the variable amplitudes of corrugation leading to
constant or uniform amplitude of corrugation model.
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The mathematical model and formulations

In this section, we introduce the basic fields’ equations characterizing the mathematical
model. In line with this, the mathematical formulations of the model using the
constitutive equations of fiber-reinforced material in its homogeneous form as introduced
by Spencer [1] and the magnetic field effect, Abd-Alla et al. [2] and Anya et al. [35,36] are
given below:

0ij = Aewwij + 2ureij + a(fifmexmbis + excfif;) + 2(u — ur) (fifiers + )

+fjfk€ki) + ﬁ(fkfmfkmfifj);i =j=k=m=1.23,

F; = woH§ (9,1 — EMUolly, €2 — Eollollz, 0)» 1 =123, (2)
where o;; denotes the stress tensor, ¢; prescribe the strain tensor, u; represents the
displacement vector, A stipulate the Lames constant, («, B, (u;, — pr)) are the fiber-reinforced
parameters, §;; entails the Kronecker-delta function; and F; implies the magnetic force such
that F; = (F;, F,, F3). However, the strain is equally defined to be mathematically
represented as ¢;; = %(ui,j +u;;) and f = (fy, fo, f3) such that f = (1,0,0) prescribe
the fiber-reinforced directions. H; is the magnetic vector field defined to be H; = Hyd;3 + h;,
h; =(0,0,—e), e = u;;, i = 1,2. Also, h; is induced magnetic field such that &, and p,
connotes the electric permeability and the magnetic permeability, as the case maybe,
owing to the Maxwell’s theory of electromagnetism. This model postulates its analysis in
2-D such that x;x,-plane becomes the plane of consideration and such that
hi(x1,%x3,x3) = —uy ,6;3. Owing to all these formulations, the governing equations of
motion for the rotating Schoenberg et al. [3] homogeneous fiber-reinforced material
under magnetic field are thus, presented:

0ij; + F; = p{il; + Qu0; — Q%u; — 2,07 ). (3)

The parameters in Eq. (3) like the ¢;;,, represents the Levi-Civita tensor (alternating
symbol) and £2 stipulates the rotation of the medium. Einstein summation indices are used
and where index after comma represents partial rate of change with respect to coordinate
and superscript dot stipulate partial rate of change with respect to time. Since our
formulation is making use of the deformation in the x;x,-plane, we take x; = 0 and
0(0,0,1) as the rotation (which purely involved the Coriolis and centrifugal forces arising
from a rotating coordinate frame) of the half-space about the x;-axis. It then means that
the displacements u; # 0 and u, # 0, for any change in plane and coordiantes of
consideration.

Furthermore, the material is originally presumed to be inhomogeneous but the
fiber-reinforced medium so presented in Eqg. (1) is homogeneous. It suffices that the
parameters of the homogeneous fiber-reinforced material be considered to decay or grow
such that the rate of the occurrence is proportional to its value at that instance. This
would ultimately introduce the inhomogeneity into the model. This is such that the elastic
module, elastic parameters, and density of the half-space take the representation:
(A a, g, b, B, p) = (Ao, @, Hros By Bos Po)e” 2, Khan et al. [37] and Munish et al. [38].
In the given proportionality above, m describes the inhomogeneity of the fiber-reinforced
material.

Thus, employing these inhomogeneous parameters into Eq. (1), the component
forms of the equations of motion of the wave are presented:
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A+ 2a+4p, —2ur + B + .“ng)ul,n +(@+2A+p + .Ung)uz,m + UL Uy 22 —

—mur (U, +Uz) = {p + gouf H3Yily — pR*uy — 2011,),

(a+A+u, + Hng)ul,lz +uuz 1+ (A4 2ur + llng)uz,zz —md+ a)uy, —

—m(A + 2ur)uy, = {p + gougHo}il, — p{Q%u, + 2014},

Hruz 11 + UrUs 2 — MUrlUz z = PUs. (6)

We can restructure Egs. (4)-(6) as follows:

Giug11 + Gaup g + Gay pp — mG4(u1’2 + u2,1)

= {{p + o HEYil, — p(Q%uy + 201,)},

Gouy12 + GalUp 11 + GsUy oo — MGeUyy — MG Uy,

_ 22V 2., _ . (8)

= {{P + gougHydiip — p(2%u, Z-Qul)}’

G3uz 11 + GalUzzp — MGuUz, = pls, )
where Gy = (A+ 2a + 4y, — 2ur + B + uoH?), G, = (a + A+ p, + uoH?), G5 =y,
Gy = Ur, Gs = (A + 2ur + toHg), Go = (A + @), G; = (A + 2ur).

If we employ m = 0 into Egs. (7)-(9), the homogeneous material characterizing the
equations of the wave motion is recovered. In addition, let us define the following
dimensionless variables: (x;', %", u;,uy") = co(xq, X, Uy, up), c&,= G1/p, (t") = cit,
2" =10/c§, o/; = 0;j/pci, and employ them into Egs. (7)-(9). Dropping the sign """ from
the equations results to the dimensionless form of the equations of the wave motion below:

Uy 11 + GraUz 21 + Gzl pp — mGz4(u1,2 + u2,1)

2772 1
_ {{1 + —80“:”0}111 — p%u, — 2pnu2} (10)
Gi2Uq,12 + Gi3Uz g1 + GisUzzp — MGoelyr — MGy7UL

2192 / i 2 : (11)
= {1 + eougHg/p}iy — pR-uy + 2p0iy},
Gi3Uz 1 + GialUs gy — MGyuUs, = Us,
(G12,G13,G14, Gys, Gi6, B17) = ((G2, G3, Gy, Gs, Gg, G7) /G1), (12)

(G24, G26, G27) = (G14, Gy, G17)P1/2/G13/2-

Analytical solution of the problem and normal mode analysis

This section employs the eigenvalue approach also called the normal mode solution
approach in the derivation of the analytical solutions of the displacement components and
subsequently, the normal and shear stresses on the rotating inhomogeneous impedance-
corrugated fiber-reinforced solid. Thus, adopting the fact that this approach of normal
mode analysis be applicable, the waves have their displacement components as:
w; = (0 (x,))e®tbx; | = 1,2, (13)
Employing Eq. (13) into Egs. (10)-(12), three ordinary differential equations (ODEs)
in the x, coordinates are given:

(Gl3D2 - mGz4D - bZ - gl)ﬁ]_ + (lGlsz - mGz4bi - Zpﬂw)ﬁz - O, (14)
(lGlsz - mbi626 + an(l))al + (GlsDz - mGz7D - Gl3b2 - gl)ﬁz - O, (15)
(Gl4D2 - mGz4D - (Glgbz + pwz)ﬁg =0. (16)

In Egs. (14)-(15), g1 = (1 + gouidHZ /p)w? + pN?). Note that D? entails second
order ordinary derivative with respect to x,. For non-trivial solution, Egs. (14)-(15)
produce 4th order ordinary differential equation below where ,,7, becomes the
dependent variables and x, the independent variable. That is, the determinant of the
coefficients of @, 7, are equated to zero whereas (i, #,) # 0. Observe that Eq. (16) is



169 Al Anya

uncoupled with Egs. (14)-(15) and thus, we neglect it from forming the associated
characteristic equation below. This is because we based our analysis in a plane geometry.
However, its solution can be easily obtained by using quadratic formula:

(dy1D* + d,D3 + di3D? + di4D + dy5) (0, 1,) = 0, (17)
where dy;,i = 1,2,3,4,5 are complex coefficients which depends on the parameters of the
solid half-space. Assume that n;,i = 1,2,3,4 be positive roots of Eq. (17), thus, the normal
mode analysis gives the solutions of i, i, as follows:

(G 1) = (Ky, Kip)e ™2, n =1,2,3,4, (18)
where K, and K;,, functions of the wavenumber b in the direction of the horizontal
coordinate x; and w is the complex frequency associated with the propagation of the
wave. Utilizing Eq. (18) into Egs. (10)-(11), a relation below is achieved:

Kin = HinKy,

Hin = (G13nf + mGyany — b — g1 — (2p0w — iGy,bn, — mbiGy), (19)

(G1sM% — Gi3b? + mGyom, — g1 + 2pfw + iG1,bn,, + MbiG,,), n = 1,2,3,4.

Thus, the complete solutions of the displacements and stresses utilized for the

model problem follows:
U = Kne—nnx2+wt+lbx1; U, = Hanne—nnx2+wt+lbx1’

2 .

o1 = {ib (1 h (%)) - 77nH1nG16} Kne_(n"+m)x2+wt+lbx1,
1

pz = {ibGyig — Ny HinG17}Kye~ (Intmxztwtsibx,,

012 = (ibHyp — 1) Gy3Kpe™ (mtmxztotriba,

0,1 = G13(ibHy, — ) K, e~ (IntmXatottibxy oy — 1 9 3 4.

Impedance-corrugated conditions of the half-space and dispersions of
Rayleigh waves

This section is anchored on formulations and derivations associated with the impedance and
corrugated conditions through which dispersion of Rayleigh wave on the fiber-reinforced
half-space is explored. Following Asano [5], the corrugated boundary in trigonometric
Fourier series denoted x, =&(x;) is such thaté(x,) = §eltP*1 + & e~ibx1,
l=1,2,3,4,..,where & and ¢_; gives the Fourier expansion coefficients and [ is the series
expansion order. Asano represented the parameters a, F; and [; in the form E;—’ :%,
E;—r = %,l =2,3.. such that &(x;) =acosbx; +F,cos2bx; +1,sin2bx; + -+
+F; coslbx; + I;sinlbxy; F; and I; gives the Fourier cosine and sine Fourier coefficients,
respectively, and through which the corrugated boundary surface in cosine terms by Asano
become &(x;) = acos b x;. a denote the constant amplitude of the corrugation and b is
wavenumber such that 2w /b gives the wavelength. However, we are interested in variable
amplitudes of corrugation of the boundary of the material such that the wavelength of the
wave for the corrugated surface equal /b. This is actually half of the wavelength for a non-
variable or uniform amplitude of the wave as given by Asano [5]. For this to occur, we need
to redefine the amplitude of the corrugated surface such that & = (a + cx;)/2, and
E(xy) = EettP*1 & e7bX1 | =1234,.. through which we can obtain
E(x;) = (a+ cxy)cosbxy + Fycos 2bxy + I, sin2 bxy+...+F, cos L bx; + I, sin | bx;.
Here, E;—“ = (F,+1;)/2,1l = 2,3... Subsequently, we then assume the corrugated



Rayleigh waves in a rotating inhomogeneous half-space with magnetic effect under impedance and variable amplitudes of corrugation 170

surface boundary to be in the form of cosine term &(x;) = (a + cx;) cos b x;. Here,
(a + cx;) become the variable amplitudes of the corrugated surface and bthe wave
number. Also, a, ¢ are terms associated with amplitudes such that if ¢ = 0, we recover the
amplitude associated with Asano [5] model. To visualize these scenarios and its
geometry, we illustrate &(x;) = acosbx; with uniform or constant amplitude of
corrugation; £(x;) = (a + cx;) cos b x; and its derivative — &115mb1¢osb1 with variable
amplitudes of corrugation graphically in Fig. 1, respectively:
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Fig. 1. (a) Uniform amplitude of corrugation; (b) variable amplitude of corrugation;
(c) Rate of change of (b) with respect to x;

(@) Homogenous boundary conditions on the impedance, considering corrugated fibre-
reinforced inhomogeneous material: u; = 0, u, = 0, at x, = &(x;), for all x; coordinate
and at any time t. Conditions on stresses w.rt x, = £(x;) gives the following:
—&'(x)0y + Gop + wWZouy, =0,  that s 0y + Gyp — E'(x1) 021 + wZyuy = 0,
022 + UoH{ (u1,1 + uz,z) — &'(x1)01 + wZu, = 0, Where G, = llng(um + uz,z)s gives
Maxwell's additional stress on the fibre-reinforced inhomogeneous material, Abd-Alla et al. [2],
Anya et al. [35,36] and Azhar et al. [39]. The tangential stress condition or shear stress
follows: oy, — &' (x1)0y; + wZyu; = 0 for all x; coordinate and at any time t.
(b) Inhomogeneous boundary conditions on the impedance, considering corrugated fibre-
reinforced inhomogeneous material: u; = 0, u, = 0, at x, = &(x;), for all x; coordinate
and at any time t. Conditions on stresses w.r.t x, = &(x;) gives the following:
— &'(x))0y1 + Gy + WZyu, = 0 that is 0y, + G5y — &' (%) 021 + wWZyu, = 0,
a2 + toH (Ur1 + Uz ) — & (%) 021 + WZyu, = 0, Where 65, = poH§ (u11 + uy), gives
Maxwell’s additional stress on the fibre-reinforced inhomogeneous material, Abd-Alla et al. [2],
Anya et al. [35,36] and Azhar et al. [39]. The tangential stress condition or shear stress
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follows: oy, — &' (x1)01; + wZ;u; =0 for all x; coordinate and at any time t.
In (b) above, Z;and Z,are the impedance parameters, Anya et al. [35,36] and Ailawalia et al. [40].
We assume that these impedance parameters Z,;and Z,are inhomogeneous. This is such
that (Z,,Z,) = (Z,,Z,)e~™*2. But note that Z;, Z,are homogeneous at the boundary of (a).
Hence, these assumptions imply the following two sets of four equations from (a) and (b)
above, respectively. They are presented below as (c) and (d), respectively.

(c) Homogenous boundary conditions on the impedance considering fiber-reinforced
inhomogeneous material:

K, =0, (21)
H,K, =0, (22)
{(ibGyg — NyHypGyy e~ MmtmECDK 4+ [(a + cx;y)bsinb x; — ¢ cos b x;]{(ibHyy, —

—1n)Gy3} XX e~ tMECOK, + (o HE (ib — ny Hyy) e~ OntmEGO K, 4 (23)

+{(1)H1nZZKn} = 0,
{{inln — )Gz + [(a+ cx;)bsinbx; — ccos bx,|{ib(1 — (,uOHg/Gl)) -
~hnH1nG1e}} X Kne™0n+mEGD 4 (wZ,3K, = 0.

(d) Inhomogenous boundary conditions on the impedance considering fiber-reinforced
inhomogeneous material:

(24)

K, =0, (25)
Hi, K, =0, (26)
{ibGi — nnHlthU}e_”né(xl)Kn + [(a + cxy)bsinb x; — c cos b x,[{(ibHy, — 27)
—13)Gas}e M VK, + {wHinZ; Ky + ioHE (ib — 1 Hip)Ye MmOV, = 0,

{{ibHyy, — Nn}G13Ky + [(@ + cxq)b sinb x; — c cos bx]{ib(1 — (uoH5/G1)) — 28)

—NpHinGr}Ky + {0Z, }K,e @) = 0, 1 =1,2,3,4.

For non-trivial solutions in (a) and (b), the determinants |Kij| =0, i=j=1234

and for K,, # 0, gives the novel respective two dispersion relations |V| of the Rayleigh

wave for: (@) homogeneous conditions on the impedance and (b) inhomogeneous
conditions on the impedance.

Computational results and Discussion

This section devotes wholly on depicting our analytical solution graphically. To achieve
this, we employ the numerical fiber-reinforced constants as given by Othman et al. [41]
and some other parameters below to demonstrate the variations or effects of the physical
quantities of impedance, rotation, inhomogeneity, magnetic fields, variable amplitudes
of corrugated parameters and the wavenumber on the two dispersions of Rayleigh wave
considering when the impedance applied on the material is homogeneous and when the
impedance applied is inhomogeneous. It should be noted that the fiber-reinforced solid
half-space is inhomogeneous: A=7.59:10°kgmls?, u; =2.45-10°kg mis?
ur =189 -10°kg mis? p=78-10"kg m3, a =-1.28 - 10° kg m's?, g =0.32 - 10° kg m’
152 w = (0.02 + i) rad/s, a = 0.29.

Figure 2 entails the variation of magnetic field H, on the dispersions |V| of Rayleigh
wave as against x; coordinate, considering (a) homogeneous impedance and (b)
inhomogeneous impedance on an inhomogeneous solid half-space such that all other
physical parameters of impedance Z; i = 1,2, rotation 2 of the medium,
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inhomogeneitym, corrugated parameters (a, ¢ and b) i.e. parameters linked with the
variable amplitudes of corrugation and wavenumber, respectively, are assumed to be in
fixed state on the inhomogeneous fiber-reinforced solid half-space. Hence, increase in
the magnetic field H, results to a corresponding increase in the behavior of the
dispersions |V|. In fact, the minima amplitudes of the dispersions |V| are attained when
we neglect the magnetic field on the material. While the maxima amplitudes of the
dispersions || are attained at x; = 0.7 and x; = 0.6 for an increasing magnetic field H,,
application especially on Fig. 2(a) and Fig. 2(b), respectively. Also, we observe that the
dispersion relations |V| decrease for an extended x; coordinate such that the behavior of
the dispersions || due to (a) homogeneous impedance and (b) inhomogeneous
impedance on an inhomogeneous solid half-space are alike in every aspect except in their
respective dispersion amplitudes and a difference in behavior when x; > 1.4. Physically,
this has shown that the presence of external magnetic field influences the wave
propagation especially as a push to the material characterizations and thus, impacts the
wave attenuation and velocity of propagation. Hence, low magnetic fields on the model
tend to give reduced influences of propagation as observed.

(a) 12x107F (b) 3h5x 10"? F
1.x107%f Hy = 0 3.x10°F Hy = 0
----- 1000; 5E - ———- 1000;
8.x107F 2000. 25x10 i} 2000
E 6107} _ 2x107g
= o IR = 1Ex100F
A ] 1x10%E 5 5 7 = :
2 %107 N 4 =~ e ] 5 x40~ A ~
- \'_'} ,-———hh-h________ - _ o X -\\'—V—_h"‘“——__ ~
B ——— NN
0.0 05 1.0 15 20 0.0 05 1.0 1.5 2.0
X X

Fig 2. Variation of magnetic field H,(4/m) on the dispersions |V| of Rayleigh wave against x,, considering
(@) homogeneous impedance; (b) inhomogeneous impedance on an Inhomogeneous solid half-space
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Fig. 3. Variation of inhomogeneous parameter m on the dispersions |V| of Rayleigh wave against x,, considering
(@) homogeneous impedance and (b) inhomogeneous impedance on an Inhomogeneous solid half-space

Consequently, Fig. 3 demonstrates the effect of the inhomogeneous parameter mon
the dispersions |V| of Rayleigh wave againstx; coordinate, considering (@) homogeneous
impedance and (b) inhomogeneous impedance on an inhomogeneous solid half-space
through a constant applications of the physical quantities of magnetic field H,,
impedance Z;, i = 1,2, rotation {2 of the medium, corrugated parameters (g, ¢ and b) i.e.
parameters associated with the variable amplitudes of corrugation and wavenumber,
respectively, on the material.
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This is such that an increase in the inhomogeneity m result to a sequential decrease
in behavior of the dispersion relation |V| of the wave due to homogeneous impedance
that is Fig. 3(a) while the dispersion |V| due to inhomogeneous impedance; Fig. 3(b)
possess negligible behavior. That is, the minima value of dispersion due to the
homogeneous impedance is attained when the inhomogeneity m increase. However, both
considerations; Fig. 3(a) and Fig. 3(b) attain their maxima values of dispersions |V|close
to x; = 0.6 and x; = 0.5, respectively. For extended length of the material both
dispersions decreases whilst noticing a difference in behavior for x; > 1.4 and the short
dispersion amplitudes of the Rayleigh wave due to homogeneous impedance as
compared with the dispersion amplitudes of the Rayleigh wave due to inhomogeneous
impedance. This could be physically attributed to the characterizations of the solid half-
space owing to fiber-reinforcement, homogeneous impedance and inhomogeneous
impedance considerations on the inhomogeneous fiber-reinforced. Thus, it suffices to
infer that the impact of the wave velocity and attenuation on the homogeneous
characterization of the material would be pronounced as compared with the
inhomogeneous material for the considered same physical parameters of the model.

More so, Fig. 4 depicts the effect of rotation 2 of the medium on the dispersions|V|
of Rayleigh wave against x; coordinate, considering (a) homogeneous impedance and (b)
inhomogeneous impedance on an inhomogeneous solid half-space especially when the
quantities of magnetic field H,, impedance Z;, i = 1,2, inhomogeneous parameter m,
corrugated parameters (a, c) i.e. parameters associated with the variable amplitudes of
corrugation and wavenumber b are unchanged on the solid half-space.
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Fig. 4. Variation of rotation 2, rad/s on the dispersions |V| of Rayleigh wave against x;, considering
(@) homogeneous impedance and (b) inhomogeneous impedance on an Inhomogeneous solid half-space

We observe that both conditions possess mixed behaviors in some domains of the
Rayleigh wave dispersion profile when the rotation increase. That is, the two dispersions
tend to move in upward trend for an increase in rotation within the domain 0 < x; <1
whilst possessing mixed behavior (increase and decrease) and after which the increase
ensues again in a minimal manner, sequentially. However, for an increase in rotation, an
outright decrease in behavior equally occur within the domain 0.95 < x; < 1.25
in Fig. 3(b). Near x; = 0.55 and x; = 0.45 gives the positions of the maxima values of the
dispersions of the Rayleigh wave on the material for Fig. 3(a) and Fig. 3(b), respectively.
Hence, we can infer that the maxima values occur when the rotation is large on the
material. And again, the amplitude of the dispersion due to inhomogeneous impedance
is large as compared with the amplitude of the dispersion due to homogeneous
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impedance, i.e., both has very close behavior aside their amplitudes and the behavior
around the extended length of the material say from x; > 1.4. Realistically and across
the length of the material, it is evident that the wave modulation is being impacted by
rotation of the medium in a higher proportion.

Nevertheless, Fig.5 connotes the impact of a associated with the variable
amplitude of corrugation on the dispersions | 7| of Rayleigh wave as against x; coordinate,
considering (a) homogeneous impedance and (b) inhomogeneous impedance on the
inhomogeneous medium. This is feasible only on the constant application of the physical
parameters of rotation (2, magnetic field H,, impedance Z;, i = 1,2, inhomogeneous
parameter m, corrugated parameter ¢ (parameter associated with the variable amplitudes
of corrugation) and wavenumber bon the inhomogeneous solid half-space. Following
this, Fig.5(@) and Fig. 5(b) decrease sequentially in the domains 0.5 <x; <2 and
0.6 < x; < 1.1, respectively when the parameter a associated with the variable amplitude
of corrugation increase. We equally note mix behavior in both cases in the domain
0 < x; <£0.1. Fig. 5(b) increases again for an increase in a from x; > 1.3 before mix
behavior ensued. More so, the maxima profiles of the dispersions in Fig. 5(a) and Fig. 5(b)
of the Rayleigh wave were attain close to x; = 0.35 and x; = 0.3, respectively, especially
when a associated with the variable amplitude of corrugation increase. Generally, the
dispersions of the wave tend to decrease along the length of the material as the wave
propagate. We note that both cases have differences in dispersion amplitudes on the
considered length of the solid medium and as well as in behaviors for extended length
of the material.
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Fig. 5. Variation of a associated with the variable amplitude of corrugation on the dispersions |V|
of Rayleigh wave against x;, considering (a) homogeneous impedance and (b) inhomogeneous impedance
on an Inhomogeneous solid half-space

In a similar analysis, Fig. 6 demonstrates the effect of ¢ associated with the variable
amplitude of corrugation on the dispersions | 7| of Rayleigh wave as against x; coordinate,
considering (a) homogeneous impedance and (b) inhomogeneous impedance on the
inhomogeneous medium. This is such that the physical parameters of rotation (2,
magnetic field H,, impedance Z;, i = 1,2, inhomogeneous parameter m, corrugated
parameter a (parameter associated with the variable amplitudes of corrugation) and
wavenumber b remain steady on the material. Hence, we note that parameter ¢ associated
with the variable amplitude of corrugation gradually increase the dispersions of the
Rayleigh wave when increased in both cases especially within the domain 0 < x; < 0.8
for Fig. 6(a) and 0 < x; < 1.4 for Fig. 6(b), and after which a very gradual decrease and
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a uniform behavior, respectively, occurs. In addition, for the dispersion due to
homogeneous impedance, the parameter cdecrease the dispersion relations of the
Rayleigh wave in the domain 0.8 < x; < 2 when increased whilst observing uniform
behavior for the inhomogeneous impedance case when x; > 1.4. More so, for an increase
in ¢ associated with the variable amplitude of corrugation, the maxima profiles of the
dispersions of the Rayleigh wave were recorded close to x; = 0.49. Thus, we can deduce
that the dispersions of the wave tend to decrease along the length of the material as the
wave propagate whilst noting that both cases have differences in dispersion profiles in
terms of their amplitudes and behaviors at the extended length of the coordinate.
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Fig. 6. Variation of ¢ associated with the variable amplitude of corrugation on the dispersions |V| of
Rayleigh wave against x;, considering (a) homogeneous impedance and (b) inhomogeneous impedance
on an Inhomogeneous solid half-space

Be that as it may, Fig. 7 depicts the impact of the wavenumber b (associated with
the corrugation) on the dispersions |V| of Rayleigh wave as against x; coordinate,
considering (a) homogeneous impedance and (b) inhomogeneous impedance on the
inhomogeneous medium when the parameters of rotation 2, magnetic field H,,
impedance Z;, i = 1,2, inhomogeneous parameter m, corrugated parameters (a,c)
(parameters associated with the variable amplitudes of corrugation) are in fixed state on
the medium.

We deduce that the dispersion profiles of the Rayleigh wave in both cases show
some outright mixed behaviors (uniform, decrease and increase) in certain domains of the
horizontal coordinate x; when the wavenumber b increase. However, an outright
downward trend ensues in the domain 0.5 < x; < 1.8 in Fig. 7(b) when the wavenumber

f ' ' ' 7 12x10°F - - 7
(a) Ax107E e~ oso. (b) x _
. 1.x10°F
3.x1077 o
....D.80. 8 =107 a
B 2 %107 E 6.x107}
S 7
4 =107}
1.x107 N~ 1 b
\\/ 2.x107 2V
of RSN ok ]
0.0 05 10 15 20 0.0 05 1.0 1.5 20
X X

Fig. 7. Variation of wavenumber b associated with the corrugation on the dispersions |V| of Rayleigh
wave against x;, considering (a) homogeneous impedance and (b) inhomogeneous impedance on an
Inhomogeneous solid half-space
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b increase. The maxima values in Fig. 7(a) and Fig. 7 (b) occur near x; = 0.6 and x; = 0.5,
respectively while the minima values of the dispersions occur when b is large. When
b = 0.5 and along the extended length of the material, there exist gradual upward trend
different from the initial behavior of the dispersions. We equally observe as in Fig. 6, that
Fig. 7 possess reduce amplitude of dispersion for the dispersion due to homogeneous
impedance as compared with the amplitude of dispersion occasioned by the
inhomogeneous impedance. This can be attributed to the homogeneous impedance and
inhomogeneous impedance considerations on the inhomogeneous fiber-reinforced solid.
Thus, owing to the considered geometry, it is inferred that the number of cycles or
wavelengths per unit of distance (wave number) has huge influence on the wave
propagation on the material such that mixed occurrences of the Rayleigh wave were
recorded across certain positions on the material.

In a different vein, Fig. 8 depicts the effect of impedance Z, on the dispersions|V|of
Rayleigh wave as againstx; coordinate, considering (a) homogeneous impedance and (b)
inhomogeneous impedance on the inhomogeneous medium when the parameters of
wavenumber b, rotation (2, magnetic field H,, impedance Z;, i = 1, inhomogeneous
parameterm, corrugated parameters (a,c) (parameters associated with the variable
amplitudes of corrugation) are unchanged on the solid medium. Figure 8 shows that
increase in the impedance Z, yield negligible behavior in terms of increase and decrease
on both considered dispersions of Fig. 8(a) and Fig. 8(b), respectively. However, they
dispersions in both cases are uniformly distributed in this instance of increase in Z,. They
attain maxima values close to x; = 0.6 and x; = 0.5, respectively at any of the given Z,.
This can be attributed to the material exhibition where the resistant-like phenomena of
the impedance is felt or witnessed. However, Fig. 8(a) has a reduced dispersion amplitude
as compared with Fig. 8(b). This can be attributed to the homogeneous impedance and
inhomogeneous impedance considerations on the inhomogeneous fiber-reinforced
medium.
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Fig. 8. Variation of impedance Z, on the dispersions || of Rayleigh wave against x,, considering
(@) homogeneous impedance and (b) inhomogeneous impedance on an Inhomogeneous solid half-space

In a similar vein, Fig.9 demonstrates the effect of impedance Z; on the
dispersions|V7| of Rayleigh wave as against x; coordinate, considering (@) homogeneous
impedance and (b) inhomogeneous impedance on the inhomogeneous medium when the
parameters of wavenumber b, rotation ), magnetic field H,, impedance Z;, i = 2,
inhomogeneous parameter m, parameters associated with the variable amplitudes of
corrugation (a, ¢) remain constantly applied on the solid. In the light of this, Fig. 9 shows
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that increase in the impedance Z; yield negligible behavior on both considered
dispersions of (a) and (b), respectively in terms of decrease an increase. They attain
maxima values close to x; = 0.6 and x; = 0.5, respectively at any of the given Z;. This
can be attributed to the material characteristics where a resistant-like phenomena of the
impedance is witnessed. However, Fig. 9(a) has a reduced dispersion amplitude as
compared with Fig. 9(b). This can be attributed to the homogeneous impedance and
inhomogeneous impedance considerations on the inhomogeneous fiber-reinforced
medium. We can say that this analysis on Z; is alike to analysis on Fig. 8 with uniform
distributed dispersions at this instance.
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Fig. 9. Variation of impedance Z; on the dispersions |V| of Rayleigh wave against x;, considering
(@) homogeneous impedance and (b) inhomogeneous impedance on an Inhomogeneous solid half-space

Conclusions

The present investigation aimed at exploring a mathematical model and its analysis,
occasioned by the dispersion relation of Rayleigh wave in a rotating inhomogeneous half-
space with variable corrugation amplitudes and impedance conditions under magnetic
influence. The impedance conditions were made to be in two characterizations i.e.,
homogeneous impedance and inhomogeneous impedance conditions at the boundary of
the material. We employed the constitutive relations for a fiber-reinforced material
alongside an exponentially decaying function of the material parameters characterizing
the inhomogeneity, rotation of the medium and magnetism in deriving the equations of
motion of the wave on the material. Through this, the analytical solution of the model
was derived using the normal mode analysis. Subsequently, using the corrugated-
impedance boundary conditions, the two dispersion relations of Rayleigh wave for
homogeneous impedance and inhomogeneous impedance conditions were formulated.
The graphical depictions of these two dispersion relations of Rayleigh wave where the
variations of the physical parameters of rotation, inhomogeneity, magnetic field,
impedance, wavenumber and variable amplitudes of corrugation parameters were carried
out are illustrated. This is such that:

1. An increase in the magnetic field H, give rise to increase in the behavior for the two
dispersion relations of the Rayleigh wave on the inhomogeneous fiber-reinforced
medium, that is, dispersion due to inhomogeneous impedance and dispersion due to
homogeneous impedance increases for increase in H,.

2. Increase in the inhomogeneity m result to a sequential decrease in behavior of the
dispersion relation of the wave due to homogeneous impedance while the dispersion due



Rayleigh waves in a rotating inhomogeneous half-space with magnetic effect under impedance and variable amplitudes of corrugation 178

to inhomogeneous impedance possesses negligible behavior at this instance.

3. A larger portion of the dispersion profiles witnessed increase in behavior when the
rotation £2 increase. However, the rotation 2 of the medium yielded mix behaviors on the
dispersion relation of the Rayleigh wave especially in certain domains of the horizontal
coordinate when increased.

4. The parameter a associated with the variable amplitude of corrugation caused both
decreasing behavior and increasing behavior on both dispersion relations of the wave in
certain domains of the horizontal coordinate especially when increased. While the
parameter ¢ which is also associated with the variable amplitude of corrugation caused
an upward trend on both dispersion relations of the Rayleigh wave when increased. This
occurrence ensued especially to a larger extent in the domain of the horizontal coordinate
where a very slight mix behavior occurs afterwards. In addition, for the dispersion due to
homogeneous impedance, the parameter cdecrease the dispersion relations of the
Rayleigh wave in the domain 0.8 < x; < 2 when increased whilst observing uniform
behavior for the inhomogeneous impedance case when x; > 1.4.

5. The wavenumber associated with the variable corrugated surfaces tend to cause a
decrease in behavior to the dispersions of the waves to a large extent when increased
while noting some mixed behaviors in both cases towards the extended part of the
material.

6. Impedance parameters, that is, both the normal and horizontal impedances behaved
alike such that they pulled a resistant-like measure on the material by exhibiting a
negligible impact when increased on the material in terms of increase and decrease.
However, we can equally adduce that the dispersions in both cases were uniformly
distributed in this instance.

Thus, it is imperative to state that this model and its analysis invoke special cases
found in the literature when the variable amplitude parameter cis neglected, i.e., at
¢ = 0, models related to Asano [4] are gotten for constant or uniform amplitude of
corrugation as occasioned in Fig. 1(a). Hence, we adduce that this study should be
beneficial to the investigation and characterization of new and old materials,
mathematics of wave phenomena cum solution, and the entire research community
working in the directions similar to surface waves on solid materials. Also, the most
immediate and realistic engineering applications where the joint interactions of Rayleigh
wave, magnetic influences, rotation and fiber reinforcement becomes eminent or
applicable is in the design and failure analysis of rotating machinery components
designed from composite materials, like those in aerospace materials especially in rotor
blades, non-destructive testing using surface waves, and making of piezo-magneto-
electric sensors and actuator technologies.
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Nomenclatures

b is wavenumber;

a, c are parameters associated with variable amplitude of corrugation;
o;j is stress tensor,

g;j is strain tensor;

u; is displacement vector;

8;; is Kronecker-Delta function;

A is Lame’s constant;

a, B, (u, — ur) are fiber-reinforced parameters;
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F; is Magnetic force;

&y 15 electric permeability;

Uo IS Magnetic permeability;

H; is Magnetic vector field;

£ is Rotation parameter of the medium;
p is density;

x; are coordinates;

Z,, Z, are impedance parameters.

Appendix

di1 = G13Gys;

di; = —m(Gy15G24 + G13G27);

di3 = (=b?i*pGF, — b?pGys — pw?Gys + p?02Gis + M?pGraGay — WP GisHEo G +
+G13(—pw? + p20% — b?pGy3 — W?HFuE))/p;

dia = (M(b?i?pG15Gre + Goa(pw? — p202 + b2i%pGy, + b?pGis + W?HGUE) +
+Go7(p(b* + w? = pQ?) + w?Hieo1t$))) /P

dis = % (b%p2w? + p?w* — b?p30?% — 2p3w?%0?% + 4p* w027 + p*0* — 2bimp3 wNG,e +
+bimp? Gy, (2pw — bimGyg) + b2pw?HEué + pw*H3u3 — p?w?N?HEué + pw*HEequd —
—p?w 0% Hi gop§ + w*Hyeous + b*pGyi3(p(b? + w? — p*) + w?Hieoup)).
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ABSTRACT

Protective coatings are used to solve many technical and economic problems. Information on known
methods and approaches to studying the mechanical and adhesive properties of coatings is provided. It is
noted that modern thin-walled structures, as a rule, have a complex geometry. In this case, protective
coatings are formed directly on the surfaces of load-bearing elements. Known adhesion meters have
a number of limitations. There are practically no works on determining the mechanical properties of
coatings and adhesive formed on surfaces of complex shapes. An effective two-dimensional experimental
- theoretical approach to diagnosing the rigidity and adhesive properties of a thin-layer coating formed
directly on the surface of a load-bearing element of complex shape is described. At the theoretical stage
of the study, the spline version of the finite element method is effective, when varying the properties of
the material, we approach the shape of the experimental dome of the considered loading stage.
KEYWORDS

load-bearing element ¢ protective coating * mechanical and adhesive properties ¢ deformed surface
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Introduction
On the role of protective coatings

Since the 20 th century, thin-walled structures have garnered significant attention. To
ensure the reliable operation of such structures, which are often exposed to diverse
environments, physical fields, and substantial loads, maximizing the protection of their
components from external influences is crucial. Protective coatings are commonly
employed for this purpose. Research in this direction remains highly relevant.

Protective coatings are widely employed to address a multitude of technical and
economic challenges. The degradation or failure of these protective coatings leads to the
exposure of the surface of load-bearing structural components. Consequently, the load-
bearing element becomes directly subjected to the effects of the surrounding
environment and physical fields. This, in turn, results in the development of various
corrosion defects, scratches, localized depressions, and the like on the surface of these
structural components [1,2]. These defects induce alterations in the stiffness properties
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of thin-walled structural elements and give rise to stress concentrations in the defect
regions [3,4].

The requisite properties of coatings, including smart coatings, are achieved through
the development of sophisticated thin-film composite structures and adhesives [5-8].
Various methods and approaches have been devised for applying coatings to the surface
of load-bearing components.

However, during structural operation, various defects also emerge within the
coatings themselves, arising from the environment, physical fields, and deformation of
the load-bearing component. Local delaminations also develop in multilayer composites.
All of these factors induce significant alterations in the structure and stiffness properties
of both the coating and the adhesive [9].

Modern coatings are typically formed directly onto the surfaces of load-bearing
thin-walled structures, which generally possess a non-planar geometry. During operation,
the coating deforms in concert with the load-bearing component. Research into the
mechanical properties of coatings and adhesives on complex-shaped surfaces,
considering the deformations of the load-bearing components, is notably scarce.
Consequently, when determining the mechanical properties of coatings and adhesives, it
is essential to account for the shape and deformation of the load-bearing component [10].

On methods and approaches for investigating the mechanical properties of coatings

When selecting coatings, adhesives, and their application technologies, based on a
specified service life and operational conditions, questions arise concerning the
determination of their structure, geometric parameters, and physico-mechanical
characteristics. To ensure the integrity of coatings on structural components, it is crucial
to effectively design and reliably assess both the initial mechanical properties and those
acquired during operation for protective coatings and adhesives. The challenges of
assessing the mechanical properties of coatings and the adhesion of coatings to load-
bearing components, as well as investigating the patterns of change in coating and
adhesion characteristics under the influence of the environment, physical fields, and
operational factors, are highly relevant. The instrumentation for evaluating the
mechanical properties of coatings remains underdeveloped. The "indenter" method, while
capable of determining material properties in the vicinity of a point of interest, exhibits
limited effectiveness when investigating coatings with complex structures [11].
In [12], the indentation method is noted as an effective tool for studying the mechanical
properties of polyethylene. This method can be used to determine such material properties
as hardness, elastic modulus and rheological characteristics. However, the "indenter”
method, which allows determining the properties of the material in the vicinity of the point
under consideration, is ineffective when studying coatings of complex structure.
Indentation methods, as well as the stretch test method, which consists of stretching a
material sample until it breaks to assess its strength and plasticity, are noted in [13].
Adhesion assessments based on the destruction of the coating in the area of application
of the indenter are considered in [14,15]. The advent of powerful computers has
facilitated the increasing prevalence of computational modeling. Molecular approaches
to investigating the mechanical properties of thin structures are currently in their nascent
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stages. Difficulties arise in describing the complex structure and defects of coatings at
the nano- and macro-scales [16]. Uniaxial tensile testing of specimens is a standard
method [17-19]. However, when investigating the stiffness properties of complex-
structured coatings, uniaxial testing often reveals a significant scatter in test results [20].
On the topic under consideration, there exist inventor's certificates (A.c.) and patents for
inventions, including: A.c. 1742671 USSR, publ. 23.06.92; A.c. 1458766 USSR, publ.
5.02.89; SU 601599 A, 05.04.1978; SU 1441243 A1, 30.11.1988; SU 765697 A,
23.09.1980; US Patents US 5764068A, 09.06.1998 and Japan JP 8313422 A, 29.11.1996,
which provide solutions to certain questions related to this subject. When investigating
the properties of complex-structured coatings, the experimental-theoretical method of
investigation proves indispensable. In particular, for studying initially flat thin coatings
with complex structures, a two-dimensional shell approach is recommended [21]. This
method can also be employed to determine the mechanical characteristics of nano-
coatings within a "coating-substrate” system without separating the coating from the
substrate [22]. The experimental-theoretical method has been further developed for
investigating initially spherical and cylindrical coatings with variable radii [23].

On approaches to determining the adhesion of coatings to a load-bearing element

Determining the adhesion of coatings to load-bearing structural components has received
considerable attention. A review of standard methods for assessing the adhesive strength
of special coatings is given in [24]. The interaction between the adhesion strength and
the tensile properties of coated laminates is noted in [25]. It is obvious that the adhesion
strength of the coating is affected by both the properties and the technology of coating
application [26,27]. An analysis of some adhesion assessment methods for heat-
protective coatings is given in [28]. A technique for assessing the adhesion of thin-film
coatings is considered in [29]. Some aspects of increasing the adhesion of metal coatings
are presented in [30]. The effect of temperature on the adhesion of films to substrates is
noted in [31]. The choice of adhesion assessment method for antifriction coatings is
considered in [32]. In [33], it is noted that grinding and sandblasting are effective in
improving the adhesion strength.

The following methods are known for determining adhesion properties: the tear-off
method, which allows determining, in particular, the adhesion of the paint and varnish
coating to various substrates; the method of lattice cuts, including X-shaped cuts and
parallel cuts for visual assessment of coating delamination.

Methods have been developed to determine the adhesion strength of coatings to
substrates, as evidenced by inventor's certificates and patents, including: A.c. USSR
No. 183459, publ. 17.06.1966; Patent RF No. 689411, publ. 10.05.1995; Patent RF
No. 2207544, publ. 27.06.2003. However, these methods suffer from drawbacks such as
low accuracy, technological complexity, and low throughput. A known method for
assessing the adhesion of elastic films utilizes "bubble" parameters [34], but this
approach, along with its inherent limitations, exhibits a scatter in results.

Specialized instruments known as adhesiometers (e.g., PSO-XMG series) are
available for evaluating coating adhesion to substrates [35]. However, these devices
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exhibit limitations, notably the difficulty in ensuring measurement consistency when
studying the influence of different factors, among others.

A method for evaluating coating adhesion to a flat substrate has been
developed [36]. Further developments of this method, refining the results of adhesion
studies on substrates, are detailed in [37].

Modern thin-walled structures are typically characterized by complex geometries,
harmoniously blending functional purpose with architectural expressiveness. In these
designs, protective coatings are formed directly on the surfaces of load-bearing elements.
Notably, research is scarce regarding the determination of mechanical properties of
coatings and adhesives on complexly shaped surfaces.

An algorithm for diagnosing the mechanical and adhesive properties of a coating
system on a complex surface of a structural element is outlined below. This algorithm
assumes the availability of experimental coating pull-off data, specifically the parameters
defining the dome shape and base as a function of air pressure introduced through a
central aperture in the structural element.

Algorithm for determining mechanical and adhesion properties of a coating
on a load-bearing surface of a structural element of complex shape

Numerical investigation tool

Established software packages can be utilized during the theoretical phase of the
investigation. However, when examining the mechanical and adhesive properties of a
coating applied to the surface of a load-bearing element with complex geometry, the
spline-based finite element method proves most effective [38].

A load-bearing structural element of complex geometry 1 with a protective
coating 2 is under consideration (Fig. 1(a)). The structural element 1 is parameterized by
parameters t 1, t %, t >of a parallelepiped 3 [39], where:

: (1)
and the coating 2 is parameterized by parameters t %, t 2 of a rectangle 4 (Fig. 1(b)) [37-39]:
r=7(c't?). (2)

Fig. 1. A scheme of parametrization

A distinction is made between thin-walled structural elements of complex canonical
geometry, where the mid-surface is described by analytical formulas, and elements of
complex non-canonical geometry, where the mid-surface is not described analytically,
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but rather specified point-by-point. When considering thin-walled elements with
complex non-canonical geometry, challenges arise in the parameterization stage [40].
For cases where the structural element geometry is not analytically described, an
experimental parameterization approach can be employed, as exemplified by Patents of
the Russian Federation Nos. 2374697 and 2665499.

By differentiating expression (1) with respect to t *u t 2 for all nodal and integration
points, the coordinate vectors #; u 7,, the first fundamental metric tensor a; and the

fundamental determinant a are calculated for the coating:
S| S | % o
rl - ﬁr rZ - ﬁr \/a )

Subsequently, Christoffel symbols of the second kind are calculated:

1 _ G20a4; da;;  10dag; 1 _ 1 day; daz;
alty == %a ~ ( ot 2o ) M2 T3\ G2 5 T Ay )

= = — == _ 2
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1 _ dai; laazz) _ @12 0dp; 2 _ (aalz _ 13(111) _ a2 0ay
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along with the components of the second fundamental metric tensor b;:
by = M- by = =t by = (5)
117 W @aenyz? 712 7 hgpagez’ T22 T T (ge2)2”

Tangential forces 7" and bending moments M for the coating in a physically linear
formulation can be expressed as [41]:

ik — T (aYa*s +vcl k) [Viug — bjsw + Vouy — bsjw + (Vjw + bju) (Gw + b™up)),
. Eh3 .. ..
the = Zah (aaks + velcks) [-7;(Vew + biw) — b (Vs — bsmw)], (6)

ct=0,c?=-c*=1/Va; i,j, k5,1, m=1,2,

where T * M * are tangential forces and bending moments, E is the elastic modulus of of
the coating; v is Poisson's ratio, h is the coating thickness, u=u;, v=u,; w are the
components of displacements of the middle surface of the coating, V; is the symbol of
covariant differentiation with respect to a;; a ’ are the contravariant components of the
first fundamental metric tensor.

The governing relations are derived from Lagrange's variational equation:

W —6A =0, (7)
where oW is the variation of the shell's strain potential energy, dA is the variation of the
work done by external forces acting on the structural element.

The solution within each mesh cell is represented using an interpolating Hermite
bicubic spline, and the problem is then reduced to solving a system of algebraic equations:
[BI{U} = {R}, (8)
where [B] is the stiffness matrix of a system with a banded structure, {U} is the vector of
unknowns, {R} is the load vector.

Diagnostic algorithm

Initially, the stiffness characteristics of the coating are investigated. The components of
parameterization are calculated using Egs. (1)-(5) for the initial state of the load-bearing
element with a coating (Fig. 1). Further, for each loading stage, based on the
experimentally determined coordinates of the dome base (Fig. 2), a numerical model of
coating deformation wunder pressure p is constructed - all components of
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parameterization are calculated using Egs. (1)-(5); in nodes coinciding with the dome
base, displacements are zeroed, the load is applied to elements located under the dome,
and the stress-strain state calculation is performed according to Eqg. (8).

Fig. 2. Formation of a dome

The source material employed in this study was Class F fly ash sourced from Raichur
Thermal Power Corporation Limited (RTPCL), Karnataka, India. The fly ash confirmed to
IS 3812 2003 (part 1&2) [26].

At each loading stage p, using the iterative adjustment method- by varying material
properties (Young's modulus E and Poisson's ratio v), the shape of the experimental dome
at the considered loading stage is approached. This determines process the distribution
of the stress-strain state of the coating. When required, curves "strain ¢ - stress o,
"Young's modulus E - strain &" are constructed. Thus, the mechanical properties of the
coating are determined.

Next, the adhesion properties of the coating to the surface of the load-bearing

element are investigated. In general, the coating detachment forces T, vary significantly
along the contour. Knowing the tangential forces T * at the calculation nodes along line 5
of the dome base (Fig. 2) from the current loading stage solution, we can determine the
local value of the normal adhesion stress 7. at the surface of the load-bearing element 1
(Fig. 1) using the following equation:
Notr = Totr(mo X ml)/ [ho(l — & 82)]’ (9)
where Ty = f(T ™) is the detachment force, which depends on the values of tangential
forces T * at each point along line 5 of the dome base; hy is the coating thickness before
deformation, &, & is the coating deformation in the normal and tangential directions
along line 5 of the dome base.

Conclusions

Employing protective coatings is an effective strategy for safeguarding structural load-
bearing elements from environmental and physical field exposure. The requisite
properties of coatings, including smart coatings, are achieved through the development
of sophisticated composite structures and adhesives.

Selecting coatings, adhesives, and their application technologies raises questions
regarding the determination of their parameters. The available tools for assessing the
mechanical properties of coatings remain underdeveloped.
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To determine the mechanical and adhesive properties of a coating system with a
complex structure applied to a load-bearing element with complex geometry, a two-
dimensional approach proves effective. This approach involves an experimental-
theoretical method rooted in a spline-based finite element method (FEM).

An algorithm for diagnosing the mechanical and adhesive properties of coatings on
the surface of complexly shaped load-bearing structural elements is described. This
algorithm serves as a reliable tool for researchers, designers, and practicing engineers alike.
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ABSTRACT

The influence of the core-sleeve boundary interface on the mechanical properties and electrical conductivity
of the composite all-aluminium wires made of electromagnetically cast Al-0.5 wt. % Fe and Al-1.7 wt. % Fe
alloys was studied. For the comparison all-aluminium wires made of same materials were studied as well.
Structural analysis was presented by the scanning electron microscopy of the composite all-aluminium wires
cross-section, as well as by the fractographic analysis of the failed tensile samples. It was demonstrated that
the effect of the core-sleeve boundary increases with the increase in amount of alloying elements in the
composite all-aluminium wires components. The core-sleeve boundary in the composite all-aluminium wires
acts as a buffer for the deformation thus the amount of the deformation, that otherwise would be distributed
gradually in the all-aluminium wires, is distributed uneven between the core and the sleeve of the composite
all-aluminium wires, accumulating more within the composite all-aluminium wires sleeve. The major
influence of the core-sleeve boundary is noted in yield strength and ductility of the wires, while electrical
conductivity and especially ultimate tensile strength remain mostly unaffected.
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Introduction

Aluminum and its alloys may replace copper as electrically conductive materials because
they are lightweight, commercially available, exhibit high electrical conductivity, and are
resistant to corrosion [1]. The downside of the aluminium alloys is their relatively low
strength, making it important to find either new alloys or methods of their production.
One result of the search for new conductive materials has been the concept of creating
hybrid (composite) materials [2,3]. This way two or more different materials could be
united into one product, theoretically combining all the advantages of each individual
component without their disadvantages [4,5].

This approach, for example, has been implemented in the form of a specific cable
architecture consisting of a core and an outer layer made of various aluminum alloys,
such as an all-aluminum alloy cable (AAAC) [6] and an aluminum cable steel-reinforced
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(ACSR) [7]. In these cases, hybridization of the final product is achieved through the
mechanical assembly of different materials. The most obvious approach to the
hybridization of aluminum alloys is the creation of composite materials from various
aluminum alloys [8,9]. Combining them in a certain proportion can help overcome the
tradeoff between strength and conductivity, providing both high mechanical strength and
high electrical conductivity in a composite aluminum alloy [10]. Previous studies have
shown the potential of this approach to produce Al-Al composite wire [11].

The other way to create composite aluminium alloys is the application of cold
bonding, for example, the accumulative roll bonding (ARB) [12-14]. Such approaches
make it possible to obtain gradient microstructures that provide effective control over a
complex of structurally sensitive characteristics. The main advantages of this approach
are the possibility to produce continuous products and the high deformation value
required for the mechanical bonding of materials [15]. Unfortunately, ARB is not suitable
for wire production.

Research into the production of composite conductors made from two alloys using
the "core-sleeve” design has shown that the drawing process used to produce them has
not yet resulted in a monolithic blank [16]. This is apparently due to the fact that a single
drawing pass of such composite blanks can only achieve a deformation of 30 %, whereas
reliable joining of different metals/alloys to create a composite sample using ARB
requires a deformation of at least 50 % at elevated temperatures (0.3-0.4 of a melting
temperature) [17].

Therefore, composite conductors made from aluminum alloys currently contain an
interface between their components. In this regard, it is important to determine how the
presence and the length of the interface between components influences the properties
of such conductors.

In this study, the composite aluminium wires made of Al-0.5 wt. % Fe and
Al-1.7 wt. %Fe were compared to the all-aluminium wires made of same materials. The
length of the core-sleeve boundary interface was chosen so that the fraction of the core
would be 10 % in the cross-section. The choice of the materials was based on the fact
that these alloys belong to immiscible systems and that the absence of the solid solution
effect and the associated diffusion processes will allow to isolate the influence of the
boundary interface, without taking into consideration potential diffusion transitions of
alloying elements through it.

Materials and Methods

Two alloys of the Al-Fe system with an iron content of 0.5 and 1.7 wt. % were used as
research material. Initial samples were produced in the form of rods of a diameter of
11 mm by continuous casting in an electromagnetic mold (EMC) [18]. The chemical
composition of the alloy samples is presented in Table 1.

Table 1. Chemical composition of alloys of the Al-Fe system (wt. %)

Alloy Fe Si Cu Mg Zn >Ti,Mn,Cr Al
Al-0.5Fe 0.50 0.04 0.01 0.01 0.02
<0. .
Al-1.7Fe 1.65 0.03 0.01 - 0.03 0.02 Rem
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Samples of 11 mm in diameter wire rod of the Al-Fe alloys were made on the basis
of primary aluminum grade A85 (not less than 99.85 wt. % Al) and Fe80AL20 alloys in
proportions selected to match the required Fe concentrations. After the melt temperature
reached more than 800 °C, continuous casting was carried out in an EMC installation at
a speed of 12.4 mm/s.

Part of the ALl-0.5Fe and Al-1.7Fe alloys samples were cold drawn (CD) down to
3 mm diameter, creating all-aluminium wires (Al-0.5Fe AAW and Al-1.7Fe AAW). The
other part of the Al-1.7Fe and Al-0.5Fe alloys rods were cold drawn down to 10 mm
diameter. The section of these rods with 300 mm in length was cut off. Then the hole of
3.2 mm in diameter was drilled along the longitudinal axis of the cut samples, creating
the tubes. The inner surface of the tubes and the outer surface of the wires of both
samples were cleaned and degreased, after which the wire was put into the corresponding
tube. The combined billet was subjected to CD with an area reduction of 91 %. Total area
reduction was achieved in 10 passes, resulting in the 3 mm diameter composite
all-aluminium wires of the following compositions: Al-0.5Fe core and Al-0.5Fe sleeve;
Al-1.7Fe core and Al-1.7Fe sleeve (Al-0.5Fe CAAW and Al-1.7Fe CAAW, respectively). Thus,
the fraction of the core in the cross-section of CAAW was 10 %, and the length of the
core-sleeve boundary interface was 30 % of the outer wire diameter. The evaluation of
the core fraction in the cross-section of the wire using scanning electron microscopy
(SEM) images. This cross-section corresponds to the length of the interface being the
30 % of the outer wire diameter.

The heat resistance of wire samples was assessed in accordance with the
requirements of the IEC 62641:2023 standard [19]. To do this, after CD, samples were
annealed at a temperature of 230 °C for 1 h, followed by cooling in air. The microstructure
was studied using scanning electron microscopy (SEM) on a Tescan Mira microscope at
an accelerating voltage of 10-20 kV in back-scattered (BSE) and secondary electrons (SE)
modes. To obtain statistically reliable results, tensile tests were carried out on three
samples for each state, on a universal tensile machine Instron 5982 at room temperature
and at a speed of 100 mm/min. Based on the test results, the values of the yield strength
(00.2), ultimate tensile strength (ours) and elongation to failure (6) were determined [20].

The specific electrical resistance of the material under study was measured in
accordance with |IEC 60468:1974 [21]. Straightened samples of at least 1 m in length
were selected. The electrical conductivity value of the samples relative to annealed
copper (International Annealed Copper Standard) was calculated using the equation:
IACS = pcu/pa x 100 [%], (1)
where pu is the experimentally determined value of the specific electrical resistance of
the aluminum alloy sample, pc is the specific electrical resistance of annealed copper,
equal to 17.241 nQm.

Results and Discussion

The cross-section of the Al-0.5Fe CAAW and Al-1.7Fe CAAW is presented on Fig. 1.
The initial placement of the core wire was designed to be coaxial, the displacement of
the core wire from the center of the sleeve is probably due to the bending of the drill
instrument during preparation of the tube (see Materials and Methods section). Gaps in
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20 ym

20 uym

Fig. 1. Cross-section of the Al-0.5Fe CAAW (a,b) and Al-1.7Fe CAAW (c,d), SEM BSE. Yellow arrows point at
the core of the CAAW

core-sleeve boundary interface are the consequence of the drilling a hole in the initial
billet, and surface quality depends on the drillling method and tool. Still, for the better
CAAW performance improving the contact surface quality may be recommended.
Nevertheless, this doesn’t affect the performance of the CAAWs, since the fraction of the
core in both alloys is 10 £1 %. Cross-section of the wires shows deviation from the
circular shape, although it also doesn’t affect the overall CAAW performance.

Al-1.7Fe CAAW (Fig. 1(c,d)) demonstrates notably higher, compared to Al-0.5Fe
CAAW (Fig. 1(a,b)), fraction of the second phase particles, being of the AlFe, nature, most
probably Al,Fe or AlsFe [22,23]. Figure 1 also demonstrates the core-sleeve boundary of
the CAAWs. The applied pressure and temperature were clearly not enough to form a
continuous bond between materials, leaving the gap from 30 to 300 nm in width
(Fig. 1(b,d)). In works related to ARB it is stated that the deformation value at each pass
should be at least 50 % in order to mechanically bond the contact materials, while in this
case it was notably lower [12]. It would be promising to increase the deformation value
of each drawing pass or even include the extrusion stage in order to close the gap on the
core-sleeve boundary. Based on the previous study it is safe to say that annealing at
230 °C didn’t affect the core-sleeve boundary [24].

Table 2 contains the data of the mechanical and physical properties of the composite
all-aluminium wires (CAAWs), as well as data for the all-aluminium wires (AAWs).
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Table 2. Physical and mechanical properties of the CAAW

Electrical
.. Oys ouTs 6
Sample conductivity
Value, % | A, % Value, A, % Value, A % | Value, % | A %
IACS MPa MPa
Al-0.5Fe
CAAW 57.2%0.2 1703 201 £1 3703
AAW [25] 58.4%0.2 21 17012 0.0 204+ 14 15 53%+0.3 30.2
° + + + +
CAAW+230°C, 1 h 58.5%0.2 12 168 +17 40 207 £18 34 22*04 478
AAW+230 °C, 1 h [25] 59.2#0.2 17511 200 %16 46+04
Al-1.7Fe
CAAW 51.5%0.2 150+ 22 2931 6.6 0.2
AAW [25] 52.0£0.2 0.9 235+18 36.2 29519 07 49%05 258
CAAW+230°C, 1 h 54.4%0.2 17121 260 £ 13 2.5%0.2
AAW+230 °C, 1 h [25] 52.8%0.2 29 250+ 14 516 315+17 17.4 3903 359

Table 2 also contains the values of the difference (in percent) in electrical conductivity
and mechanical properties between the AAWs and CAAWs in the similar conditions. This
information is contained in the A columns and is calculated as a value of the AAW
subtracted from the values of the CAAW relative to the CAAW values.

In case of Al-0.5Fe alloys the difference in properties between CAAW and AAW is
relatively small. Difference in oys and ours lies within the error value for both CD and
annealed states and could be regarded as insignificant. The ALl-0.5Fe CAAW s
characterized by lower electrical conductivity compared to the AAW in both states,
although this difference decreases after annealing. Since electrical conductivity is
sensitive to the structural defects, both on micro- and macroscale, it is natural for the
aluminium wire with the core-sleeve boundary to have lower conductivity.

Al-1.7Fe CAAW is characterized by significantly lower, than in Al-1.7Fe AAW oysin
both CD and annealed states, meaning that the presence of the core-sleeve boundary
contributes the faster deformation build-up [26]. In the annealed state CAAW s
characterized by higher electrical conductivity and lower ductility compared to the AAW.
The effect of decreased ductility in the annealed Al-1.7Fe alloys was documented in
previous studies, although the exact mechanism of it is yet not clear [27,28]. One possible
explanation could be the annealing-induced change of the texture formed during cold
drawing, that could influence the electrical conductivity by 1 % IACS [29,30]. While Al-
0.5Fe alloy demonstrates almost complete indifference (with an exception for the
ductility) to the presence of the core-sleeve boundary, Al-1.7Fe demonstrates certain
amount of sensitivity to the presence of such boundary.

Figure 2 presents the engineering stress-strain curves for the Al-0.5Fe alloy wires
(@) and Al-1.7Fe alloy wires (b). The form and the shape of the Al-0.5Fe curves, as well as
levels of the ours are very similar. The curves for the Al-1.7Fe are spread more, with the
difference in both elongations to failure and ours, supporting the core-sleeve boundary
having more significant influence in the Al-1.7Fe alloy rather than Al-0.5Fe. For both
Al-0.5Fe and Al-1.7Fe (AAW and CAAW) alloys annealing results in the decrease of the
elongation to failure. On Fig. 2(b) it could be seen that AAW to CAAW transition increases
the ductility of the Al-1.7Fe alloy wire, which is contrary for the Al-0.5Fe alloy wires. Since
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Fig. 2. Engineering stress-strain curves foe the Al-0.5Fe (a) and Al-1.7Fe (b) alloy wires:
1 - AAW in cold-drawn state; 2 - AAW after annealing at 230 °C for 1 h; 3 - CAAW in cold-drawn state;
4 - CAAW after annealing at 230 °Cfor 1 h

the reason for the different behavior of the AAW and CAAW may as well be attributed to
the behavior of their individual components, fractography analysis was conducted.

Figure 3 demonstrates the overview of the fracture images of Al-Fe AAW (a,c) and
CAAW (b,d) after tensile tests. Al-0.5Fe AAW demonstrates higher value of relative
reduction, which corresponds to higher value of elongation to failure (Table 2). Similar
behavior is demonstrated by the sleeve of the CAAWs (Fig. 3(b,d)).

e b

Fig. 3. Fractographic images of the (a) Al-0.5Fe AAW, (b) Al-0.5Fe CAAW, (c) Al-1.7Fe AAW and
(d)Al-1.7Fe CAAW, SEM
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Fig. 4. Fractographic images of the Al-0.5Fe alloy wires in the initial state (a,c,e) and after annealing at
230 °Cfor 1 h (b, d, f), SEM: (a,b) AAW center, (c,d) CAAW core, (e,f) CAAW sleeve

Figure 4 demonstartes the fracture surface of the Al-0.5Fe wires in cold-drawn state
and after annealing. The fracture of the Al-0.5Fe AAW (Fig. 4(a)), as well as fracture of the
core (Fig. 4(c)) and sleeve (Fig. 4(e)) of the Al-0.5Fe CAAW are ductile in nature. Both
Al-0.5Fe AAW and core of the Al-0.5Fe CAAW are characterized by the dimples, notably
smaller in Al-0.5Fe AAW. The presence of the core-sleeve interfcae in the Al-0.5Fe CAAW
may cause the uneven deformation within the core and sleeve of the composite wire,
resulting in lowed deformation value of the core material and thus larger dimple size.
The fracture surface of the Al-0.5Fe CAAW may support this hypothesis - the dimples in
this region are the smallest among all three, and the fracture has smoothened surface,
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probably caused by the flow of the metal during the last stage of the composite wire
fraction - the core in Al-0.5Fe CAAW fractured first, the sleeve fractured later.

Annealing of the Al-0.5Fe AAW resulted in slightly lower, within the error range,
ductility, with the same character of the fracture - ductile (Fig. 4(b,d,f)) for the AAW, CAAW
core and CCAW sleeve, respectively). The size of the dimples is comparable to ones in the
cold-drawn AAW. Annealing seem to have no effect on the core of the Al-0.5Fe CAAW, while
the size and the character of the dimples in the sleeve have changed - the became larger
and more pronounced. Since it was assumed that the sleeve of the CAAW accumulated
higher deformation value, it is safe to asssume that the sleeve structure experienced
recovery and\or recrystallization, resulting in the different dimple morphology.

Fig. 5. Fractographic images of the Al-1.7Fe alloy wires in the initial state (a,c,e) and after annealing at
230 °Cfor 1 h (b,d,f), SEM: (a,b) AAW center, (c,d) CAAW core, (e,f) CAAW sleeve
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Figure 5 demonstartes the fracture surface of the Al-1.7Fe wires in CD state and
after annealing. The fracture of the Al-1.7Fe AAW (Fig. 4(a)), as well as fracture of the core
(Fig. 4(c)) and sleeve (Fig. 4(e)) of the Al-1.7Fe CAAW are ductile in nature, similar to the
AL-0.5Fe wires.

The dimple size in the Al-1.7Fe AAW is notably lower than that of Al-1.7Fe CAAW
core or sleeve. It would appear that the core-sleeve boundary interface has accomodated
certain amount of deformation that went directly into the material structure in AAW. Thus,
less deformed core and sleeve of the Al-1.7Fe CAAW allowed higher degree of
deformation before fracture and conaeequently ductilty (Fig. 2(b)).

Annealing of Al-1.7Fe wires doesn’t demonstrate notable effect on the type of the
AAW fracture. The dimple size remains the same. In the Al-1.7Fe CAAW influence of the
annealing is similar to one in Al-0.5Fe CAAW - the form and size of simples in the core
remains the same, while the sleeve demonstrates changes (in case of Al-1.7Fe CAAW -
diminishing) in dimple size. This effet is most probably connected to higher accumulated
deformation in the Al-1.7Fe CAAW sleeve and is manifested by increased ductility of the
annealed CAAW (Fig. 2(b)).

Conclusions

In this study the core-sleeve boundary interface was introduced into the Al-0.5Fe and
Al-1.7Fe alloys wires. The fraction of the core in the cross section was 10 %, and the
length of the interface is 30% of the outer wire diameter. Composite all-aluminium wires
(CAAW) were subjected to annealing at 230 °C for 1 h. Following conclusions were drawn:
1. In this particular case the gap width ranged from nanometer scale up to 300 nm. Presene
of the core-sleeve boundary interface mildly affects the mechanical strength and electrical
conductivity of the CAAW. This effect almost absent in Al-0.5Fe alloy wires, and more
prominent in the Al-1.7Fe wires. Since amount of the Fe determines the intensity of the
structural defects in Al-Fe alloys, the core-sleeve boundary interface impact in composite
wires depends on the sensitivity of a given alloy to deformation and heat treatment.

2. It would seem that the presence of the core-sleeve boundary interface attributes to the
slower build-up of the structural defects, which is supported by the lower angle of the strain-
stress curve elastic region for both Al-0.5Fe and Al-1.7Fe CAAW. This could be due to the fact
that core-sleeve boundary interface helps to accomodate some amount of deformation
during tensile tests, that otherwise would impact the alloy itself since the pressence of this
boundary affect mainly ductility and ultimate tensile strength of the CAAWSs.
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ABSTRACT

Friction stir welding generates significant temperature increases, leading to microstructural changes that
influence the mechanical properties of the material. Temperature control is therefore essential to ensure
the quality of the welded joint. This study aims to model and predict the maximum temperature generated
during the friction stir welding of aluminum alloy 3003, based on three key operating parameters: rotation
speed, feed rate, and tool inclination angle. The response surface method was used to develop a robust
predictive model and evaluate the individual and combined effects of these parameters on the thermal
response. The results reveal that the most influential parameters are, in order, rotation speed, tool
inclination angle, and feed rate. They also indicate that the maximum temperature increases significantly
with rotational speed and angle of inclination. In contrast, it decreases as the feed rate increases. The
model obtained has excellent predictive power, validated by a low root mean square error of 4.41 °C and
a coefficient of determination R? of 0.972.
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Introduction

Since the advent of the friction stir welding (FSW) process in 1991 [1], much research has
been carried out in both academic and industrial fields for its application in the aerospace
sector, and its extension to other sectors and application on other metallic materials such
as steel, magnesium and its alloys. In addition to welding, the friction stir welding process
has been successfully used to repair cracks [2] and improve material behavior by modifying
the microstructure [1-4]. Similarly, FSW welds have significantly higher fatigue strength
than other welding techniques [5]. FSW welded assemblies have very good mechanical
strength, averaging 80 % of that of the base material [6]. Moreover, the microstructure of
the alloys remains little changed compared to liquid phase welding techniques.

This technique uses a non-consumable rotating tool to generate frictional heat,
softening materials without melting and producing high-quality, defect-free welds [7-10].
Despite these advantages, achieving better joint quality remains a major challenge. Several
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methods have been explored to improve the performance of FSW joints: Underwater
friction stir welding (UWFSW) has been applied to AA5083 alloy to improve its mechanical
and corrosion resistance [11,12]. At the same time, heat treatments have been used to
optimize AA2014-AA7075 heterogeneous joints [13]. These two approaches have resulted
in tensile strengths and hardnesses exceeding those of conventional processes,
highlighting the crucial role of thermal control on the final performance of joints.

Peak temperature in the weld zone significantly affects weld quality, as excessive
temperatures can dissolve precipitates in precipitation-hardened alloys, leading to
reduced mechanical properties [14,15]. Typical FSW peak temperatures for aluminum
alloys range from 200-550 °C depends on process parameters. The temperature rise
during FSW welding leads to microstructural changes that influence the material
properties. Temperature control is therefore essential to guarantee the quality of the
welded joint. Accurate prediction of this temperature ensures optimal weld strength and
minimizes defects [14].

Numerous studies have focused on predicting the rate of heat generation and
maximum temperature during friction stir welding (FSW), intending to assess the quality
of the resulting joints. Khalifa et al. [16] predicted the FSW temperature of 6061 Té
aluminum. They showed that welding speed is responsible for 63 % of the temperature
variation. Selvaraj [17] used a regression model to predict peak temperature during
friction stir welding of steel. The results showed that the peak temperature reached is
related to rotational speed (N) and inversely proportional to welding speed (S).

Using finite element modeling, Meyghani et al. [18] investigated the influence of
the friction coefficient on thermal behavior during friction stir welding (FSW). Their results
showed that the temperature reached during the process is directly impacted by the value
of this coefficient. In the same context, Palanivel et al. [19] developed a finite element (FE)
model to predict temperature distribution during friction stir welding (FSW). The results
show that simulated values deviate from experimental measurements by around 3 %.

Chamoret et al. [20] have developed a 3D nonlinear thermal model to simulate the
thermal history during FSW welding of AISI 316L. The simulated temperature
distributions were compared with experimental values and showed good agreement.

The studies presented above demonstrate that welding speed has a significant
impact on heat generation and peak temperature during friction stir welding (FSW), while
the effect of tool penetration and the interaction between these parameters has not been
sufficiently investigated.

Other studies suggest that rotation speed most significantly affects peak
temperature during FSW, followed by welding speed and axial force. Increasing rotational
speed boosts frictional heat generation, raising peak temperatures, while higher welding
speeds decrease heat input per unit length, leading to lower temperatures. For example,
in FSW of AA6061, Dadi et al. [21] and Meyghani et al. [22] reported peak temperatures
ranging from approximately 300 to 467.4 °C under different process parameters.
Specifically, a minimum temperature of about 300 °C was observed at 600 rpm,
130 mm/min, and a constant axial force of 3 kN, while the maximum of 467.4 °C was
reached at 1200 rpm, 70 mm/min, and a constant axial force of 7 kN. These findings
emphasize the key role of rotational speed in controlling temperature when axial force is
systematically varied or kept constant within the experimental setup.
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Saravanakumar et al. [23] examined the influence of the rotation speed/feed speed
ratio (N/S) on weld quality. Their results showed that an increase in this ratio led to an
increase in the maximum temperature during welding. This increase in temperature
caused the core and core zone to widen, leading to a reduction in joint hardness.

Response surface methodology (RSM) is the most widely used soft computing
technique for modeling the performance parameters of the FSW process. It develops
second-degree polynomial regression equations to predict these parameters [24].
RSM has been crucial in estimating the performance of aluminum alloy welding, including
yield strength [25], elongation [26,27], weld joint hardness [28], ultimate tensile strength
(UTS) [26,29-31], among others. For AA6061-T6, a thermo-mechanical model using RSM
predicted a peak temperature of ~ 453 °C under stable welding conditions, validated with
experimental data [32].

The AA3003 alloy is frequently used in oil storage and gasoline transportation
systems, heat exchangers, and marine equipment. Its light weight and good corrosion
resistance make it a material of choice for manufacturing components such as automotive
evaporators and radiators.

Numerous studies have explored the effect of welding parameters on the
mechanical strength of AA3003 alloy joints welded by FSW. Chekalil and Miloudi [33]
studied the effect of rotation speed, feed rate, and tool inclination angle on the mechanical
strength of friction stir-welded (FSW) joints in AA3003 alloy. However, no study has yet
evaluated the combined effect of these parameters on the thermal evolution during
welding of this alloy. Continuing this work, we maintained the same welding conditions
to analyze their influence on the temperature evolution during the FSW process.

In this article, the effect of three main parameters, namely the tool rotation speed
(N), the feed rate (S), and the angle of inclination (6), on the maximum temperature
generated during friction stir welding of AA 3003 aluminum was investigated using the
response surface method (RSM) with 27 experiments in the factorial design. The equation
obtained makes it possible to predict the maximum temperature based on these
parameters.

Methods

The friction stir welding tool was manufactured from X210Cr12 steel with a breaking
strength of om= 870 MPa, selected based on preliminary tests conducted by Chekalil and
Miloudi [33] on the tool itself to validate the design. The chosen geometry is similar to
that of a conical pin, with the following dimensions: d=5mm, D=6.8 mm, and
length = 1.7 mm. It features a concave shoulder with a 3° angle and a diameter of 19.5 mm.

Two AA3003 aluminum alloy plates with dimensions 210 x 110 x 2 mm?® were butt-
welded along the rolling direction (RD) in a single pass using friction stir welding (FSW).
The mechanical characteristics of aluminum alloy 3003 were determined by tensile tests
carried out on an INSTRON 8500 servo-hydraulic machine with a capacity of = 100 kN.
The rational curve for the alloy is shown in Fig. 1. This test was used to determine the
main mechanical characteristics of the base material, which are listed in Table 1.
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Fig. 1. Rational curves of the tensile test for aluminium alloy 3003

Table 1. Mechanical properties of the material before welding (o, is yield stress, gy, is ultimate tensile

strength, g, is rupture strength, A is elongation, £ is the Young modulus)

Microhardness, HV o.,MPa oy, MPa 0., MPa A% E,GPa
51.0 130.0 160.0 127.0 5.6 60.0

Chekalil et al. [34] characterized the different microstructural zones of an AA 3003
FSW joint under the same welding conditions. This analysis was carried out under
optimal welding conditions (N = 1400 rpm, S =400 mm/min, and 8 = 1.5°).

The chemical composition of the alloy was determined by A COXEM scanning
electron microscope (SEM) with 15Kv voltage and x2000 magnification. Table 2
represents the chemical composition of the material used.

Table 2. Chemical composition of aluminum alloy 3003
Element Al Mn Si Fe Cu Ti Zn Mg Cr
% 96.7 1.3 0.9 0.9 0.13 0.1 0.03 0 0

We note that the welded joint presents a very heterogeneous microstructure.
Indeed, the thermal gradient and the deformation gradient imply a gradient of the
microstructures across the weld. The micrographs observation in the direction orthogonal
to the welding direction allowed us to distinguish 4 main zones. The core is located in
the center of the weld. In this zone the grain size is the finest with an equi-axial shape
thanks to the deformation generated by the pin. The ZATM (thermo-mechanically affected
zone) is close to the core, reveals elongated grains with a relatively large size. This
reformulation is caused by the flow of materials around the pin and below the shoulder.
The ZAT (thermal affected zone) is characterized by large grains with an equi-axial
geometry. This coarsening is the result of the heat flow generated by the tool. Finally,
the base metal is recrystallized and presents an equi-axial grain structure.

The design of experiment was used for the statistical design of the tests. The
three process parameters considered were rotation speed N (rpm), feed rate S (mm/min),

and tilt angle g (°). Table 3 below shows the values of each parameter for each level.
The maximum temperature T,,,, (°C) reached during welding was chosen as the main
response variable to measure the thermal impact of the process.
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Table 3. Parameter values for each level

Parameter Level 1 Level 2 Level 3
N, rpm 1000 1500 2000
S, mm/min 100 200 400
9,° 0.5 1.5 2.5

The FSW welding operation is carried out in conjunction with a thermal
characterization procedure, which involves the measurement of temperatures on both
sides of the joint: advance (AS) and retract (RS), temperature evolution was monitored
using Type-K thermocouples with a temperature capability ranging from -40 to 1200 °C
and connected to a thermal recorder, which will be installed on the sheets, at a distance
of 2 and 4 mm from the center of the joint, using Thermigrease TG 20033 thermal paste

to ensure optimum heat transfer. The positioning of the thermocouples and sampling
are illustrated in Fig. 2.

Fig. 2. Thermocouple and sampling positioning

Figure 3 illustrates the evolution of the thermal cycle in the forward (AS) and
reverse (RS) directions. Examination of this figure reveals a rapid increase in
temperature as the tool approaches the thermocouple, and a slow decrease as it moves
away from it. This evolution is observed independently of the position of the
thermocouple. In addition, it has been observed that the temperature gradient
intensifies significantly the closer one gets to the center of the weld. In addition, it was
found that temperatures measured on the advancing side are slightly higher than those
on the retreating side, with a difference of up to a few ten degrees.
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Fig. 3. Temperature evolution during FSW of alloy 3003 on the advancing (a) and retreating sides (b)
at several distances from the weld center
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This thermal asymmetry between the advancing (AS) and retreating (RS) sides is a
well-known feature of the FSW process [35], associated with the direction of rotation of
the tool relative to the workpiece feed. This increased heat dissipation manifests itself
mainly on the AS side. All the maximum temperatures analyzed in the rest of this study
correspond to measurements taken on the feed side, which is the most thermally stressed
zone. The experiment matrix was determined by MODDE 5.0 software, following a 3* full
factorial design (27 trials). The results of the 27 tests are presented in Table 4.

Table 4. Experimental design results.

N° N, rpm S, mm/min 9,° T max °C
1 1000 200 0,5 207
2 1500 200 0,5 242
3 2000 200 0,5 323
4 1000 300 0,5 198
5 1500 300 0,5 221
6 2000 300 0,5 274
7 1000 400 0,5 184
8 1500 400 0,5 200
9 2000 400 0,5 263
10 1000 200 1,5 216
11 1500 200 1,5 254
12 2000 200 1,5 310
13 1000 300 1,5 203
14 1500 300 1,5 239
15 2000 300 1,5 282
16 1000 400 1,5 194
17 1500 400 1,5 213
18 2000 400 1,5 260
19 1000 200 2,5 295
20 1500 200 2,5 342
21 2000 200 2,5 397
22 1000 300 2,5 236
23 1500 300 2,5 300
24 2000 300 2,5 366
25 1000 400 2,5 216
26 1500 400 2,5 272
27 2000 400 2,5 316

Results and Discussion

The polynomial mathematical model developed for optimizing the maximum
temperature during FSW welding is a second-degree model of the form:
Y =ag+ X apx; + Yi<jes aiix; + iy apx? +e (1)
where a, is the predicted response value at the center of the experimental range, q;
represents the effect of the factor x;, and a;; represents the interaction between the
factor x; and x;.

The mathematical model developed establishes a relationship between the input
parameters (N,S and 68) and the output variable (T,.). To calculate the model
coefficients, a regression method based on the least-squares criterion is used. The
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mathematical model proposed by MODDE 5.0 is as follows: Tp,q, = 3,366664 X 107> X
X N? —0.000111667 x N X S+ 0.01016668 X N x 6 + 0,01080576 x N +
+0.000241664 x S? — 0.0875002 X S x 8 — 0.1062476 X S+ 27.0833 x 62 —
—35.36096 x 6 + 212.270165 .

The values of the coefficients associated with the maximum welding temperature
parameters in the mathematical model show the degree of influence of each factor.
Model (1) was used to predict the evolution of T,,,, as a function of the input
parameters (N, S and 6) as shown in Fig. 4 below, where the central curves represent the
predicted values, and the other two curves show the 95 % confidence interval of the
predicted response.

(a) (b) ()
300 300 300
280 280 280
O 260 S 260 S 260
4 [« [
2 240 g 240 g 240
e = e
220 220 220
200 200 200
1200 1500 1800 200 250 300 350 400 040 0.80 1.20 1.60 2.00 2.40
N (rpm) S (mm/min) 8 (%)

Fig. 4. Evolution of predicted Tmax as a function of welding parameters

Analysis of Fig. 4(a) suggests that an increase in rotation speed N leads to a sharp
rise in Tqy- INndeed, a 100 % increase in rotational speed leads to an increase of around
155 % in T,,,,. This temperature is highest when the speed is equal to 2000 rpm. On
the other hand, it is minimal for low values of N. This correlation can be explained by
the fact that higher rotational speeds cause greater mechanical deformation and
generate more heat through friction. This heating reduces the mechanical strength of
the alloys and increases their ductility.

Figure 4(c) illustrates the effect of inclination angle on T,,,,. It can be clearly seen
that T,,4, IS cOnstant in the interval between 0.5° and 1.5°, after which T4, increases
with increasing 8. The maximum value of T,,,, is obtained at an angle of 2.5°. This
inclination increases the force applied to the trailing edge of the tool, which contributes
to raising the temperature.

Concerning the impact of feed speed, Fig. 4(b) shows that as S increases, Tp,qx
decreases. A 100 % increase in feed speed results in an 18 % decrease in maximum
temperature. Furthermore, it can be observed that the temperature is lowest for extreme
values of S, whereas T, is recorded for low values S, which is contrary to the results
previously published by Mimmi et al. [36]. In fact, a low feed rate increases contact time
and heat input, resulting in more intense and prolonged heating. This heat is essential
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to reach the optimum plasticity temperature, which allows complete plastic flow of the
material and eliminates critical interface defects such as kissing bonds.

In this stage of the analysis, we expand our comments by considering the
interaction between two factors while keeping the third constant. The response
variation of T,,,, is visualized as Iso curves in Fig. 5.

(a)

1000 1200

1400 1600 1300 2000

N (rpm) 1000 1200 1400 1600 1300 20

N (rpm) S(mm/min)

Fig. 5. Prediction of Tmaxas a response to two factors interaction

Figure 5(a) shows the effect of the two factors S and N acting simultaneously on
Tynax, Moving from their minimum to their maximum values, while the third factor (6) is
kept constant. Analysis of the graph in this figure suggests that as N increases, Tj,, 4, also
increases until it reaches the maximum value of 280 °C, while S lies between 200 and
320 mm/min. On the other hand, low T,,,, values are recorded for low N values around
1000 rpm and high S values between 340 and 400 mm/min.

Concerning the impact of rotation speed and tilt angle on T,,,, Fig. 5(b) shows
that as N increases, Ty, rises to reach a maximum value of 350 °C. It can also be seen
that T,,,4 is at its highest for extreme values of 6. On the other hand, low values of T,
are recorded for low values of N and 8; they are recorded for values of N between 1000
and 1300 rpm, and 8 between 0.5 and 1.2°.

Figure 5(c) illustrates the variation of T,,,, as a function of S and 6. Analysis of this
curve shows that maximum temperatures are reached at a feed speed of between 200 and
260 mm/min and a rotation angle of between 2.2 and 2.5°. On the other hand, low values
are reached at high feed speeds and low rotation angles, in the range [380-400 mm/min]
and [2.2-2.5°], respectively. Consequently, it can be concluded from this analysis that a
maximum value of T,,,,, is obtained for a value of N between 1650 and 2000 rpm, while
keeping the value of S constant between 340 and 400 mm/min.
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Fig. 6. Parameters with the greatest influence on T,
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In order to identify the parameters that have the greatest influence on the maximum
temperature generated during welding, an analysis of variance (ANOVA) was performed
based on the model established using the response surface methodology (RSM). This
approach allows for a quantitative assessment of the individual impact of each factor, as
well as their interaction and quadratic effects. The results of this analysis are summarized
in Fig. 6, which highlights the relative contributions of the different terms in the model.

Statistical analysis has shown that the most influential parameter is rotational
speed, while tilt angle is less important, and feed rate has the least influence. In other
parts, the model coefficients allow us to evaluate the interaction effect between the
different factors of the process and the response. We note that the factors (N,0) are the
most significant. On the other hand, the factors (N,S) and, as well as (8,S) are the weakest.
We can also note that the effect of the coefficients following S? is negligible.

Model validation is a fundamental step in experimental design. It involves
comparing the maximum values of the measured temperatures with the responses
calculated by the model. As shown in Fig. 7, the more the points are aligned with the first
bisector, the higher the descriptive quality of the model. The root-mean-square error
(RMSE) is 8.84°C, and the estimates are generally conservative. However, the results
obtained by the model are closer to reality.
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Fig. 7. Model performance Fig. 8. Model validation

This second step allows us to study the generalization qualities of the proposed
model, meaning its predictive behavior. Six additional experimental tests were carried
out. The conditions for these tests were randomly selected within the variation ranges of
the process parameters. Figure 8 illustrates a comparison between the six experimental
results and those predicted by the proposed model.

Figure 8 demonstrates that the results obtained using the proposed model are in
agreement with the experimental results, even when compared to those of the RSM
model development. The model therefore provides a better prediction of the maximum
temperature generated during FSW welding of aluminum alloy AA3003. This is confirmed

by a coefficient of determination R? of 0.972 and a low root-mean-square error (RMSE) of
441 °C.
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After studying the generalization of the model, a stage of optimizing these
parameters becomes more interesting. This involves determining the optimum values for
the tool's rotational speed (N), feed rate (S), and angle of inclination (6) (Table 5). These
three factors contribute to improving the quality of the FSW joint. These values are
obtained by maximizing YS, UTS, and RS [33]. The optimum parameters identified were
N=1.42393 rpm, S=400 mm/min, and 6 = 1.2885°. This analysis step identifies the
maximum temperature during FSW welding of AA 3003 and ensures that it remains
compatible with achieving good mechanical performance.

Table 5. T7,,,, for optimal process parameters

N, rpm S, mm/min 9,° oy, MPa 0., MPa 0., MPa T max» °C
1087.13 399.997 0.7508 116.771 49.9487 83.489 182.15331
1685.85 200.015 1.3552 122.24 41.8872 91.1325 278,262731
1694.02 200 1.281 122.59 41.7067 91.047 276.562232
1900 400 2.0999 122.156 39.5626 86.7125 277.875911
1423.93 400 1.2885 121.186 55.313%4 94.6581 201.440827
1799.9 200 1.4948 122.716 41.8335 89.989 297.858791
1600 400 1.5 118.225 42.2038 94.8028 220.242196

For these optimum values, the corresponding maximum temperature is 201.44 °C.
Figure 9 shows the various possible combinations of rotational speeds, feed rates, and
angles of rotation to achieve this temperature.

400

350

[©)
o
(=]

S (mm/min)
S (mm/min)

250

¢ 200

. — T e
1000 1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 2000
N (rpm) N (rpm) N (rpm)

Fig. 9. T,,,,, corresponding to the optimal values

Conclusion

The aim of our study is therefore to develop a mathematical model using response surface
methodology (RSM). This model enables the prediction of the maximum temperature
generated during FSW welding of AA3003 alloy as a function of rotational speed, feed
rate, and tool inclination angle. It also enables the effect of these parameters on the
evolution of the maximum temperature to be determined.

The model developed enabled us to obtain a better prediction of T,,,,. This model
is an effective tool for selecting optimum FSW process parameters. Statistical analysis
has shown that the most influential parameter is rotational speed, while tilt angle is less
important, and feed rate has the least influence. Although response surface methodology
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(RSM) is simple to implement and has a low computational cost, it is important to explore
new approaches, such as artificial intelligence methods, to minimize prediction error.
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ABSTRACT

In aerospace and automotive sectors, electrical discharge machining is essential for shaping hard-to-machine
materials like Inconel 725. Using Taguchi's L16 orthogonal array, this study examines how electrode shape
(round and square), peak current (8 and 12 A), pulse-on time (100 and 200 ps), and pulse-off time (1.2 and 1.6
us) affect material removal rate and surface roughness. The study found that raising peak current from 8 to
12 A considerably improved material removal rate from 0.0593 to 0.1417 mm?3/min. The maximum material
removal rate was reached with a round electrode, 12 A current, 200 ys pulse-on, and 1.2 ys pulse-off duration.
However, this setting resulted in the roughest surface finish (9.407 um). However, the square electrode had
better surface quality, with the lowest SR value of 5.965 um at 8 A, 100 us pulse-on, and 1.6 ps pulse-off.
enhanced pulse-on time (200 ps), enhanced material removal rate by 47.77 %, but shorter pulse-off time
(1.2 us) led to more efficient erosion owing to higher discharge frequency. The findings help precision
machine advanced alloys like Inconel 725 by emphasizing the need for electrical discharge machining
parameter selection to balance high material removal rate and surface integrity.
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Introduction

Machining plays a very important role in manufacturing and production sector especially
in the automobile sector whereby accuracy, reliability and efficiency are very vital in
maintaining competitiveness [1]. The automobile industry is a technology-driven industry
in which parts are required to maintain high levels of performance and tight tolerances.
The current trend of lightweight, electric mobility and engine economy of vehicles has
sharply increased the demand of machining of complex geometries of the hard and heat-
resistant materials [2]. Modern engines, gearboxes, turbochargers, brakes, and so on
require sophisticated and accurate machining solutions. Traditional machining methods,
stable as they are in various applications, are facing limitations to suit these emerging
demands, especially with materials that have outstanding hardness, toughness or heat
resistance [3]. As the modern manufacturing industry moves towards the more advanced
materials, the typical methods of machining, including turning, milling, and drilling, often
become unsuitable, particularly in dealing with superalloys or composites [4]. This
shortcoming has led to the development and implementation of non-conventional
machining (NCM). The methods, including electrical discharge machining (EDM), laser
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beam machining (LBM) and ultrasonic machining (USM), have certain advantages over the
common methods [5]. Non-conventional machining eliminates direct contact between
the tool and the workpiece and hence prevents issues related to mechanical forces such
as tool wear and workpiece deformation. These methods are especially suited to
machining complex shapes, finer cavities or very hard and brittle materials [6]. The wide
use in the industrial segment has made EDM unique in dealing with electrically
conductive materials which are hard to produce. Figure 1 illustrates the principle of
working of the EDM process.

Servo Controlled Tool Holder(-)

feed e ;

Controller

Too'_ll =
e~ Filter,
'''''''''''' =iz 3
Dielectric | . T
____________ 5L 7 = o
—
= > B
- 5 =
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Fig. 1. EDM working principle. Based on [6]

Electrical discharge machining (EDM) is a thermoelectric process in which the
material is removed by means of high-frequency electrical discharges between a profiled
electrode and an electrically conductive workpiece by being placed in a dielectric
fluid [7]. This is mostly suitable for materials that are difficult to cut with conventional
tools due to their hardness or heat-resistant nature. The application of EDM in die and
mold fabrication, aerospace components, medical implants and military apparatus has
mainly been attributed to its ability to produce high precision components with complex
geometries and excellent surface finishing [8]. Mechanical force is not necessary in
machining, so EDM is ideal in complicated parts and thin-walled parts, which reduces the
possibility of distortion. Inconel 725 is a nickel-based superalloy that is difficult to
machine conventionally but extremely important in high-performance engineering [9].
Inconel 725 has been known to have high corrosion resistance, high strength, and pitting,
stress corrosion cracking, and crevice corrosion resistance [10]. It has excellent
mechanical properties in high temperatures, making it a best option in demanding
conditions such as deep-sea oil and gas exploration, aircraft engines, sea gears and
chemical processing [11]. Nickel, chromium, and molybdenum are high in concentration,
and they provide resistance to oxidation and heat deterioration in addition to strength.
However, these individual characteristics make machining on traditional procedures very
difficult. Its ability to work-harden together with the lack of heat conductivity and
extreme abrasiveness of the material leads to expedited wear on the tool as well as poor
surface quality in a conventional machining operation. The electrical conductivity of
Inconel 725 and the fact that EDM can machine thermally resistant materials has made



Investigating the effect of process parameters on EDM performance of Inconel 725 alloy 215

the process of machining the alloy using electrical discharge machining (EDM) an
effective process [12]. Even though EDM is an appropriate choice, the achievement of the
best results in terms of material removal rate (MRR) and surface roughness (SR) remains
a challenge. The performance and the quality of product of EDM process highly depend
on some factors such as discharge current, pulse-on time, pulse-off time and flushing
pressure [13]. These directly influence the energy per spark, the stability of the spark
production, and the ablation of debris of the inter-electrode gap. The improper choice of
these parameters could lead to the negative consequences of unstable machining,
excessively worn tool, recast layer formation, or even damage of the workpiece. These
issues have led to the optimization of EDM parameters becoming an important area of
research in order to overcome these difficulties and enhance the productivity and surface
quality of components machined using EDM. The process can be refined to meet desired
performance goals either by increasing the rate at which material is removed to enhance
productivity, or reducing the surface roughness to enhance functionality by optimization
of the EDM input variables [14]. However, the complexity and non-linearity of the
interaction between the parameters of EDM make the conventional methods of selecting
parameters through trial-and-error not efficient in time and cost. This has seen the
adoption of statistical and multi-objective optimization techniques that ease the process
of making decision-making accurate and reliable. This helps the researchers to determine
which factors are paramount and they should be given priority in the optimization
process [15]. The study is structured to investigate how the EDM parameters (discharge
current, pulse-on time, pulse-off time, Flushing pressure) influence the machining rate of
material (MRR) and surface roughness (SR) when machining Inconel 725 [16].

The results of this study aim at testing the effects of EDM parameters on MRR and
surface roughness experimentally, and ANOVA is employed solely in designing the
experiments (DOE). The better parameters that will be achieved through this research
will be used to curb down manufacturing cost, increase the tool life and ensure reliability
of components in the crucial sectors of the aerospace, automotive, marine and oil and
gas industries. The predictive model developed in this study will be beneficial in real-
time parameter selection in an industrial setup to promote smart manufacture systems
and intelligent machining systems.

Materials and Methods
Workpiece Material

The material used in this study is Inconel 725 which is a nickel-based superalloy with
high mechanical strength, corrosion resistant and temperature resistant characteristics.
Inconel 725 is mainly employed in the aerospace, marine, and petroleum industries
because it is resistant to pitting, stress-corrosion cracking and crevice corrosion. The
chemical structure of Inconel 725 majorly contains Nickel (Ni), Chromium (Cr),
Molybdenum (Mo), Niobium (Nb), and Iron (Fe) that make it have the best properties. The
machining workpiece was a rectangular block with a size of 25 x 20 x 10 mm?. It was
good in electrical conductivity therefore the alloy could be machined using the EDM
technique.
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Tool electrode

The tool electrode is very important in the EDM process, because it is the direct
determinant of the shape accurateness and the quality of the surface of the machined
component. Copper was used as the tool electrode material in this study because it is
highly conductive to electricity, moderately melts, and has excellent wear resistance. Two
electrode shapes were taken into consideration: round-shaped electrode (R1) and square-
shaped electrode (S1). The two electrodes were made in a similar fashion so that the
cross-sectional area would be the same and mounted on the EDM machine so that they
were aligned well. Fresh copper electrodes were applied in the experiments to each test
to reduce the influence of electrode wear on machining performance and keep trials
consistent [17]. The procedure assists in ensuring that the conditions of electrical
discharge are uniform during the tests.

EDM machine setup

The tests were carried out using a die-sinking EDM machine that had servo control and
parameter setting features (digital). The experiment structure of the EDM process is
shown in Fig. 2. The machine table was then strictly clamped, and the electrode was
inserted in the tool holder. The dielectric fluid was kerosene that was required to assist
in the erosion process of the spark as well as to clean up the particles of debris that were
generated in the inter-electrode gap [18]. The temperature of the dielectric fluid under
our experimental conditions was passively kept at ambient laboratory temperatures. Data
To maintain machining conditions and to avoid temperature increase caused by
machining heat, the kerosene was constantly circulated and filtered during machining.

eljectronica

Fig. 2. EDM experimental setup

Characterization detail
Experimental design - DOE

The experiment trials were designed using Taguchi robust design method. Four process
parameters were analyzed using orthogonal array of L16 (24) at two levels using the least
amount of experiments [19]. This design method is beneficial to determine the main
effects and interactions as well as the optimization of the EDM process. The EDM process
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is inputted to examine four parameters of the process based on literature review and
initial trial:

1. Electrode shape (R1, S1).

2. Discharge current (/): 8 and 12 A.

3. Pulse-on time (7on): 100 and 200 ps.

4. Pulse-off time (Tor): 1.2 and 1.6 ps.

At these two levels, these parameters were varied and the experimental matrix was
created based on Taguchi L16 orthogonal array that is efficient in investigating more than
a number of parameters at a lower cost [20]. Every combination of parameters was tried
once and the results of MRR and surface roughness were measured. All trials of EDM were
held at the constant duration of 10 min under constant conditions of dielectric flushing.
This time was chosen because it was necessary to be able to compare machining with a
stable condition and measure the material removal to compare it with MRR and surface
roughness evaluation.

Response parameter

Two primary performance indicators were chosen as output responses to evaluate
machining performance. Material removal rate (MRR) indicates the volume of material
removed per unit time and was calculated using the equation [21]:

MRR = W;;Vtvf , (1)

where W; is the initial weight of the workpiece, W; is the final weight after machining,
p is the density of Inconel 725 (8.4 g/cm?), and t is the machining time in minutes.

Surface roughness (SR): surface finish was obtained through Taylor Hobson surface
profilometer. The roughness was established at the surface at three points depending on
the trial, and the mean was taken so that there is consistency and loss of error in the
experiment is minimal [22].

Results and Discussion
Test results for workpiece

A progression of electrical discharge machining (EDM) tests was carried out in order to
test the machining characteristics of Inconel 725 once the composition of the workpiece
was established along with the powder used. The Taguchi method was used to develop
the experimental design, and an L16 Orthogonal Array (OA) was chosen to combine the
parameters [23-25]. The major EDM parameters that were taken into consideration in
this study were peak current, pulse-on time, pulse-off time and powder concentration
which were all to be varied in two levels. In particular, the levels were the following: peak
current (8 and 12 A), pulse-on time (100 and 200 ps), pulse-off time (1.2 and 1.6 ps), and
electrode shape (round and square). Prior to the commencement of the experiment the
work-piece was put to test, and the report of the testing is in Table 1.

The electrode material was made of copper, and the workpiece material was
Inconel 725. After defining parameters and level values, machining tests were conducted
according to the combinations that are defined in L16 OA matrix. After the completion of
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Table 1. Test results for composition of work-piece

Himanshu, R. Arora, Kushdeep

Elements Max. limit of impurities, %
Silicon (Si) 0.048
Manganese (Mn) 0.107
Phosphorus (P) 0.009
Sulfur (S) 0.006
Chromium (Cr) 20.76
Molybdenum (Mo) 7.294
Nickel (Ni) 57.860
Aluminum (Al) 0.176
Niobium (Nb) 2.985
Titanium (Ti) 1.562

Table 2. Values of various responses

Tool shape LA Ton, US Tofr, UIS MRR, mm3/min SR, pm
R1 8 100 1.2 0.0648 6.323
R1 8 100 1.6 0.0722 5.977
R1 8 200 1.2 0.066 6.84
R1 8 200 1.6 0.095 6.771
R1 12 100 1.2 0.0959 8.478
R1 12 100 1.6 0.0988 8.98
R1 12 200 1.2 0.1417 9.407
R1 12 200 1.6 0.115 8.06
S1 8 100 1.2 0.0593 7.389
S1 8 100 1.6 0.0658 5.965
S1 8 200 1.2 0.0691 7.079
S1 8 200 1.6 0.0883 7.454
S1 12 100 1.2 0.0924 7.668
S1 12 100 1.6 0.0863 7.708
S1 12 200 1.2 0.0956 8.119
S1 12 200 1.6 0.0987 7.801

Fig. 3. Specimen after machining at EDM
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experiments, the weighing of the work piece and electrode was done using a precision
weighing machine to ascertain material removal rate (MRR) [26]. Table 2 gives the values
of the surface roughness (SR) [27] measured by a surface roughness tester. Figure 3
displays the pictures of the specimen at the end of doing the experiments.

The objective of the experimental study was lower EDM parameters of Inconel 725
based on the L16 Orthogonal Array (OA) system of Taguchi by using an electrode shape,
maximum current, pulse-on time, and pulse-off time as input variables. Material removal
rate (MRR) and surface roughness (SR) were measured to identify what effect each
parameter had on machining performance. The findings revealed that increased peak
current (12 A) resulted in significant rise in MRR with values of 0.1417 mm?3/min when
using the round electrode (R1) at pulse-on time of 200 uys and pulse-off time of 1.2 ps.
This was because the more the current, the greater the amount of discharge energy and
thus the higher the erosion of the workpiece material. Nevertheless, the increase in
current led to the increase in the roughness of the surface to its maximum depth of
9.407 um since the excessive heat would lead to deeper craters and the deposition of
molten material. Pulse-on time was also a significant aspect of MRR enhancement with
200 ps pulse-on time considered better in enhancing MRR than 100 us because of higher
energy transfer per spark. A reduced pulse-off time (1.2 us) also increased MRR, and
enabled more frequent discharges per unit time, and also reduced the period between
discharges between sparks. The findings further indicated that round electrodes (R1)
had higher MRR than square electrodes (S1) as a result of the better distribution of the
spark and smooth wear properties. On the other hand, square electrodes gave a better
surface finish and less surface roughness values were registered in a number of trials. An
example is that when the square electrode was used, pulse-on = 8 A, pulse-off = 100 us
and SR = 5.965 um was recorded, but when the round electrode was used, SR = 5.977 pm
was observed (Fig. 4). In general, the experiment showed that increased current and the
length of pulse-on affect MRR positively and adversely affect surface roughness, whereas
shorter pulse-off time positively affects machine performance. Electrode shape is also a
major factor that influences machining performance with round electrodes showing
better MRR and square electrodes showing better surface quality. The results indicate

o MRR —e—SR 0.16

10

(o]

0.08

0.06

Material Removal Rate
N
Surface Roughness

0.04

0.02

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Design of Experiment

Fig.4 Specimen after machining at EDM
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that parameter optimization is needed to realize an optimal combination of machining
efficiency and surface integrity during machining Inconel 725 by using EDM [28-30].

Experimental analysis of EDM parameters for Inconel 725

The experimental research aimed at optimization of EDM parameters of Inconel 725 with
the help of Taguchi L16 Orthogonal Array (OA). The performance of machining was
compared in terms of material removal rate (MRR) and surface roughness (SR) with the
main input variables being electrode shape, peak current, pulse-on time and pulse-off
time. The results obtained (Table 2) were processed to establish the effect of each
parameter.

Influence of peak current on MRR and surface roughness

The rate of removal of material per current (MRR) was higher with higher current (12 as
compared to 8 A). An example is that at 8 A, MRR was between 0.0593 and 0.095 mm?3/min
whereas at 12 A, the rate was maximum (0.1417 mm3/min). This can be attributed to the
fact that the discharge energy increases with increase in current thereby increasing
material erosion. Nonetheless, as current was increased, surface roughness (SR) also
increased with more deeply cratered and more deposition of molten material. SR was
5.965 to 7.454 pm at 8 A, and 9.407 pym at 12 A. Excessive thermal damage was due to
the increased energy input, which resulted in a rough surface finish [31].

Effect of pulse-on and pulse-off time

Pulse-on time was very important in affecting MRR. At 200 us pulse-on time, MRR was
greater than when pulse-on time was 100 um. Case: MRR at R1 electrode of 12 A was
0.0959 mm3/min (100 ps) and then 0.1417 mm3/min (200 ps). The longer the pulse-on
the more energy will be transferred and thus the material removed will be more. The
reason behind a higher MRR was a shorter pulse-off time (1.2 us) than a pulse-off time of
1.6 us since short pulse-off time implies more discharges/second, and thus, continuous
erosion of the material occurred. Example: MRR at 12 A and 200 ps was 0.0956 mm?/min
(1.2 ps pulse-off) vs. 0.0987 mm?*/min (1.6 ps pulse-off) with S1 electrode [32].

Influence of electrode shape (round vs. square)

Round (R1) and square (S1) electrodes did not have equal machining efficiencies. Round
electrodes recorded higher MRR in the majority of applications, perhaps because they
have a higher distribution of spark, as well as uniform wear. Available data: using the
round electrode (R1) at 12 A, 200ps, 1.2 us pulse-off, the electrode attained
0.1417 mm?3/min, whereas the square electrode (S1) had 0.0956 mm3/min at the same
conditions. In the majority of cases, surface roughness was reduced under square
electrodes [33-35]. Sample: SR = 5.965 ym and SR = 5.977 ym were obtained with square
and round electrodes, respectively, at 8 A, 100 ps, 1.6 ps pulse-off.
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Conclusions

1. Material removal rate with an increase in peak current by 8 to 12 A was significantly
enhanced. The highest MRR of 0.1417 mm?3/min was achieved with 12 A current, 200 ps
pulse-on time and 1.2 ps pulse-off time using the round electrode (R1).

2. The longer pulse-on time augmented spark energy and MRR. To illustrate, at 12 A
upsurge in pulse-on time, 100 to 200 ps, caused a 47.77 percent augmentation in MRR of
0.0959 to 0.1417 mm?3/min. spark duration plays a vital role in the removal of materials.

3. Fewer pulse-off (1.2 us) reduced spark discharges and enhanced MRR. At pulse-on of
S1,12 A, 200 ps, MRR was 0.0956 mm?3/min at 1.2 ps, a little smaller than 0.0987 at 1.6 ps.
Smaller pulse-off times resulted in better erosion since the idle time was minimized.

4. Experiments were all conducted with better MRR with the round electrode (R1). Under
the same conditions (12 A, 200 ps, 1.2 us), R1 showed the most highest MRR
(0.1417 mm>*/min) in comparison with the one of S1 (0.0956 mm?3/min). This may be due
to reduced tool wear and homogeneity of spark in round electrodes.

5. Most studies have found that the square electrode (S1) was of better quality in terms
of surface. Short pulse-on of 8 A, pulse-off of 100 us and pulse-on of 1.6 us, S1 was able
to achieve a surface roughness of 5.965 um, a little more improved than the 5.977 ym of
R1, which showed that S1 has advantages in surface quality.

6. Optimal conditions of maximal MRR uses are: round electrode (R1), 12 A current,
200 ps pulse-on time, and 1.2 ps pulse-off time. In order to enhance surface polish, apply
square electrode (S1), 8 A current, 100 us pulse-on time, and 1.6 ps pulse-off time, as
result will be SR =5.965 um.
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