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embedded in a damper on its damping capacity: Application to
a bridge cable
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Pilvin3
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3 Universite Bretagne Sud, UMR CNRS 6027, IRDL, Centre de Recherche Christian
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ABSTRACT

4 A
Thanks to high dissipation properties, embedding NiTi Shape Memory Alloys in passive damping devices

is effective to mitigate vibrations in building and cable structures. These devices can inconceivably be
tested directly on full-scale experimental structures or on structures in service. To predict their
effectiveness and optimize the set-up parameters, numerical tools are more and more developed. Most of
them consist of Finite Element models representing the structure equipped with the damping device,

embedding parts associated with a superelastic behavior. Generally, the imple mented behavior laws do
not include all the phenomena at the origin of strain energy dissipation, but stress-induced martensitic
transformation only. This article presents a thermomechanical behavior law including the following
phenomena: (i) intermediate R-phase transformation, (ii) thermal effects and (iii) strain localization.

This law was implemented in a commercial Finite Element code to study the dynamic response of a bridge
cable equipped with a NiTi wire-based damping device. The numerical results were compared to full-
scale experimental ones, by considering the above-mentioned phenomena taken coupled or isolated. it
has been shown that it is necessary to take all of these phenomena into account in order to successfully
predict the damping capacity of the device.

Keywords: bridge cable; damping device; shape memory alloys; dissipation; finite element; full-scale

tests
N J
1. Introduction
The damping capacity of a material is its ability to absorb mechanical energy by dissipation of elastic
strain energy [1]. In Shape Memory Alloys (SMA), the dissipated energy is associated with their
hysteretic superelastic behavior [2]. Superelasticity is the remarkable property of the material to expe
rience a large and quasi reversible strain (6—10% or much more in the case of single crystals SMAs [3])
under isothermal mechanical loadings, above a characteristic temperature of the alloy called “Austenite
finish” (Af) [4, 5]. This phenomenon is due to a reversible transformation from the parent-phase
“Austenite” to a more disordered phase called “Martensite”, and more particularly to the re-orientation
of the obtained lattices above a critical stress value (transformation yield stress). Thus, SMAs are good
candidates to damp oscillations experienced by buildings and Civil Engineering structures [6]. In
particular, NiTi-based SMAs are very attractive due to their remarkable dissipative properties, re
centering ability and they combine relatively good resistance to fatigue, corrosion and fire. However,
NiTi alloys are known to be very temperature-sensitive: the slope that characterizes the increase in
transformation yield stress with temperature is about 7-8 MPa - K—1 [7]. Over the years, SMA-based
vibration control devices (passive, active or hybrid) have been designed to protect Civil Engineering

AIMS Medical Science (Volume - 10, Issue -1, Jan - Apr 2023) Page No. 1
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structures from different types of external solicitations [8].

Cables are crucial parts of bridge structures (such as stay cable bridges, suspension bridges, and
prestressed concrete bridges) but they experience vibrations entailed by traffic or a combination of wind
andrain [9]. To increase the structural damping ratio of the cables, SMA-based external passive damping
devices are well suited: they exert a transverse damping force on the cable near its anchorages to fight
against transverse displacements and therefore improve its fatigue resistance. To predict the
effectiveness and to optimize the use of SMA-based damping devices, numerical tools are generally
required to solve strongly non-linear problems. As stated in [ 10, 11], it is necessary to consider the most
accurate mechanical behavior (through its stiffness and loss factor changes) of the embedded SMA
components to correctly capture the dynamic response of the whole system. Since it is not appropriate to
identify the various model parameters describing the hysteresis loops for each of the possible test
conditions, the material law should take into account all the phenomena that can affect its properties and
only involve parameters intrinsic to the material. Among these phenomena, one can cite:

(1) Thermal effects:

As stated previously, the superelasticity phenomenon in NiTi-based SMAs is temperature sensitive:
martensite transformation yield stress is a linear function of the material temperature [12]. Since the
forward and reverse martensitic transformations are exothermic and endothermic processes respectively
[13], the temperature of the material changes under mechanical loadings according to the heat exchange
with its surroundings. The martensitic transformation yield stress changes as a consequence, which
leads naturally to thermomechanical couplings. Thus, the slope associated to the martensitic
transformation plateau and the amplitude of temperature variations over a loading cycle increase with
strain rate [12]. Furthermore, the hysteresis behavior in SMA is accompanied by intrinsic dissipation
[14] that entails “self-heating” of the material under cyclic mechanical loadings. It naturally shifts up the
hysteresis loops and slightly affects their shape. Combination of these two phenomena is responsible for
anon-monotonous change of energy dissipated by the material versus strain rate [ 15]. Numerous models
have considered these effects [ 16—19].

(2) R-phase transformation:

NiTi alloys can experience an additional phase transformation allowing the formation of R-phase with a
trigonal crystallographic structure [20, 21]. R-phase is often qualified as an “intermediate phase”
because the yield stress associated with its transformation from austenite is lower than the martensitic
transformation yield stress at room temperature [15]. The range of recoverable strain due to R-phase
transformation is 0—1.5%, according to [22]. The presence of R-phase can affect the stiffness of the
material: the corresponding elasticity modulus is estimated to be between 20 and 40 GPa. R-phase is
associated with a low intrinsic dissipation because of a narrow hysteresis loop area but the corresponding
damping capacity is not negligible. R-phase transformation is more sensitive to temperature than
martensitic transformation: the slope related to R-phase domains on phases pseudo-diagram is reported
to be in the range 13—17 MPa-K—1[15, 22]. Some numerical models have considered R-phase and most
ofthem are phenomenological ones [23-26].

(3) Strain localization:

Itis commonly agreed that martensitic transformation occurs with nucleation of martensite, followed by
propagation of a martensitic front [27]. After [29], high shear stress values at the interface between
austenite and stress-induced martensite are responsible for this localized process in NiTi wires. Under
tensile loadings, the ratio of the maximum equivalent stress to the axial equivalent stress was estimated
to be approximatively 1.4 to 1.6 in wires. In addition to a heterogeneous strain field, a heterogeneous
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strain field, a heterogeneous thermal field was reported in [28]. Thus, these thermal effects can affect the
propagation of the martensitic front, since martensite is more stable at low temperatures while the
forward martensitic transformation is an exothermic process. Furthermore, this phenomenon is very
dependent on the shape of the sample and boundary conditions [30, 31]: it is why the fronts generally
propagate from the jaws, due to tightening. This topic is currently trendy and more and more simulations
are able to predict this phenomenon [32-35].

These three phenomena are generally not considered simultaneously to numerically predict the vi
bratory response of cables equipped with SMA-based dampers [36—38]. The main target of the paper is
to propose such a numerical tool while accurately predicting a realistic behavior of the embedded NiTi
wires. In the “Experiments and modeling” section, the experimental set-up and the corresponding
numerical modeling are briefly presented. In the “Results and discussion” section, several numerical
configurations are compared with the experimental results, to determine the contribution of each con
sidered phenomenon. Eventually, data available numerically only are investigated to provide a better
understanding.

2. Experiments and modeling

In this section, the proposed experimental set-up and Finite Element model are presented in parallel.
Firstly, the vibrating cable is considered alone. Secondly, installation of the damping device on the cable
is presented. Thirdly, the thermomechanical behavior of the embedded NiTi components is dealt with.
Eventually, the post-processing procedure is detailed to show how will be conducted the analysis in the
“Results and discussion” section.

2.1. Full-scale bridge cable

2.1.1. Experimental set-up

A cable of length L = 50 m was used to measure the efficiency of the NiTi-based damping device. An
axial tensile force 7 of approximatively 900 kN was initially applied to the cable using a hydraulic jack.
It must be noted that the study cases that are proposed in this paper are intentionally simplified in
comparison with the loading cases experienced by cable structures in service. First, to involve the
minimum number of vibration modes, punctual deviations were applied on the cable at L/2 or L/4 by
applying a transverse force of 4 kN. Secondly, the force was suddenly released using an electromagnet to
make the cable freely vibrating. The vibration problem is assumed to be in-plane. The cable composition
and properties are given in [10]. applying a transverse force of 4 kN. Secondly, the force was suddenly
released using an electromagnet to make the cable freely vibrating. The vibration problem is assumed to
be in-plane. The cable composition and properties are givenin [10].

Since EI<<TL2 Where EI is the flexural rigidity of the cable, a good approximation of the n—#2 mode
frequency is given by [39]:

n T EI nr\ EI I
,,:—,/— T LY PRl sl SN o 2.1
=37 ,u’ i TL3+( 3 )TIF} TR s

With u the linear density of the cable. The values of the analytical modal frequencies can be used as a
validation criteria of modeling. Cable transverse displacements were measured with laser sensors at
three locations along the cable (L/2, L/4 and L/16).

2.1.2. Numerical modeling
Modeling of the cable was performed using the Finite Element Method with the MSC Marc industrial
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[40]. In the proposed model, only beam or truss elements were considered, since dynamic simulations
require substantial computing resources. The cable consisted of 50 two-node Euler Bernoulli beam
elements. Both nodes located at the extremities of the cable were clamped (fixeddegrees of freedom). An
initial pre-stress corresponding to the 900 kN pretension was applied to the beam elements. The
simulation was split into two parts: (1) a transverse force was progressively and slowly applied on a node
until 4 kN (quasi-static formulation), (ii) the force was suddenly released (dynamic formulation) and the
cable was freely vibrating for 20 s. The intrinsic damping ratio £ of the cable due to internal frictions was
estimated from experimental transverse displacement signals of the cable without any damping device
using the logarithmic decrement method. A Rayleigh viscous damping was assigned on the whole cable
elements to provide intrinsic damping capacity. The Rayleigh damping matrix is given by:

[C]=a[M]+B[K] (2.2)

Where [M] and [K] are the mass and stiffness matrices involved in the motion equilibrium equation,
respectively. The coefficients o= 7.52 10" and g = 1431055 were calculated from the & value 0f 0.00033
[40].

2.1.3. Validation of the cable vibrating response

Figure la,c,d present the numerical and experimental transverse displacement of the cable at L/2, L/4
and L/16, respectively, while the transverse force was placed a L/2. Figure 1b provides the Fast Fourier
Transform (FFT) spectra associated with the signals presented in Figure 1a.

-
T ——

1 12 14 16 1% 0 o 1 4 B K 0 12 4 f 18
t{s) tis)

s
(=
s

Figure 1. Transverse displacement of the cable (transverse force at L/2): (a) at L/2; (b) associated FFT
frequency spectra; (c) atL/4; (d)atL/16.

The signals numerically obtained are in good agreement with the experimental signals, whatever the
considered location. The frequency spectrum numerically obtained shows a good prediction of the
contributions of the vibration modes. The first mode associated with a frequency value of about 2.3 Hz
(as verified using Eq 2.1) had the highest contribution, since the force was placed at the corresponding
anti-node. It slightly overestimated the experimental values. From the simulations, only odd-numbered
modes were observable, since L/2 is the common node for even-numbered modes.
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2.2. Design and installation of the damper

2.2.1. Developed damping device

Figure 2a presents the developed damping device. Two plates are crossed by NiTi wires. One plate was
clamped to the ground, while the second plate was linked with the cable. The wires were elongated
thanks to mechanical stops placed at the exterior side of each plate. Thus, the damper worked in one
direction only (when the cable was moving away from the anchorage), but this system prevented wires
from buckling. Figure 2b presents its installation on the full-scale cable.

The chemical composition (56.30 wt% Ni) of the NiTi alloy used in this work is detailed in [15]. The
characteristic temperature Af was measured at about 5 °C. NiTi wires were “trained” under cyclic
mechanical loadings at room temperature (100 tensile cycles of 8% strain amplitude at a frequency of
0.0056 Hz) before being embedded in the damping device to limit residual strain [10]. Two wires of
diameter 2.46 mm and effective length 1260 mm were embedded to reach a maximal relative elongation
of 2% in service. Furthermore, the NiTi wires were pre-strained thanks to a turnbuckle system (see
Figure 2a). An initial elongation of about 4 mm was chosen to increase the dissipation (for a given room
temperature and a given deviating force value) as explained in [41].

part moving with NiTi wires part clamped to
the cable ( the ground NiTi
i il wires
| [Siir—————— -
0 I/ Lr Laser
Guiding system using SETSOT
threaded rods _
Pre-straining . §
system using An-_:hﬂﬂ ng 3
turnbuckle with the =
Anchoring calve
with the cable
Mechanical stops Bridge
of NiTi wires cable
(a) (b)

Figure 2. Damping device: (a) Scheme of the device, (b) installation on the full-scale cable.

For the sake of simplicity, the damping device was placed far from the anchorages to better understand
the influence of the damper on the whole cable response. Three study cases were investigated to change
the contribution of the involved vibration modes:

(1) Damper & force at L/2 (reference).

(2) Damper at /4 and force at L/2.

(3) Damper at L/2 and force at L/4.

The study case of reference is investigated in detail in this study.

2.2.2. Numerical assembly of the damper on the cable

Figure 3 describes the modeling of the “cable-damper” system. The damping device consisted of one or
32 (as explained later) two-node thermomechanical truss elements assembled in series. The length of the
“numerical damper” was the same as the effective length of the two NiTi wires embedded in the damping
device. Its cross-section area was taken as the sum of the cross-section areas of the two wires, since they

AIMS Medical Science (Volume - 10, Issue -1, Jan - Apr 2023) Page No. 5
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work in tension. The node at one end of the wire was fixed to the ground, while the node at the opposite
end was connected with one of the nodes of the cable thanks to a spring of infinite stiffness working in the
transverse direction of the cable. The selected node of the cable depends on the damper position. The
stiffness of the damper was canceled in case of negative stress values to deactivate it under compression
loadings. The pre-strain of the numerical damper was imposed during the very first calculation step.

cable:
pre-stressed “2-node beam" elements

clamped
node

initial force

spring of
infinite

~,

stiffness \ \ 4 normalised “]

force

damper:
pre-stressed
“2-node truss”
elements

clamped
node

Figure 3. Scheme of the Finite Element model of the whole system “damper+cable”.

-

t_J

2.3. NiTiwire behavior law

2.3.1. Material behavior law

The behavior law used in what follows was presented in detail in [42]. Since the “numerical damper” was
modeled by truss elements, the behavior law was written in a uniaxial version. Its role is to compute the
uniaxial stress ¢ and tangent modulus values from the current strain £ and strain increment Ae values.
The internal variables are zM € [0; 1] and zR € [0; 1] which are the martensite and R-phase volume
fractions, respectively. The austenite volume fraction is therefore givenbyzA4 = [ —zM —zR.

The proposed model was based on four yield surfaces, associated with yield functions fM1(M) andfM2
(M, X), driving the forward and reverse austenite-to-martensite transformations, respectively, and fR 3
®and fR 4 ®, Y), driving the forward and reverse austenite-to-R-phase transformations, respectively. M
and X are isotropic and kinematic “pseudo-hardening” functions of z M associated with the austeniteto-
martensite transformation, respectively. R and Y are isotropic and kinematic “’pseudo-hardening”
functions of z R associated with austenite-to-R-phase transformation, respectively. The transformation
yield stresses ¢ M () and o R () were linear functions of the material temperature 7.

The heat equation was derived from the formulated specific free energy by applying the principle of
energy conservation. It involves the exchanges with the exterior by diffusion and convection, as well as
the dissipation and thermomechanical coupling terms associated with both transformations.

For details on the identification procedure of the material parameters and on the model validation, the
reader is referred to [42]. For this present work, the thermo-mechanical behavior law was implemented
in a user subroutine coded in FORTRAN [40]. The retained material parameters corresponding to a
trained NiTi wire are set outin Table 1 [43].
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Table 1. Material parameters corresponding to a trained NiTi alloy.

EA EM Y M g™ e 0_34 ,,JM' F]
57.0 216 49 150 20 20 340 6.3 18.0
(GPa)  (GPa) (%) (MPa) (MPa) (MPa) (MPa) (MPa-K-') (W-m' K™
) ER Y g P Jmax O_g 'UR C,I'J
6450 404 0.25 15 15 220 156 13.45 500

(kg-m™3) (GPa) (%) (MPa) (MPa) (MPa) (MPa) (MPa-K™') (J-K-'-kg™)

2.3.2. Strain localization along the NiTi wire

As the wire model was reduced to one dimension to restrict the computational time, the strain local
ization effect (associated with 3D effects) along the wire had to be considered by other means. To take
into account the propagation of martensitic transformation bands, a non-local model was implemented
using the Finite Element method [43]. 32 thermomechanical two-node truss elements were used and
assembled as presented in Figure 4. The analysis presented in the “Results and discussion” section
focuses on three reference positions associated with elements 2,4 and 12.

- ® @ ® @ ?’

Figure 4. Three reference positions along the numerical wire.

Instead of using the nominal stress ¢ in the material behavior law, an apparent stress value ¢ app was
computed for each element. It enabled us to take into account the effect of the high shear stress values at
the interface between phases, in addition to the tensile stress value. Thus, it was assumed that the
propagation was driven by the maximal stress value at the interface between a wire portion of martensite
and a wire portion of austenite. The apparent stress of a given element m was calculated using a stress
intensity factor KI(m):

ﬂ.app(m) = G-K.f("!.) (23)

By assuming a linear bi-material perfectly bonded cylinder to represent the stress intensity at the
interface between these two portions, the value of KI should be a function of the stiffness properties on
both sides of the interface [44]. To facilitate the convergence of the model and to consider the specific
case of the element m (1 <m < 32), a function K*/ of zMm, zMm—1and zMm+1the martensite volume
fraction of the element m and its neighbors m — 1 and m + 1, respectively, was introduced:

K;(m) =1+ max {(zf” - Z::) ,(:’.:'f 1= :’j‘f)) {K? - l) (2.4)

Where {x} is equal to x if x>0 and is equal to 0 if x <0. Thus, K*I(m) = 1 if the m element is in the same
state as its direct neighbors, and K*I(m) = KOI if the m element is in the austenitic state and one of its
neighbors is fully martensitic. The constant value of KOI = 1.6 was chosen, in agreement with the results
presented in [29]. Since bands propagation has never been observed in the case of R-phase
transformation, the R-phase volume fraction was not considered in Eq 2.4.
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In order to study the effect of the clamping of the jaws on the stress at the ends of the wire, it can be
assumed that the wire corresponds locally to a solid cylinder subjected to an external pressure. Thus, the
calculation of radial and orthoradial stresses from Lame’s equations allows to show that * clamping
under a pressure of PO induces a reduction of the equivalent Von Mises stress by a stress corresponding to
PO [45]. The consequence is that the tightening effect in the jaws can be simulated in a uniaxial model by
increasing the initial axial stress value of the elements placed at the two ends of the wire. To respect
forces equilibrium and to avoid any technical issues, it was prefered to decrease the transformation yield
stresses in these two elements (ne° 1 and 32). The values of 6 M,R 0 — 100MP a was retained to ensure an
initial state without martensite.

The model was validated by a force-imposed tensile test to the maximal value of 2600 N, over a cycle
with a frequency of 3 Hz, which is an order of magnitude equivalent to the first modal frequency of the
cable. The results are presented in Figure 5a,b. Figure 5a confronts the numerical stress-strain curve to
the experimental one by considering strain localization or not. Figure 5b presents the local mechanical
behavior observed numerically in several elements along the wire, for the configuration where strain
localization was considered.

G600 600
500 500
40
“'(E‘ 0 400
D_ =
300 ey
E E 300
o 200 [ a
200 — N7l
—N=2
100 Murm., material scale N7
— Num., structure scale 100 N“’ll
g Exp. - - N°5,6.8, 12,16
o 05 10 15 20 25 % o0s | 1.5 2 25
1':.' Dfﬂ £, 0-"'{"'
(a) (b)

Figure 5. (a) Stress-strain curve for a force-imposed test by considering bands propagation (wire scale)
or no propagation (material scale); (b) corresponding behavior of several ele ments along the wire
structure.

From Figure 5a, the prediction of mechanical behavior was improved by considering strain localization.
Due to the propagation of the martensitic transformation bands from the anchorages, the closer the
elements to the anchorages, the more they experienced martensitic transformation (see Figure 5b).
However, all the elements experienced R-phase transformation. In particular, elements 5 to 16 (and their
symmetrical elements 17 to 28) underwent only this intermediate transformation, which resulted in thin
hysteresis loops.

2.3.3. Numerically studied configurations

Table 2 presents the five studied configurations confronted in this paper. These configurations represent
different levels of complexity: configuration 1 is associated with an elastic behavior of the damper
(material in a pure austenitic state), while configuration 5 is associated with a superelastic behavior
taking all the identified phenomena into account. All the retained configurations are presented succes
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sively to discuss the contribution of each added phenomenon.

Table 2. Studied material configurations.

Configuration Superelasticity R-phase Thermal Strain Number of elements
effects  localization for the damper

1 n n n n 1

2 y n n n |

3 y y n n |

4 y y y n 1

3 y y y y 32

2.4. Post-processing

To carefully analyze the influence of the material behavior of the NiTi wires embedded in the damper on
the dynamic response of the whole cable structure, it was necessary to select relevant indicators related
to both scales.

First, the dynamic response of the cable was investigated. Equation 2.5 is the general form of the cable
transverse displacement law y(x, t), which assumes heterogeneous properties along the cable due to a
punctual influence of the damping device [41].

J\"
Y0 = Y Cyx1) sin (%) sin (Z.rrﬁ,[.r., 1) /1 — £(x, 1)t + d(x, r)) exp (=27 f(x, DELX, D) (2.5)

n=1

With fn the natural frequency, &n the damping ratio, Cn the modal contribution in the time domain, ¢n the
phase related to each mode n. The following modal parameters (identified from Eq 2.5) were computed
overtime,asin[41]:

* f1(x, t), the natural frequency related to the first vibration mode by applying a Wigner-Ville transform
on the transverse displacement signal at x =L/2, using a Matlab toolbox provided by [46],

* £1(x, t), the damping ratio related to the first vibration mode by plotting In(env(y1)) the logarithm of the
signal envelop after numerical filtering to isolate the first mode: the damping ratio changes correspond to
the slope changes on the computed curve.

The beginning of the curves presented later were affected by side effects due to numerical filtering.
Secondly, an investigation based on the material behavior performed numerically was carried. Thus, the
changes in material temperature T and volume fraction of the phases (zM and zZR ) were plotted.

The loss factor was computed from strain-stress numerical values over time to quantify the damping
capacity of the material. It is linked to the material dissipated energy (through AW corresponding to the
hysteresis loop area on the stress-strain curve) and the strain energy (through W corresponding to the
area below the transformation path on the same curve), after Eq 2.6 [47].

1 AW

= (2.6
2t W - 1AW "'

n

One can say that the loss factor does not directly correspond to the damping ratio computed from the
cable displacement signal, even if both are naturally linked. However, it is a precious indicator to
identify the different potential damping regimes.
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3.Results and discussion

In this section, the five considered configurations are presented in the reference study case. For each
configuration, the transverse displacement of the cable at L/2 (damper and deviating force position)
numerically obtained was compared to the experimental signal for 20 s from the moment the force is
released. The corresponding material behavior is presented for three arbitrarily chosen time windows: (i)
[0-1] s, (i1) [2-3.5] s, (ii1) [19-20] s. The window of [2—-3.5] s corresponded approximatively to the
transition between the two first damping regimes, whatever the configuration. Since temperature has a
great influence on NiTi behavior, it is important to specify that all the tests were performed at a testing
temperature of about 20 °C (£2 °C).

The signals were centered on the “zero” value, which means that the cable remained at a displacement
value of zero before any deviating force application. In the particular case where the wires would have
not been pre-strained, the positive values of the transverse displacement measured at the damper
position would have corresponded to activation stages of the device. On the contrary, negative values
would have been associated with deactivation stages. By pre-straining the wires, the transition associ
ated with the deactivation of the device is expected to be shifted to the negative values. For an initial
elongation of 4 mm, this transition should be close to the value of —4 mm.

To focus the analysis on the influence of the behavior of the NiTi wires on the damping capacity of the
device, the study case of reference is presented in this section and the attention is paid on the cable
displacement at the force and damper position. Additional results associated with the dynamic response
along the cable for the different study cases are presented in the Appendixes.

3.1. Influence of thermal effects and R-phase transformation (configurations 2, 3, 4/study case 1)

3.1.1. Results

Figures 6, 7a, 8a and 9a provide the transverse displacement of the cable at L/2, for configurations 1, 2, 3
and 4, respectively. The material behavior associated with the “numerical damper” is given in Figures
7b—d, 8b—d, and 9b—d, for configurations 2, 3 and 4, respectively. From Figure 6, the experimental signal
illustrates a high and quite regular decrease in displacement amplitude. The cable almost reached
equilibrium after 20 s following the release of the force.

By considering an elastic behavior of the numerical damper (configuration 1), no energy was dissipated.
Thus, the damping capacity provided by the numerical damper was almost zero, accordingly (see Figure
6). The small damping observable was due to the intrinsic damping of the cable. However, the additional
stifftness of the elastic damper enabled to “cut” the signal parts associated with the activation stages of the
damper, while the signal parts associated with the deactivation stages were not affected. Eventually, the
displacement amplitude was decreased compared to the configuration without any damping device (see
Figure 1a) but the dynamic response obtained numerically did not reproduce the experimental signal.
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Figure 6. Transverse displacement of the cable at L/2 equipped with a damper (study case
1/configuration 1) placed at L/2.
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Figure 7. (a) Transverse displacement of the cable at L/2 equipped with a damper (study case 1/
configuration 2) placed at L/2; Stress-Strain curves related to the behavior of the material embedded in
the damper: (b) [0, 1]s, (c) [2, 3.5]s,(d)[19, 20]s.
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Figure 8. (a) Transverse displacement of the cable at L/2 equipped with a damper (study case
1/configuration 3) placed at L./2; Stress-Strain curves related to the behavior of the material embedded in
the damper: (b) [0, 1]s, (c)[2,3.5]s,(d)[19,20]s.
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Figure 9. (a) Transverse displacement of the cable at L/2 equipped with a damper (study case 1/
configuration 4) placed at L/2; Stress-Strain curves related to the behavior of the material embedded in
the damper: (b) [0, 1]s, (c) [2, 3.5]s,(d)[19, 20]s.

AIMS Medical Science (Volume - 10, Issue -1, Jan - Apr 2023) Page No. 11



ISSN : 2372-0484

By considering the superelasticity effect (configuration 2), a strong mitigation of the cable amplitude
was observed within the first 3 s following the force release (see Figure 7a). After this first damping
stage, the displacement amplitude remained constant (“undamped stage™). These observations are in
agreement with the corresponding behavior of the wire. The first stage was associated with
transformation into martensite (see Figure 7b,c). Once the amplitude was associated with a maximal
stress value inferior to the martensite transformation yield stress value, the amplitude remained almost
constant (see Figure 7d). Eventually, the response prediction was greatly improved compared to con
figuration 1. However, the damping capacity was overestimated during the first part of the signal and
underestimated during the following part.

By considering the intermediate R-phase transformation (configuration 3), the first damping stage
observed in the previous configuration was affected and an intermediate damping stage appeared, as
highlighted in Figure 8a. During the first stage, austenite transformed into R-phase before martensite
appearance over the loading cycles: for a given level of wire elongation, the dissipated energy decreased
when compared to a material without R-phase transformation (see Figure 8b,c). In the second stage,
once the loading amplitude corresponded to a maximal stress value inferior to the martensitic
transformation yield stress value, the R-phase transformation still operated alone. It explains why a
second and low damped stage appeared. Furthermore, the yield stress value associated with the trans
formation into R-phase is low at room temperature (inferior to 100 Mpa). Thus, stabilization of the cable
was achieved after 20 s following the force release. One can observe that the final material state obtained
numerically corresponded to an elastic behavior associated with a mixture of austenite and R-phase, due
to the NiTi wires pre-strain (see Figure 8d). Due to this pre-strain, the final undamped stage was not
observed unlike in configuration 2: the fully austenite elastic state could not be reached. Eventually,
damping capacity was overestimated during the whole signal, although it has decreased during the first
damping stage compared to configuration 2.

By considering the thermal effects (configuration 4), the first and second damping stages observed
previously still operated but their respective damping capacity decreased compared to configuration 3
(see Figure 9a). From Figure 9b,c, the combination of thermomechanical couplings and intrinsic
dissipation involved an increase in both martensitic plateau slope and martensitic transformation yield
stress. Considering the present material, a decrease in damping performance under these loading
conditions (frequency and amplitude) is in agreement with results reported in [15]. The combination of
both transformation into R-phase and thermal effects provided a much better prediction of the first
damping stage (see Figure 9a) compared to the previous configurations. However, the second damping
stage was underestimated, despite R-phase transformation.

3.1.2. Discussion

Figure 10a—c provides zM, zR and T changes over time, while Figure 11a—c compares fl1, In(env(y1)
(from the cable scale) and ) (from the material scale) for configurations 2 to 4. For reasons of readability,
only the first 10 s are plotted, in what follows.

From Figure 10a, no martensite appeared after t = 4 s, whatever the configuration. From Figure 10a,b,
less martensite appeared when R-phase was taken into account (as reflected by a lower maximal
martensite volume fraction in configurations 3 and 4). By considering R-phase transformation, the latter
was observed at least during the first 10 s after the force release, in both configurations 3 and 4. These
comments directly explain why a lower damping ratio during the first damping stage and a higher
damping ratio during the next one were observed in configuration 3 compared to configuration 2. In
configuration 4, phase transformations naturally entailed material temperature changes (see Figure
10c): in the first stage, quite high thermal variations associated with the latent heat of the martensitic
transformation and a self-heating due to intrinsic dissipation were observed in parallel. The temperature
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logically inhibited the transformation of austenite into R-phase and martensite by increasing the
associated transformation yield stresses (see Figure 10a). In the second stage, lower thermal variations
(mainly due to the thermomechanical couplings associated with transformation into R-phase only) were
highlighted. However, the intrinsic dissipation associated with the intermediate transformation did no
longer override thermal exchanges with the surroundings: a return to the thermal equilibrium was
therefore observed. This decrease in temperature favored occasional martensite formation and
maintained the amount of R-phase approximatively constant, as observed in Figure 10a,b.

From Figure 11a, a large gap can be measured between the frequency values obtained numerically by
configuration 2 on one hand, and configurations 3 and 4 on the other hand. This is probably due to a
difference in additional stiffness brought to the cable, associated with transformation into R-phase in the
NiTi wires. Indeed, the latter was not considered in configuration 2. Another large gap can be measured
between the frequency values obtained numerically in configurations 3 and 4 and the experimental
values. That could be due to the fact that the stiffness associated with the mechanical parts clamped to the
ground and to the moving cable (see device in Figure 2a) were not considered in the modeling. Indeed,
these parts are deformable and not infinitely stiff. This should not entail significant consequences on the
damping prediction because the strain rates experienced by the NiTi wires remained of the same order of
magnitude. This is why the attention should be only paid on the relative increases in frequency values.
The frequency changes were best reproduced by configuration 4, where a smooth increase in fl1 was
observed. It can be explained by a better prediction of the behavior of the embedded material compared
to configurations 2 and 3, and consequently by a better prediction of the stiffness added to the cable.
From Figure 11b,c, a first damping stage can be clearly identified from 0 to about 3—4 s in configurations
2 and 3, from the point of view of both the vibrating structure (In(env(y1))) and the material behavior (7).
It directly corresponds to the transformation into martensite. Without taking R-phase into account, the
first damping stage was followed by an undamped stage, where the material behavior be came elastic
(configuration 2). A better prediction of the damping capacity was observed in the second damping stage
thanks to R-phase transformation, that occurred at least 10 s after the force release and induced a low but
non zero energy dissipation (configuration 3). From Figure 11b,c, damping capacity was more
distributed over time in configuration 4, by taking into account thermal effects that smoothed the
damping ratio changes. Eventually, a better prediction of the damping capacity is also observed in
configuration 4.
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Figure 10. Comparison between configurations 2, 3, 4: (a) martensite volumic fraction; (b) R-phase
volumic fraction; (c) material temperature.
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Figure 11. Comparison between configurations 2, 3, 4: (a) frequency of the 1st mode; (b) logarithm of
the signal envelop; (¢) loss factorn.

Up to this point, configuration 4 provided the best prediction, while the computing time was reasonable
since the numerical damper consisted of one truss element only. The next and last configuration should
improve the prediction but should also require more computational resources, by splitting the numerical
damper into 32 truss elements to take the strain localization phenomenon into account. Thus,
configuration 4 should be seriously considered for further works, regardless of the results associated
with configuration 5.

3.2. Influence of strain localization (configuration 4, 5/study case 1)

3.2.1. Results

Figure 12a provides the transverse displacement of the cable at L/2 for configuration 5, while the
material behavior associated with the “numerical damper” is presented for three elements along the wire
(see Figure 4) in Figure 12b—d. The macroscopic behavior resulting from the contribution of all the
elements along the wire is given in Figure 12e.

Configuration 5 provided by far the best agreement with the transverse displacement signal obtained
experimentally (see Figure 12a), despite a small gap at the end of the signal due to a possible accumu
lation of residual strain in the wires (blocked martensite) as the experiments progressed. The obtained
macroscopic behavior of the wire was much smoother than material behaviors observed in the previous
configurations, due to the average of the local behaviors. Furthermore, the transitions between the
different damping regimes are difficult to identify, as in the experimental signal. From Figure 12b,c, the
dissipated energy was locally high at the extremities of the wire compared to the average dissipated
energy (see Figure 12e) or to the dissipated energy obtained from the single “damper” element in con
figuration 4 (see Figure 9b). It is quite easy to explain: the transformation bands propagated from the
extremities of the wires. This point is very important and highlights an advantage of configuration 5 over
configuration 4: taking into account heterogeneities in the thermomechanical behavior along the wire
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enables to better predict the maximal stress and dissipated energy values experienced by the wires to
therefore estimate the fatigue life of the damping device. It would be a great assistance to optimize the
design of the damper. Eventually, the last configuration improved the vibrating response of the whole
system.
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Figure 12. (a) Transverse displacement of the cable at L/2 equipped with a damper (study case
1/configuration 5) placed at L/2; Stress-Strain curves related to the local behavior of the material
embedded in the damper at three reference positions: (b) element ne 2, (¢) ne 4, (d)ne 12, (e) macroscopic
behavior of the wire.

3.2.2. Discussion

Figure 13a—c provides zM, zR and T changes over time, while Figure 14a—c compares f1, In(env(y1)
(from the structure point of view) and 1 (from the material point of view), for configurations 4 and 5. In
configuration 5, only values associated with the same elements as those described previously are
presented. One can add that 1 was computed from the macroscopic behavior of the whole wire in
configuration 5.

From Figure 13a, the elements that are close to the anchorages experienced more martensite trans
formation (and therefore dissipated more energy), since propagation of transformations bands was
restricted to a very limited wire portion: due to high strain rate values, a high increase in temperature near
the transformation fronts inhibited transformation into martensite beyond the front. It is confirmed by
higher maximal martensite volume fraction and temperature values in element 2 for configuration 5,
than in the single element for configuration 4.

This strain localization explains the decrease in damping capacity provided by configuration 5 com
pared to configuration 4, as observed in Figure 14a—c. Indeed, the material heterogeneity induced a
distribution of the damping capacity over time. In particular, the transitions between the distinct damp
ing regimes in configuration 4 are no longer observable in configuration 5, according to the changes in
damping ratio and loss factor highlighted in Figure 14b,c. However, no significant improvement of the
stiffness and damping ratio in the prediction over time was provided by configuration 5. Eventually, the
main difference between configurations 4 and 5 lies in the prediction of the local behavior of the material
in order to study its damage and fatigue life.

In order to fully validate the numerical tool, it was necessary to study the response of the cable at
positions different from that of the damper. The two others study cases and additional results regarding
the reference study case are briefly presented in Appendixes. Both configurations 4 and 5 showed good
agreements with the experimental curves.
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Figure 13. Comparison between configurations 4 and 5: (a) martensite volumic fraction; (b) R-phase

volumic fraction; (¢) material temperature.
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Figure 14. Comparison between configurations 4 and 5: (a) frequency of the 1st mode; (b) logarithm of

the signal envelop; (¢) loss factor .

4. Conclusions

In conclusion, the following points can be highlighted:
* A numerical tool was developed to predict the dynamic response of a cable equipped with a NiTi wire-
based damping device and was validated using three study cases (where the contribution of the different

modes was different).

* In particular, the influence of the material behavior of the NiTi wires embedded in the damping device
was investigated. To do this, several configurations taking into account the phenomena that influence the
energy dissipated by these wires were studied. The importance of taking both the thermal effects, the
intermediate R-phase transformation and the strain localization into account was demonstrated.
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* Two configurations (4 and 5) that proved to be the best to predict damping capacity of the damper were
studied in detail. Their respective interest was discussed. For instance, configuration 4 (thermal effects
and intermediate R-phase transformation) requires less computing resources and can be used to optimize
the damping setting-up (by acting on the effective length and number/section of the wires, pre-strain of
the wires, position of the damping device along the cable), since these optimization procedures are
computationally intensive. Configuration 5 that takes propagation of transformation bands into account
in addition to the previous phenomena provided a better description of the material behavior along the
wire by discretizing it into several elements. It can roughly be used for optimization, but the fatigue life
of the embedded wires can be considered to dimension the device regarding its service life, in addition to
its effectiveness.

Several perspectives have been identified to pursue this work:

* More realistic loading cases experienced by cables should be studied, such as harmonic or random
forced loadings, punctual or distributed heterogeneously along the cable.

* The numerical tool should be used to define the tuning of the damping device setting-up according to
the constraints of a given structure (angle of the cable chord, natural frequency of the cable, kind of
solicitations).

» The link between the dissipated energy by NiTi alloys and their fatigue resistance should be
investigated to be considered in the optimization of NiTi-based damping devices.

 Heterogeneity of the material behavior (due to propagation of transformation bands) should be
investigated to optimize damping capacity and fatigue resistance. For instance, periodic localized cross-
section decrease and/or stress increase, modification of clamping system or well-suited ther
momechanical training could be considered.
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Appendix

A.Damper at /2 and deviation at L/2 (study case 1)

Figure 15a,b provides cable transverse displacements at L/4 and L/16, while the force and the damper
were placedatL/2.

For both positions L./4 and L/16, a good agreement is observed between numerical and experimental
results. In [41], the authors distinguished the local effect of the damper (due to a punctual increase of the
stiffness near the device) from the global effect (function of the distance from the antinodes of the
considered modes). These results validate how the cable and the damper were connected in the Finite
Element model.
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Figure 15. Transverse displacement of the cable equipped with a damper (configuration 5) placed at L/2:
(a)sensorat /4, (b) sensoratL/16.

B.Damper at L/4 and deviation at L/2 (study case 2)

Figure 16a—c provides the cable transverse displacement at L/2, L/4 and L/16, while the damper was
movedto L/4.

It should be noted that the sensor placed at L./2 was an accelerometer for this study case. The transverse
displacement signal obtained experimentally was integrated from the transverse acceleration and
information was lost during numerical integrations. It explains why the initial deviation before the cable
release is not observable (see Figure 16a). This point is not a major problem since the initial deviation is
similar to those obtained in study case 1 (the deviating force was placed at the same position and the
initial deviation was associated with the deactivated stage of the damper). A very good agreement is
observed between numerical and experimental results in both configurations, although configuration 4
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overestimated the damping even more than configuration 5. One can observe a lower damping compared
to the reference study case. Indeed, the damping device was no longer placed at the antinode of the first
and main involved vibration mode in study case 2.
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Figure 16. Transverse displacement of the cable equipped with a damper placed at L/4: sensor placed (a)
atL/2,(b)atL/4,(c)atL/16.

C.Damper at L/2 and deviation at /4 (study case 3)

Figure 17a—c provides the cable transverse displacement at L/2, L/4 and L/16, while the force was
moved to L/4 and the damper was placed at L/2. This study case is the least favorable with respect to the
second vibration mode since the force was placed at its antinode and the damper was placed at its node.
From Figure 17a—c, a strong damping was observed experimentally and numerically at L/2 where was
placed the damper, while a low damping was observed at L/4 and L/16 where the second vibration mode
had a higher contribution. This confirms that placing the device in the middle of the cable is not relevant
regarding the even-numbered modes. For both configurations 4 and 5, a good agreement is observed
regarding the transverse displacement amplitude and its mitigation. However, an offset can be observed
regarding the initial amplitude at L/2 and L/4, whatever the configuration. This offset can be explained
by a small error on the pre-strain value of the “numerical wire” due to the potential accumulation of
residual strain in the wires during the test campaign or a small error on the cable bending stiffness. Once
again, a better damping prediction was obtained in configuration 5.
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Figure 17. Transverse displacement of the cable equipped with a damper placed at L/2: sensor placed (a)
atL/2,(b)atL/4,(c)atL/16.
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ABSTRACT

The principal goal of the current work is to study the impact of three homogenizationmodels (Reuss,
LRVE, Tamura) on the axial and shear stress of sandwich functionally graded plate materials
subjected on linear and nonlinear thermal loads with static and elastic behavior and it is simply
supported using an integral higher shear deformation theory (HSDT). The governing partial
differential equations are solved in the spatial coordinate by Navier solution. Those Numerous
micromechanical models have been examined to attain the effective material properties of the two-
phase FGM plate. The numerical results are compared with those given by other model existing in the
literature to confirm the accuracy of the (HSDT). The present results are in good agreement withall
models studied of homogenization for all values of the material index and all geometry
configurations of the FG-sandwich plates.

Keywords: micromechanics; sandwich FG plate; stress; thermal loads
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1. Introduction

Functionally graded materials (FGM) are an advanced composite material class whose varygradually
and continuously in the composition of microstructure constituents through the dimension of the
material [ 1-3]. The behavior composition of FGM reduce the structural weight with increasingits
coefficient modulus of stiffness and strength [4—8]. The properties of all constituents can be
employed, for example, the toughness of a metal can be mated with the refractoriness of a ceramic,

without any compromise in the toughness of the metal side or the refractoriness of the ceramic
side [9—14]. The simple rule of mixture (Voigt law) is used to obtain the effective micromechanics

material properties in the commencement of research papers. But to assess the effect of the
micromechanical models on the structural responses of FG plates several micromechanical models of
FGMs have been studied in [14—16]. Gasik has studied different micromechanical models to obtain
the effective material properties of FGMs with power-law, Sigmoid, and exponential function
distributions of volume fraction across the thickness of the static, buckling, free and forced vibration
analyses for simply-supported FG plates resting on an elastic foundation [17]. Akbarzadeh et al. [18]
have investigated about the influences of different forms of micromechanical models on FGM
pressurized hollow cylinders. They have used the numerical results via finite element method (FEM)
analyses for detailed and homogenized models of functionally graded (FG) carbon nanotube
reinforced composite (CNTRC) beams. The effect of the imposed temperature field on the response
of the FGM plate composed of Metal and Ceramic with the Mori—Tanaka micromechanical method
is discussed [19,20].

Shen et al. [21] have studied the small and large amplitude frequency of vibrations are presented for
a functionally graded rectangular plate resting on a two-parameter elastic foundation with two kinds
of micromechanics models, namely, Voigt model and Mori—Tanaka model. The comparison studies
reveal that the difference between these two models is much less compared to the difference caused
by different solution methodologies and plate theories. In literature there is no available work
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treating the impact of the homogenization models on the sandwich FGM plate. In this paper we have
studied the impact of (Reuss, LRVE, Tamura) homogenization or micromechanical models on the axial
and shear stress of sandwich functionally graded materials plate subjected to linear and nonlinear
thermal loads. The static and elastic behavior of the simply supported is considered. Using an integral
higher shear deformation theory (HSDT), the governing partial differential equations are solved in the
Cartesian coordinate via Navier solution method. Those Numerous micromechanical models have been
examined to attain the effective material properties of the two-phase FGM plate (Metal and ceramic).
The numerical results are compared with those given by other model existing in the literature to confirm
the accuracy of the (HSDT). The present results are in good agreement with all models studied of
homogenization for all values of the material index and all geometry configurations of the FG-sandwich
plates.

2. Materials and methods

The geometry domain is assumed as a uniform rectangular plate with thickness “h”, length “a”, and
width “b” as shown in Figure 1. The plate has three layers. The FG-face sheets are made by two
materials metal and ceramic.

/1 FGM
e

h3

0 mm——— —m——————

o A v

I
b {.
1
I
Figure 1. The geometry domain of functionally graded matenals plate.

1.1. Materials characteristics

The mechanical and thermal proprieties of Metal (Titanium) are Young modulus E(z) is 66.2
GPa, thermal expansion coefficients o is 10.3 (10%/K). The mechanical and thermalproprieties
of Ceramic (Zirconia) are Young modulus E(z) is 117 GPa, thermal expansioncoefficients o is

7.11 (10/K). The Poison coefficient is supposed the same in the metal and theceramic (v is 1/3). In
the following.

Several types of geometries configurations are exanimated depending the thickness of eachlayer as
shown in Table 1.
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Table 1. Configurations of the plate.

Configurations of the plate

Geometries with Layers thickness

(1-0-1)

(1-1-1)

(1-2-1)

BI=h 2 -s-meermemmmeaa e

= hi=h2=0

0 =h2 B - N
[ SRS
I 2 o
h S NN st S e
[ S S
J' R E———) PR T Y
[ Y RN TSRS —

Configurations of the plate

Geometries with Layers thickness
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The volumes fraction of the FG- faces sheet are assumed varies as following functions (Eq 1).

zE[hn,h]]
e|h.h]

:E[hz,fg]

(1)
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Where K is the material index.
A number of micromechanics models have been proposed for the determination of effective properties
of FGMs. K is the material index.

(1) Voigt model
The Voigt model is relatively simple; this model is frequently used in most FGM analyses estimates
properties of FGMs as:

P(T,z)=P(T,z)V(z)+ P, (T.z)1-¥(2)) (2)

(2) Reuss model
Reuss assumed the stress uniformity through the material and obtained the effective properties as:

P(T,z)= o - ol |

R () 1=V (2)+ B (L) () 3)

(3) Tamura model

The Tamura model uses actually a linear rule of mixtures, introducing one empirical fitting parameter
known as “stress-to-strain transfer”. For q = 0 correspond to Reuss rule and with q ==+ o to the Voigt
rule, being invariant to the consideration of with phase is matrix and which is particulate. The effective
property is found as:

=V E)RT) g —R(T2)+V ()BT g A (1)
P(T,z)= (1-7(2))(q -P(T.2)+V (=) P (T.=)(q-P,(T.2)) & @
g = a, ::_

(4) Description by a representative volume element (LRVE)

The LRVE is developed based on the assumption that the microstructure of the heterogeneous material
is known. The input for the LRVE for the deterministic micromechanical framework is usually volume
average or ensemble average of the descriptors of the microstructures. The effective property is
expressed as follows by the LRVE method:

. .
- Viz)
P(T,z)=P(T,z)| 1+ ] : (5)
@ VO
|  E(T2) :

2.2. Displacementbase field
Based on the same assumptions of the conventional HSDT (with fives variables or more). The
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displacement field of the proposed HSDT is only with four unknowns variables and can be written in a
simpler form as:

S
u(x,y,2) =ty (5,y) =z —2 +k f(2)[ 6 (x.y)dx

A

w(x,y,2) =vy(x, ) —:%+ ks f(:}jﬂiw‘}dy (6)

wix,¥,z2) = w(x,y)

LS

Where u0( x,y), vO(x,y), wO(x,y) and 6(x,y) are the four-unknown displacement functions of middle
surface of the FG-sandwich plate. f(z) is the warping function and ( 1 kand 2 k ) are constants.

In the current research work the proposed combined (exponential/hyperbolic) warping function ensures
the nullity condition of the free surfaces of the FG-sandwich plate (zero transverse shear stresses at top
and the Bottom of the FG-sandwich plate). The present exponential/hyperbolic warping function f'(z) is
expressed as:

T W R

The stresses/strains linear relation of the PFG-sandwich plate can be expressed as:

r ia} - —Ji=1

. e € 0o & 0] [e-ar]”
T c, ¢, 0 0 0 £ —al
57T, =| 0 0 l:'% 0 0 4 ¥_ # (S]
r 0 0 0 C, 0 i
& Lo o w9 ]l
Where
() y
C]‘]"'] = (111';] = E—[-)j
l_(VhrIl)_
| C]q]m] — plr&]C;;fJ (9]
E[H?{:]
Cir.'] 5 Cin] - Clr.l] = X
a4 55 1] 2(1 +V““]
The varnation of the temperature field across the thicness 1s assumed to be:
z Yz
T(x,7.5) = 3) + S T35+ = 2 (x,) (10)
Where
h . [ »=
Y(z}) =—smn| —
B = ( . J (11)
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The principle of virtual works of the considered PFG-sandwich plates is expressed as gU + gV'=0 where
gU is the variation of strain energy; and gV is the variation of the virtual work done by external load
applied to the plate. The governing equations can be obtained as follows:

) N éN_
Ju,: —+——=0
&y
. ON_ N,
&, : T2 =0
cx ay
] FM: M FM (12)
& W, : —+2 — o ——=
'’ Exdy oy
5 FM: a8*. a8~
F0: -k M-k, M —(kA+k, B )—= +k A'—=+k, B'—== 0
' S B dxcy ox E ay

Based on the Navier method, the following expansions of displacements are

u U cos(ex x)sin(f3 v)

_ [Vsin(a x)cos(5 y) 13
W, W sin(ex x)sin(f y) =

0 X sin(a x)sin(f y)

=

¥,

=

where (U ,V W, X ) are unknown functions to be determined and ¢ =7 /a and f=7/b.

In the present work, the transverse temperature loads T1, T2, and T3 in double sinus series form as:

sin{e x)sin( 3 ) (14)

e B R |
Il
e[|

Lk

The closed-form solution can be written as following matrix form:

Bo % 550w e
S 5 X80l e
12 12 2 4 i (15]
A} 13 N 23 S 31 N 34 W Ps
Sl-i 534 334 344 X R.

Where

Sy =-(4.a" + 4.8°)

82 =—ap (4, +4y)

S,y =a(B,a’ + BB’ +2B, )

S,y = a(kB} + kB, —(k A+ k,B") B, 5
5 (A’ + 4,5°)

Sy, = B(Buf + By’ +2B,a° )

(16)
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And

8, =—(Dya' +2D, +2D,)a’ B’ + D, ')
Sy, ==k (Dja® + D}, B )+ 2k, A'+ k,B") D}y’ B° ~k, (D3, B + Diyar® )

P=a(d'T,+B'T,+"“B'T,)
P,=B(A'T +B'T,+"B'T)
P, =-h(a’ + F°)B'T, + D'T, + “D'T;)

-F:. =-h{ﬂ2+ﬂ1]{'\3?-?} +.\-DJ'T1 g .rFI':!r;)

S, =—k (H\k +HLk ) - (k A+ k,BY Hoo  —k, (H\k, + HLk, ) - (kA') da” —(k,B') A 5

(17

Where and (L7, aLT, RT) are coefficients calculated by integral summation formulations, in which

Z=z/h f(z)=f(z)/hand @#H(z) =w(z)/ h.

3. Results and discussion
In the following three sections, the results have been presented.

3.1. Comparisons and validation
A comparison has been done to verify the accuracy of the present theory of different models of
homogenization (Reuss, Tamura and LRVE). Results are compared with the mixture model (Voigt)
using by Zankour and Algamidi [22].
The dimensionless transverse and normal stress are expressed as:

_ h {ﬂ b h]
F = — i el
Y wEEa 1220
(18)
-2 (02.0)
T e LEa Y 2
with E, =1GPa and a, =10°K .
Table 2. Axial stresses @, of the FG square plates (T3 = 0).
k  Theory 7
1-0-1 1-1-1 121 212 221
0 Zankour Voigt 2079675000 2079675000  -2.079475000  -2.079675000 -2.079675000
Present Reuss  —2.079675000 2079675000  —-2.079675000 2079675000 -2.079675000
LRVE  —2.079675000 —-2.079675000 2079675000 2079675000 —-2.079675000
Tamura —2.079675000 2079673000 2079475000 20796735000 -—2.079675000
1 Zenkour Voigt -1.993962994 -2 144483622 2262070783 2071720141 -=2.276270538
Present Reuss  —2.054001279 -2 206426851 —2.319985581 -2.133961897 -2.328859434
LRVE 2019721781 -2.170723580 228670579 2098127768 -—-2.2098733479
Tamura —2.054001279 -2206426851 2319985581  —2.133961897 —2.328859434
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3 Zenkour Voigt —1.764722947 —1.912070024 2065545648  —1.B30280890 -—2.099358095
Present Reuss  —1.780352582 1937106476  —2.093543390 —1.851668884 —2.122979641
LEVE —1.772412913 -—1923584710 —2.078438949  —1.840257943 —2.110349605

Tamura —1.780352582 -1937106476  —2.003543390 —1.851608884 —2.122979641

5  Zenkour Voigt -1.726018580 —1.851951252 2008943548 —1.7757829d6 —2.052753400
Present Reuss  —1.731998461 —1865654772 2025948107 —1.786255940 -2.066835810
LEVE -1.729130531 -1858346729 2016889735 —1.780777417 -—2.059428200

Tamura —1.731998461 -—1865654772 2025948107 —1.786255940 -2.066835810

Table 2 presents the variation of dimensionless axial stress “c x ” of the square FG-sandwich plate
subjected to linearly thermal load “ 73 = 0" versus volumes fractions (material index “ &k ) for different
values of layer thickness ratio. It is remarkable that there is a proportional relationship between the index

“ k> the dimensionless normal stress “c x”’

Table 3. Shear stresses T, of the FGM square plates (T3 =—100).

K Theory

r:'l"‘_'

1-0-1 1-1-1 1-2-1 2-1-2 2-2-1
0 Lenkour Wongt (L.4146850492 (4146850448 (4146850391 (04146850437 04146850439
Present Reuss 04146850492 (4146850448 (4146850391 (04146850437 04146850439
LRYE (0.4146850492 4146850448 04146850391 04146850437 04146850439
Tamura (0.4146850492 (4146850448 (4146850391 (04146850437 04146850439
1 Lenkour Woigt 0.5088666494 0.5057769569 (0.5120235930 03028076163 05078946003
Present Reuss (0.5136021296 4984428129 0.4996166330 (04989271190 0.4972491537
LRYE 0.5087063178 05006052702 0.50453107%1 (04991 TREAS0 04946850439
Tamura (0.5136021296 (4984428129 (.49961 66330 (04989271190 0.4972491537
3 Fenkour Wongt (0L.5103204312 05033093833 (.5165886526 04976905215 05100386919
Present Reuss (.5238TR0098 0.5054862362 (.531659250930 03015862328 05102636411
LRVE 0.5156350522 05037663327 0.5159615534 (4988965994 05012769094
Tamura (L52387R0098 0.5054862362 (.5165250930 05015862328 05102636411
5 Fenkour Woigt (0.5212843911 M 490ETI2T35 (.53036863726 (4852538506 0.5661515630
Present Reuss 0.5357072550 04919895199 0.5166537262 D 4ZTEEOL03E 0.5084226158
LRYE (L.5281264494 04913047274 (.5153580228 04862334163 05071304901
Tamura 0.5357072550 (4919895199 0.5166537262 D 4ZTEEOL03E 0.5084226158

The Table 3 presents the variation of the dimensionless shear stress “ xz 7 of the square FGsandwich
plate subjected to nonlinearly thermal load “ 73 =-100 " versus volumes fractions (material index “ k)
for different values of layer thickness ratio .from the Table 3 the shear stress “ txz ” and the index k have
direct relation. We can see from the Tables 2 and 3 that the present results are in good agreement with all
models studied of homogenization (Voigt Zenkour et al. [22], Reuss, LRVE and Tamura) for all values of
the material index “ £ and all configurations of the FG-sandwich plate (1-0-1, 1-1-1, 1-2-1,2-1-2 and 2-
2-1).

3.2. Parametric study
In this section, the parametric studies are presented in the explicit graphs form. Figure 2 plots the
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variation of the axial stress “c x ” across the total thickness “h ”” of FG-sandwich plate ( k=1) under linear
thermal loads ““ 73 = 0" with different micromechanical models. From the plotted graphs, it is clear that
the compressive stresses are obtained at the top of the plate. We can see that the present results are in
good agreement with different models Voigt, Reuss, LRVE and Tamura for configurations of the FG-
sandwich plate (1-0-1, 1-2-1 and 2-2-1) and the material index k=1 (Figure 2a—c).

05+ 0.3 5 '
—a—Yoigt N —a—"Joigt

0.4 —»— Reuss - —=—Reuss
—a— LRVE 0.3 4 } S ! —a— LRVE

03

—»— Tamum . ‘ —r— Tamura
0,24 ! ! 1-0-1 0.2 \ 1-2-1 -
o . 0.1 _‘.
~ 0,0 ~ 0.0
0.1 4 0.1 - ! ; !
..:,2: 0.2
03 0.3
0.4 0.4
4.5 ' . 1 1 . ] 0,5 ' v ' ' ! 3
28 20 18 4D 08 00 03 10 13 20 23 28 20 -13 4D H8 00 0% 40 15 20 23
= o
O k- ]
(a) (b)
05~ )
—a— Voigt
0.4 - —ea— Reuss
o —a— LRVE
—— Tanura
0.2 4 2241
0.1
r 00
£
02
03
04
o ! - . . y
25 .20 .16 .10 05 00 O5 10 18 20 25
U.-'I:'.I'
(c)

Figure 2. Effect of different micromechanical models on the axial stress @, of FG-sandwich.

Figure 3 illustrates the variation of the “ 1xz ” through the total thickness of the 1-0-1, 1-2-1 and 2-2-1
FG-sandwich plate under linear thermal loads “ 73 = 0”. It is noted that the shear stress “ 1S
parabolically varied through the total thickness of the FG-sandwich plate. We can see that the present
results are in good agreement with different models Voigt, Reuss, LRVE and Tamura for configurations

ofthe FG-sandwich plate (1-0-1, 1-2-1 and 2-2-1) and the material index k=1(Figure 3a—c).
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Figure 3. Effect of different micromechanical models on the axial stress &, of FG-sandwich.

X

3.3. Effect of the thermal loads on the normal and shear stress

In the present section three types of the temperature distribution across the thickness are considered. The
first one, the temperature is linearly distributed through the thickness 7= z72 , in the second type the
temperatures vary nonlinearly across 4 (T=zT2+ w(z)T3) and the third type is reserved for a combination
oflinear and nonlinear distributions 7\(z)=T 1+ (z/h)T2+(y(z)/h) T3

Figure 4a shows the distributions of the axial stress “ox ” through the total thickness of the simply
supported 2-2-1 FG-sandwich plate for various values of the thermal load (7/=100), 72 =100 and 73=
100 with (£ =1). From the plotted curves, it can be observed that the axial stress “c x ™ is ¢ influenced by
the values of the thermal load.

Figure 4b plot the variation of the shear stress ““ zxz > through the thickness h of the 2-2-1 square FG-
sandwich plate (k=1). For different values of the thermal load ( 7/ =100), 72=100 and 73=100. It

can be noted from the graphs that the shear stress “ zxz” has a parabolic variation through the thickness.
The maximal values of the shear stress *“ zxz > are obtained at the mid-plane axis “z=0". And itis clearly
influenced by the values of the thermal load.
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Figure 4. Effect of the thermal load 7/, 72 and 73 on the axial and transvers stress (oxx, mxz ) of the (2-2-
1) FG-sandwich plate (k= 1) for Voigt model.

4. Conclusions

In this investigation, the impact of (Reuss, LRVE, Tamura) homogenization or micromechanical models
on the axial and shear stress of sandwich functionally graded materials plate subjected to linear and
nonlinear thermal loads have studied. The static and elastic behavior of the simply supported is
considered. Using an integral higher shear deformation theory (HSDT), the governing partial
differential equations are solved in the Cartesian coordinate via Navier solution method.

Those Numerous micromechanical models have been examined to attain the effective material
properties of the two-phase FGM plate (Metal and ceramic). The numerical results are compared with
those given by other model existing in the literature to confirm the accuracy of the (HSDT). The present
results are in good agreement with all models studied of homogenization for all values of the material
index and all geometry configurations of the FG-sandwich plates.
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ABSTRACT

Industrial wastewater contains non-biodegradable dyes that are highly toxic to humans and aquatic life.\
As solution from photocatalytic degradation, TiO2 is one of the effective photocatalysts for wastewater
degradation, but it has low adsorption power. To overcome this deficiency, this study synthesized a new
photocatalyst by Fe-TiO2/zeolite H-A. The photocatalyst was successfully synthesized by the
impregnation method and was systematically characterized by XRD, XRF, SEM, FT-IR and UV-Vis DRS.
XRD diffractogram at 20 = 25.3°showed anatase phaseof the photocatalyst. SEM results showed a rough
and soft surface with a size of 491.49 nm. FT-IR analysis obtained the zeolite-A characteristic band,
vibration of Ti-O-Ti groups and the vibration of the Fe-O group. The bandwidth of the band gap was 3.16
eV. The photocatalytic efficiency of methylene blue degradation reached 89.58% yield with optimum
conditions: irradiation time of 50 min, pH 9 and concentration of methylene blue about 20 mg/L. Fe-
TiO2/zeolite H-A as a new photocatalyst can be an alternative photocatalyst to purify methylene blue.

Keywords: dye degradation; photocatalyst; TiO2; zeolite A; ferrous material.
J

1. Introduction

Textile dye come from the dyeing process, in which 10—-15% of the used dyes cannot be recycled that still
contain non-degradable dyes [1,2]. This is because the structure of the textile dye has one or more azo
groups (R-N=N-R’) and an aromatic ring which are mostly replaced by a sulfonate group and an
aromatic structure [3]. Therefore, waste dye must be separated before it is discharged into rivers.

Several methods of removing waste dye, known as Advanced Oxidation Processes (AOPs), have been
developed previously, including physical, biological and chemical process such as ultra-filtration,
reverse osmosis, adsorption, coagulation, flocculation, ozonation, membrane filtration, biological
treatment, chemical oxidation, electrochemistry and ion exchange [4,5]. However, the technique has
several disadvantages, such as high cost, high chemical dosage and incompetent separation results,
because it produces secondary wastes (by-products) such as sulfonates, phenols and many aromatic
compounds which are more toxic than the initial wastewater contaminants [6]. The removal technique
by photocatalytic degradation is reported as one of the appropriate and

efficient techniques because the separation does not produce secondary contaminants [7,8]. The
photocatalytic degradation process occurs when electron-hole pairs (e—and h+) interact with industrial
wastes to produce highly reactive hydroxyl radicals (OHe¢), which are capable of oxidizing various
contaminants (organic compounds) into simpler molecules such as CO2, H20 and low levels of acidic
minerals [6,9,10].

Titanium (IV) oxide (TiO2) is one of the important semiconductor compounds for photocatalysts
because of its high photocatalytic activity, low toxicity, good electrochemical properties, excellent
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chemical stability, high redox potential, non-toxicity, inexpensiveness, erosion-resistance, abundancein
nature, excellent stability over a wide pH range and environmental friendliness [11-14]. One TiO2
phase is the anatase phase, which has bandgap energies of 3.2 eV [15,16]. Fe3+ ion sources are abundant
in nature, cheap and easy to modify [17]. Fe3+ can reduce the recombination rate of electron and hole
pairs [18] and establish energy levels inside the forbidden band gap [19]. Fe3+ cations have a smaller
ionic radius of 0.55 A compared to Tid+ cations (0.61 A) and are expected to be able to partially replace
Ti4+ cations in the TiO2 lattice structure. In the previous study, 1.75 wt% Fe-TiO2 nanoparticles
(anatase phase) were used for photocatalytic degradation of Methylene Blue at about 76% with
conditions 0f0.03 g/L catalyst dosage, 30 mg/L. Methylene Blue (50 mL), UV lamp and 2 h reaction [20].
For increasing the degradation efficiency, zeolite can be an option, because it can delocalize excited
electrons of TiO2 and minimize e—/h+recombination [21,22].

Zeolite Linde Type A (Zeolite LTA or zeolite A) is a synthetic zeolite with a very small pore diameter of 4
A. Zeolite A is generally synthesized in the form of Na-zeolite with the formula
Nal2[(Al02)12(Si02)12]-27H20 and has a 3D pore structure consisting of a sodalite cage connected
through a hollow double ring 4 (D4R) of [Si0O4]4—and [Al04]5—. 3D structure: D4R, sodalite cage and
a-cage [23]. The pore diameter of zeolite A is 0.23—0.42 nm, and it has a Si/Al molar ratio of 1 or close to
1 [23]. The property advantages of zeolite A were low molar ratio, low cost and high thermal stability.
Therefore, zeolite A has great potential for separation, catalyst, adsorbent and wastewater treatment
applications [24].

The research carried out synthesis of a photocatalyst by adding 2 materials at once: Fe+3 ions
areimpregnated into TiO2 (anatase phase), known as Fe-TiO2, and it is then impregnated into Zeolite H-
A. The purpose of this research is to investigate and study the photocatalyst TiO2 with the modification
of the addition of Fe metal and zeolite H-A (called Fe-TiO2/Zeolite H-A), by confirmation of the results
of XRD, XRF, SEM, FT-IR and UV-DRS. In addition, another objective is to study the resulting
photocatalytic activity. The photocatalyst activity of Fe-TiO2/zeolite H-A was studied by using it for the
degradation of methylene blue dye as a model pollutant. The photocatalytic performance of the
synthesized photocatalyst was investigated under UV. The degradation was carried out with several
parameters of contact time, pH and initial concentration of dye. In addition, until now, the development
of photocatalysts with the addition of metal and a porous matrix (zeolite) as well as with TiO2 is still
rarely done.

2. Materials and methods
All reagents were used from analytical grade: Zeolite A (Merck), ammonium chloride (NH4CI 1 M),
TiO2 powder (Sigma Aldrich), Fe(NO3)3-9H20 (Sigma Aldrich), ethanol (99%), demineralized water.

2.1. Preparation of zeolite A

Preparation of zeolite A was carried out using the ion exchange method. The process was assisted with an
acid solution to obtain zeolite H-A. First, 5 g of zeolite Na-A was added, and then 50 mL of 1M NH4Cl
(1:10) was added with stirring using a shaker for 1 h at 150 rpm. After that, it was allowed to stand for 24
h. The mixture was filtered and neutralized with demineralized water to get a neutral pH. After that, the
powder (residue) was dried in an oven at 115 °C for 2 h. The dried powder was calcined at 450 °C for 4 h.
The calcined powder was zeolite H-A.

2.2. Synthesis of Fe-TiO2/zeolite H-A

Synthesis of Fe-Ti02/zeolite H-A photocatalyst was begun with the synthesis of Fe-TiO2. The synthesis
of Fe-TiO2 was carried out with a modified method [25]. The synthesis method was the impregnation
method. Fe(NO3)3-9H20 powder was added to TiO2 powder with 3% of TiO2 weight in 100 mL of
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demineralized water. The solution was stirred with a magnetic stirrer for 1 hour and then heated at a
temperature of 80-90 °C. The residue was centrifuged and washed with demineralized water to pH 7.
The obtained solid was then calcined at 400 °C for 2 h. Furthermore, the synthesis of Fe-Ti02/zeolite H-
A was carried out by a modified method [26]. 1.4 g of Fe-TiO2 and 8 g of zeolite H-A were added into 10
mL of ethanol with stirring for 5 h. The mixture was filtered and neutralized. The residue was dried in an
oven at 120 °C for 5 h. The solid was then calcined at 450 °C for 3 h.

2.3. Characterization for Fe-TiO2/zeolite H-A

Crystal structure and phase were identified by Powder X-ray Diffraction (PXRD) (PANanalytical
E’xpert Pro). The crystalline element content was analyzed by X-ray Fluorescence (XRF) (brand:
PANalytical; type: Minipal 4). Surface morphology analysis with various magnifications was
performed by Scanning Electron Microscopy (SEM) (FEI Inspect-S50).

Functional group investigations were carried out by Fourier Transform Infra-Red (FT-IR) (Shimadzu
IRPrestige 21). UV-Vis DRS (Analytik Jena Specord 200 plus) with a wavelength of 1100-200 nm was
used to obtain band gap values, absorbance data. The obtained data was then processed using the Tauc
plot equation with Origin software.

2.4. Photocatalytic degradation of Methylene Blue

The photocatalytic degradation process with UV irradiation was carried out in a cube-shaped box. All
sides of the box covered in the dark (black light) box, and a 20-watt UV lamp was used. A stirrer was
provided in the cube as a stirring device.

The degradation process was carried out as follows: 50 mg of Fe-TiO2/zeolite H-A photocatalyst was
put into a 50 mL Beaker glass. 10 mg/L of methylene blue was pipetted and diluted to 25 mL. Then,
methylene blue was added to the photocatalyst. The mixture was stirred and irradiated with UV for
10-50 min with an interval of 10 min. After the irradiation process, the suspension was filtered to
separate the supernatant and the precipitate. The supernatant obtained from each beaker was measured
for absorbance with a UV-Vis spectrophotometer at a wavelength of 664 nm. The absorbance value
obtained was then analyzed to get the linear regression equation, so the optimum time was obtained. The
obtained data was then used in the formula for the percentage of degradation (Efficiency percentage)
through the following equation.

CD _‘Ct

Ef ficiency percentage = x 100 (1)

0
Co and Ct are the initial concentration of methylene blue and the concentration after the degradation

process, respectively. The same procedure was repeated for pH (3, 5, 7, 9) and concentration of
methylene blue (10, 20, 30,40, 50 mg/L).

3. Results and discussions

3.1. Activation of zeolite A

In Zeolite H-A form, the acidic site in the zeolite framework transformed into a soft acid site (zeolite H-
A), so it is more easily substituted by Ti4+ ions [27]. On the other hand, zeolite pretreatment or zeolite
activation is to reduce impurities that cover the external surface and pores of the zeolite [28]. The
modification of zeolite A to zeolite H-A was carried out using a solution of ammonium chloride (NH4Cl)
through the ion exchange method. The ion exchange process occurs between metal cations alkali metals
(Na+, K+) and alkaline earths (Ca+, Ba2+) with ammonium cations (Nh4+) from HH4Cl, because metal
cations have weak ion-dipole interactions with zeolites. The interactions support ion-exchange as shown
in XRF results (Table 1) [29].
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The XRD results are shown in Figure 1. Based on Figure 1, diffraction peaks of raw material appear at 20
=10.24°, 12.53°, 16.19°, 20.51°, 21.76°, 24.09°, 26.22°, 27.22°, 30.95°, 32.66°, 33.49°and 34.29°,
which have the same crystal characteristics as zeolite A or zeolite Linde Type A (LTA) as the ICSD
database No. 150097. This confirmed that the used raw material of zeolite was zeolite A. The XRD
pattern of the zeolite H-A (Figure 1b) showed no peak shift and no significant diffractogram changes.
This showed that the treatment of zeolite A to zeolite H-A did not change the crystal structure of the
zeolite and the crystal phase compared to the initial zeolite. In addition, Figure 1 showed a fairly sharp
diffraction peak, and this indicated the formation of zeolite H-A.

Based on the FT-IR results (Figure 1), the spectrum of zeolite LTA material appeared. The presence of
the OH group of H20 was indicated by the absorption band at 3365 cm—1(bending vibration). The
stretching vibration of the OH group of the silanol group (Si-OH) was shown in the absorption band of
1648 cm—1 The absorption bands of the O-T-O group (T = Si, Al) were shown at 677 cm—1(symmetrical)
and 1000 cm—1(asymmetrical). The absorption at 552 cm—lindicated the external vibration of the
double ring (D4R or D6R), which is a characteristic of the zeolite LTA structure [30]. The absorption
band at 475 cm—lindicated a bending vibration of the T-O group (T =Si, Al), and the absorption band at
400-370 cm—1lindicated the open pores of the zeolite framework material [31]. Furthermore, the FT-IR
spectrum of the zeolite H-A showed a slight shift in the absorption wavenumber and intensity, so it did
not have much different results from the initial zeolite A. The absorption band at 1400-400 cm—1
appeared in the zeolite H-A spectrum; the absorption band is a typical absorption band of LTA zeolite
(zeolite A) [32]. This shows that the preparation process of zeolite A to zeolite H-A was successful
without damaging the structure of the zeolite.

Supporting data confirmed by looking at changes in the level of elemental composition in the zeolite
using XRF characterization. The XRF results are shown in Table 1. The data was used to calculate the
Si/Al zeolite ratio. It was known that the ratio of Si/Al zeolite from zeolite A to H-A has changed from
2.03 to 1.98, but this zeolite has a ratio value of more than 1, which is different from the molar ratio of
zeolite A in general. For example, zeolite A with a Si/Al molar ratio more than 1 was zeolite ZK-4 [30].
Thus, the used zeolite material is still a group of zeolite A. This study still uses the term zeolite A because
the complexity of dimensions, structure and impurities are the same as zeolite A [32].
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Figure 1. XRD pattern (a) and FTIR (b) of zeolite H-A and zeolite A.
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Table 1. XRF results for activation of zeolite A.

Pretreatment Al S1 Na P K Ti Cr Fe N1 Cu Ba Yb
Zeolite A (%) 318 647 57 13 062 097 011 023 0054 0.14 - -
Zeolite H-A (%) 328 650 33 - 031 090 009 024 001 011 02 0.2

The SEM results are shown in Figure 2. Figure 2a presented a typical cube-shaped micrograph with
zeolite LTA morphology [30]. Figure 2b presented a micrograph of the pretreated zeolite that is not
different from the initial zeolite. The zeolite has a uniform size even though there is a small crystal size
around it. This shows the zeolite pretreatment from Na-A to H-A does not damage the initial zeolite
structure. The average particle sizes of zeolite Na-A and H-Awere 516.50 nm and 511.74 nm.

-

20pum 2 l'_flpml-:'.-

—_—

Figure 2. SEM of (a) zeolite Na-A and (b) zeolite H-A.

3.2. Characterization of Fe-TiO2/zeolite H-A photocatalyst

XRD patterns of TiO2, Fe-TiO2, zeolite H-A, TiO2/zeolite H-A and Fe-TiO2/zeolite H-A are shown in
Figure 3. The used TiO2 showed sharp peaks at 20 =25.34°,37.83°,48.07°, 53.92°,55.09°, 62.72°, and
these peaks indicated an anatase structure, which is in accordance with JCPDS card No.21-1272[33,34].
The XRD pattern of Fe-TiO2 did not show a significant diffractogram difference with pure TiO2, as well
as the characteristic peak of anatase at 20 = 25.3274°. After the impregnation, no diffractogram pattern
related to the characteristics of Fe element was observed. This is possible because the amount of the
added Fe(NO3)3-9H20 powder was too low, so it is difficult to detect in XRD. On the other hand, the
size of the Fe3+ ion radius (0.69 A) is almost the same as the Ti4+ ion (0.74 A), so Fe3+ ions can easily
replace Ti4+ ions and combine into the structure of TiO2 [35]. The XRD results show that there is no
significant difference between TiO2/zeolite H-A and Fe-TiO2/zeolite H-A. XRD peaks at 20 =
25.34°(TiO2/zeolite H-A) and 20 = 25.31°(Fe-TiO2/zeolite H-A) indicate the presence of an anatase
phase of TiO2 and a typical zeolite diffractogram pattern, respectively. This shows that the addition of
Fe3+ impregnation does not change the phase of TiO2. Further characterization was carried out by
looking at the elemental composition using XRF. The results of XRF characterization can be seen in
Table 2.
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Figure 3. XRD pattern of TiO2, Fe-TiO2, zeolite H-A, TiO2-zeolite H-A and Fe-TiO2/zeolite H-A.

Table 2. XRF results of TiO2, Fe-TiO2, zeolite H-A, TiO2/zeolite H-A, Fe-TiO2/zeolite H-A.

Content (%0)  TiO, Fe-TiO, Zeolite H-A  TiOs/zeolite H-A  Fe-TiO,/zeolite H-A
Ti 08.74 97.46 0.1 53.8 41.1
Fe - 1.01 0.24 0.15 0.723
Si - - 65.0 26.7 23.2
Al - - 32.8 19.5 33.1
P 0.22 0.18 - - 0.56
Ca 0.11 - - - -

Z 0.22 - - - -

Tm 0.21 - - - -

W 0.24 - - - -

Re 0.05 - - - -

Pt 0.20 0.31 - - -

Os - 0.91 - - -

Cu - - 0.11 0.10 0.096

Based on Table 2, the composition of the synthesized Fe-TiO2/zeolite H-A photocatalyst consisted of Ti
(Ti02), Fe, Siand Al (zeolite component) with elemental contents of 41.1%, 0.723%, 23.2% and 33.1%,
respectively. This confirmed that the synthesis of Fe-TiO2/zeolite H-A photocatalyst was successfully
carried out. However, from XRF and XRD results, it is not certain whether Fe-TiO2 and TiO2 have been
evenly dispersed into the external surface of the zeolite.

The FT-IR measurement is carried out with a wavenumber range of 4000400 cm—1 The FT-IR spectra
of TiO2, Fe-TiO2, zeolite H-A, TiO2/zeolite H-A and Fe-TiO2/zeolite are presented in Figure 4.The
absorption band at 1400-400 cm—1 was a typical absorption band for zeolite A. In addition, absorption
bands appeared at 705.91 cm—1(symmetric) and 1002.16 cm—1(asymmetry) of stretching vibrations of
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the T-O-T group (T = Si, Al). The absorption at 1644.7 cm—1confirmed the stretching vibration of the O-
H group produced from the silanol group (Si-O-H) and was strengthened by the appearance of the
bending vibration of the O-H group of H20 which was adsorbed on the absorption band 33063562
cm—1. The TiO2 in the zeolite surface was confirmed by the appearance of absorption at
491.85-1049.28 cm—1, which was the vibrational absorption of the Ti-O-Ti group [36]. The
impregnation of Fe3+ ions into the TiO2 structure gave rise to new absorption at a wavenumber of 1063
cm—1, which indicated the presence of vibrations from the Fe-O group. Previous studies reported that
absorption at 1054—1065 cm—lindicated Fe-O vibrations [37]. Overall, the spectrum can be observed to
have a typical absorption of each component and does not overcome a significant spectrum shift in the
final structure of the synthesized Fe-TiO2/zeolite H-A photocatalyst. This indicated that the
photocatalyst was reacted without any particular reaction [9].
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Figure 4. Comparison of the FT-IR Spectra of pure TiO2, Fe-TiO2, Zeolite H-A, TiO2/zeolite H-A and
Fe-TiO2/zeolite H-A.

The SEM results are presented in Figure 5. The surface morphologies of TiO2 and Fe-TiO2 haveno
significant differences in shape and changes. The surface morphologies were spherical, and agglomerate
with average particle sizes 0of 40.96 nm (TiO2) and 40.56 nm (Fe-TiO2), respectively. Figure 5S¢ shows
the surface morphology of the zeolite H-A with an average particle size of 511.74 nm. Figure 5d shows a
change in the surface morphology of the zeolite after TiO2 addition. It was observed that the TiO2
agglomerates spread over the surface of the zeolite framework [38,39]. The photocatalyst micrograph of
Fe-TiO2/zeolite H-A in Figure Se shows that more agglomerates are spread over the surface of the
zeolite and cover the surface of the zeolite H-A framework, so the surface becomes rough and uneven
after the addition of Fe in TiO2. This indicates that Fe-TiO2 has been well distributed on the surface of
the zeolite and there is no typical change in morphology of zeolite after the addition of Fe-TiO2 [5]. The
average particle size of the Fe-TiO2/zeolite H-A photocatalyst was 491.49 nm, and TiO2/zeolite H-A
was 487.29 nm.
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Figure 5. SEM results from (a) TiO2, (b) Fe-TiO2, (¢) Zeolite H-A, (d) TiO2/zeolite H-A and (¢) Fe-
TiO2/zeolite H-A.

DRS analysis was used to investigate the optical properties of the synthesized photocatalyst. UV-Vis
DRS analysis (Figure 6) was carried out at a wavelength of 200—1100 nm, and then the Tauc plot shown
in Figure 7 was created. The energy band gaps of Fe-Ti02, TiO2/zeolite H-A and Fe-TiO2/zeolite H-A
obtained from the calculation of the Tauc plot (Figure 7a—) were 3.18 eV, 3.24 eV and 3.16 eV,
respectively. These results indicated that the energy band gap of the Fe-TiO2/zeolite H-A photocatalyst
has the smallest value. In addition, there was a decrease in the band gap after TiO2 was added with Fe3+
ion and the zeolite. This indicates that the reducing of the energy band gap has been achieved.
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Figure 7. Result of Tauc plots for (a) Fe-TiO2, (b) TiO2/zeolite H-A and (¢) Fe-TiO2/zeolite H-A.
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3.3. Study of the photocatalytic degradation
Methylene blue degradation with Fe-TiO2/zeolite H-A through a photocatalytic process can be seen in
Figure 8.
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Figure 8. Methylene blue degradation: Efficiency percentage versus Irradiation (a), pH (b), dye
concentration (c¢) and the photocatalyst (d).

Based on Figure &, the optimum irradiation time of the Fe-TiO2/zeolite H-A photocatalyst to degrade
methylene blue was 50 min with a degradation of 87.87%. After it, the decrease of irradiation time
occurred due to the Fe-TiO2/zeolite H-A photocatalyst being saturated. Moreover, pH plays a very
important role in the formation of hydroxyl radicals (OH¢) [40]. The optimum pH was pH 9, because
methylene blue is a cationic dye (positive charge), so at alkaline pH it can increase the photocatalytic
degradation. At alkaline pH, the surface of TiO2 is negatively charged, which causes an increase in the
electrostatic attraction between methylene blue and TiO2 in the photocatalyst. This can be explained by
the theory of pHpzc (pH Point of Zero Charge). TiO2 has a pHpzc value of 6.8 when the oxide surface is
uncharged. The surface of TiO2 is positively charged when the pH value is less than 6.8 (acidic pH) and
negatively charged when pH more than 6.8 (alkaline pH). Finally, efficiency percentage of methylene
blue degradation increased with increasing initial methylene blue concentration until it reached a certain
limit and then decreased with increasing concentration. Optimum concentration of Methylene Blue was
20 mg/L. If a small amount of UV light reaches the photocatalyst, then the number of electrons will
reduce [41]. The presence of zeolite as a support for TiO2 will result in the preservation of nearby dye
molecules, thereby increasing the rate of degradation [5]. Another reason is that, with the presence of Fe
element and zeolite H-A as a photocatalyst, Fe-TiO2/zeolite H-A has a smaller band gap energy than
pure TiO2. The narrower energy band gap means that the distance between the valence band and the
conduction band is narrower, so electron excitation is easier, and consequently photocatalytic activity is
increasing [42].So, the degradation performance of the modified TiO2 was higher than the pure TiO2
[43].
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4. Conclusions

Fe-TiO2/zeolite H-A photocatalyst was synthesized using the impregnation method. The synthesized
photocatalyst was used for the cationic degradation of methylene blue as a model pollutant in
wastewater. The successful synthesis of Fe-TiO2/zeolite H-A was proven by XRD, SEM, FT-IR and UV-
Vis/DRS. XRD results at 20 = 25.3°showed an anatase phase of the photocatalyst, SEM results showed
particle size about 491.49 nm, FT-IR analysis obtained typical bands of zeolite at wavenumbers 490 and
1720 cm—1, and the absorption appeared at 491.85-1049.28 cm—1, which was the vibrational absorption
of the Ti-O-Ti group. The addition of Fe3+ ions into the TiO2 structure gave rise to new absorption at
1063 cm—1, which indicated the presence of vibrations from the Fe-O group. The band gap width of the
synthesized nanocomposite was 3.16 eV, and this value was very close to the band gap of pure TiO2.
Furthermore, the photocatalytic efficiency of Fe-TiO2/zeolite H-A against methylene blue was 89.58%
with optimum conditions: irradiation time of 50 minutes, pH 9 and concentration of methylene blue
about 20 mg/L. The Fe-TiO2/zeolite H-A photocatalyst has been successfully synthesized and can be
developed as a promising photocatalyst for the degradation of wastewater dyes.
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ABSTRACT

4 N
Low alloy nickel steel was chosen for this experiment because it is suitable for grinding balls application

due to its high hardness and corrosion resistance. This study aimed to see the effect of different sub-zero
treatments on the hardness, fractography and corrosion properties of low alloy nickel steel. The prepared
specimens were heated to the austenitizing temperature of 980 °C in a furnace for one hour and water-
quenched until they reached room temperature. Furthermore, the quenched specimens were chilled in
liquid nitrogen for a variated time of 10, 60 or 360 min,followed by tempering treatment at 200 °C for one
hour. According to the hardness test, the sub-zero treatment is effective in hardening materials, where the
hardness value increases as the sub-zero treatment time increases, ranging from 204.93 to 417.98 HV. The
fractography test indicated ductile fracture characterized by dimples at the fractured surface. Moreover,
the corrosion test showed an enhancement of corrosion resistance with increased sub-zero treatment time.

Keywords: sub-zero treatment; grinding ball; hardness; fractography; corrosion
G J

1. Introduction

Grinding in the milling process is an essential process to reduce the sizes of particles in mining
metallurgy, the cement industry and the chemical and power industries using steel grinding balls [1].
Almost half of the world’s milling circuits use ball mills, and 90% of mining operations utilize balls
as grinding devices [2]. One of the most popular milling machines is the cement mill, which is used
to crush raw materials such as lime, silicate, alumina and iron oxide using grinding balls [3]. The
quality and efficiency of the grinding process are greatly affected by the grade and characteristics of
grinding balls [4]. The minerals usually have high hardness, meaning the grinding ball must maintain
its shape during the milling process [5]. Therefore, the grinding balls must meet the requirements
such as good hardness and corrosion resistance [6].

Grinding balls are commonly made from low alloy steel with different carbon contents (0.7 to 0.8
wt%) and alloyed with manganese, chromium (up to 1 wt%), molybdenum (up to 0.025 wt%) and
copper (up to 1 wt%) [7]. The alloying method is useful not only to maintain a suitable value of
hardness but also to improve corrosion resistance along the ball cross-section [8]. The low alloy
nickel steel was chosen in this experiment because it performs better than high carbon martensitic
iron for grinding ball application due to the work hardening effect during the service [9].
Furthermore, the presence of chromium and nickel in these alloys will significantly improve
mechanical properties and corrosion resistance [10]. According to the previous work, the low alloy
steels are proven to have high hardness and abrasion resistance properties, which are suitable for
grinding balls [11]. The addition of Cr, Mo and Cu also affects the hardness gradient of the grinding
ball from the hard surface (martensite) to the soft core (perlite) [12].

The critical factor in grinding ball application is the total wear of the grinding balls, which consists
of abrasion, corrosion and impact properties [13]. For that reason, it is hard to divide the
contributions of each mechanism toward wear properties [14]. The corrosion and dissolution ofmetal
surfaces during grinding becomes more than half of the complete wear of grinding balls [15]. The
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corrosion mechanism is also important to explore because of its significant effect on the total wear of
grinding balls [16]. Furthermore, to obtain the best performance and durability of grinding balls, the
affecting factors such as fabricating methods based on properties, heat treatment and chemical
composition become crucial [5]. In this paper, the value of hardness, surface cracking and corrosion
properties will be evaluated.

The utilization of heat treatment with the rolled steel balls, such as quenching followed by tempering, is
appropriate to enhance the mechanical properties [17]. The addition of sub-zero treatment as the
hardening treatment to the grinding balls is believed to enhance the durability of grinding balls [18]. Sub-
zero treatment (also called cryogenic treatment) refers to the treatment process at low temperatures
(lower than —80 °C) added to the conventional heat treatment (CHT) [19]. The effect of the sub-zero
treatment can cause a significant reduction of the retained austenite and martensite refinement and
balance out the products [20]. The essential factor in subzerotreatment is that the treatment should be
done as quickly as possible after quenching to avoid the degradation of the properties of materials [21].
This study investigated the effects of different sub-zero treatments on the hardness, fractography and
corrosion properties of low alloy nickel steel.

2.Materials and methods

The chemical composition of low alloy nickel steel is presented in Table 1. The process was started by
specimen preparation using the machining process to customize sample testing standards. The prepared
specimens were subjected to the conventional heat treatment, which consisted of gradual heating up to
the austenitizing temperature of 980 °C in the furnace for 1 h. Then, the specimens were quenched until
they reached room temperature using water. After that, the quenched specimens were cooled using liquid
nitrogen for 10 (C10), 60 (C60) and 360 (C360) min. Furthermore, the Fe-Ni-Cr-Mo specimens were
removed from the nitrogen reaction tube and placed in the open air until their temperature reached room
temperature. Then, the Fe-Ni-Cr-Mo specimens were tempered at 200 °C for 1 h to minimize residual
stress.

Table 1. Chemical compositions of Fe-Ni-Cr-Mo specimens.

Specimen Al (wit%)  Mn (wt%) S1(wt%) Cr(wt%) Ni(wit?) Mo (wit%) C(wit%) Fe (wit%)
FeNiCrMo-3 0.01 0.35 0.42 0.03 2.26 0.0008 0.02 Bal.
FeNiCrMo-4 0.08 0.47 0.48 1.23 2.03 0.89 0.04 Bal.

The mechanical properties of samples were examined using the micro-Vickers test with 0.3 kN of
loading and 10 s of pressing time. The fractography images of specimens after the impact test were
observed using SEM-EDS. Furthermore, the electrochemical measurement test was done using the
Gamry G750 corrosion measurement system in 3.5% NaCl solution. The 1.1 cm2 specimens were cut
using a cutting machine and installed to copper wire for electrical contact. After that, the specimens were
mounted using resin to cover the unexposed area. The mounted specimens were ground using 120-1200
grit SiC paper with the help of distilled water. Electrochemical measurements were performed using
GAMRY Series G-750 Corrosion Measurement System. The electrochemical measurement utilized Pt
electrode as the counter electrode, saturated calomel as thereference electrode and the specimens as the
working electrode. The open-circuit potential (Eocp) was measured, which is continued by the Tafel
polarization and cyclic polarization test. The potentiodynamic polarization test was performed at a scan
rate of 1 mV/s in £250 mV from the OCP potential. The measurement of cyclic polarization was done
based on ASTM G-61 using potential of =500 mV to +1500 mV, current density of 10 mA/cm2, forward
scan rate of 5 mV/s and reverse scan of 2.5 mV/s. The corroded samples were observed using SEM-EDS
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to determine corrosion morphology and elements contained in corrosion products.

3. Results and discussion

3.1. Effect of sub-zero treatment on micro-Vickers hardness test results

The hardness properties were characterized using micro-Vickers at six spot locations, and the
averaged value was calculated. The labels of specimens showed the time of sub-zero treatment and
material type; for instance, C10-3 indicated 10 min of sub-zero treatment and FeNiCrMo-3
specimens. The analytical graph of micro-Vickers results was also processed using IBM-SPSS
statistical software and the normality test method using Kolmogorov-Smirnov and Shapiro-Wilk.
Figure 1 illustrates the results of the micro-Vickers hardness test of FeNiCrMo specimens that
experienced the sub-zero treatment process, as illustrated. The sub-zero treatment is effective in
hardening materials, where the hardness value increases as the sub-zero treatment time increases.
The hardness value of FeNiCrMo-3 specimens shows values of 204.93 for C10, 228.18 for C60, and
238.55 for C360, indicating an increase in hardness value. An increase of hardness with increasing
sub-zero treatment time can enhance plastic deformation resistance because of restricted dislocation
movement [22]. The longer the sub-zero treatment duration is, the more dislocation movement is
prevented, resulting in a greater hardness value. The hardness and modulus values dropped as the
indenter displacement expanded [23]. Furthermore, the enhancement of flow stress (a hardness) with
decreasing temperatures can also enhance sub-zero treatment specimen’s wear and friction behavior
[24].

The hardness values of FeNiCrMo-4 specimens show the values of 390.27 for C10, 417.98 for C60
and 333.65 for C360. The hardness value of FeNiCrMo-4 specimens with 60 minutes of subzero
treatment time is the highest of all the specimens worth 418 Hv. The increase of hardness value is
caused by the uniform distribution and refinement of the grains after sub-zero treatment [25]. The
hardness value of FeNiCrMo-4 specimens is higher than FeNiCrMo-3 with the same sub-zero
treatment time. This phenomenon is affected by CrMo chemical composition in the alloy, where the
FeNiCrMo-4 specimens have a higher content of element alloying [26]. Table 2 shows that the
significance value is above 0.05 using Kolmogorov-Smirnov and Shapiro-Wilk normality test, so the
hardness properties results are normally distributed. Table 3 shows the results of ANOVA for
hardness using micro-Vickers hardness measurements, which reveals that the Sig value <a (0.05)
proves the variation in process treatment has an effect.
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Figure 1. The hardness properties of the FeN1CrMo with various quenched.
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Table 2. The hardness test data of FeNiCrMo with normality test.

Specimens Kolmogorov-Smirnov* Shapiro-Wilk
Statistic  df Sig. Statisic  df Sig.
Hardness C10-3 0.261 6 0.200° 0.789 6 0.047
Cl0-4 0.222 6 0.200" 0.953 6 0.765
C60-3 0.276 6 0.169 0.837 6 0.123
Co60-4 0.159 6 0.200° 0.986 6 0.978
C360-3 0.158 6 0.200° 0.987 6 0.980
C360-4 0.200 6 0.200° 0.973 6 0.910
Table 3. The hardness test data of FeNiCrMo with one-way ANOVA test.
Hardness Sum of squares  df Mean square F Sig.
Between groups 246847.152 5 49369.430 197.946 0.000019
Within groups T482.253 30 249 408
Total 254329.406 35

3.2. Effect of Sub-zero treatment on fractography of Fe-Ni-Cr-Mo results

Figure 2a—d indicates SEM characterization results of low alloy nickel steel specimens’ fracture
surfaces, showing dimples (black arrows) and brittle fracture (red arrows) in all specimens. Figure 2a
characterizes ductile fracture, which reveals dimples (black arrows) in the fractured surface for the
FeNiCrMo C10-4 sample. Figure 2c shows fine dimples (black arrows) in the fractured surface
conforming to ductile fracture characteristics. This phenomenon is caused by increased formability
from low alloy nickel steel alloy and the temperature sensitivity of stress required for dislocation
motion [27]. The shorter time of sub-zero treatment causes lower stress involved to move
dislocation, which causes deformation is preferred. Figure 2b,d indicate ductile tearing and quasi
cleavage facets [28]. This phenomenon happened due to the enhancement of sub-zero treatment time,
which increases the difficulty in cross slip in the material, affecting the enhancement of flow stress,
strain hardening exponent, and decreasing the plasticity of materials [29].
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Figure 2. Fractography images of (a) FeNiCrMo C10-3, (b) FeNiCrMo C60-3, © FeNiCrMo C10-4,
(d) FeNiCrMo C60-4 showing topological changes.

The microvoids with spherical shapes were also found in Figure 2a—c with yellow arrow marks, but
Figure 2d is not showing the microvoids. The microvoids were formed in heterogeneous areas where
the size and distribution of heterogeneities influence void formation, growth and coalescence [30].
The higher hardness of the matrix will enhance the number of voids required to propagate a fracture
[22]. Figure 3a—d refers to EDS mapping of low alloy nickel steel fracture surfaces. Figure 3a,b
indicates C, Fe and Ni elements in the specimens where the dark areas are less elemental. Figure 3c,d
shows the elements C, Cr, Fe, Ni and Mn evenly distributed in the FeNiCrMo-4 specimens.
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Figure 3. EDS Mapping of crack surfaces of (a) FeNiCrMo C10-3, (b) FeNiCrMo C60-3, (¢)
FeNiCrMo C10-4 and (d) FeNiCrMo C60-4.

3.3. Effect of Sub-zero treatment on microstructure experimental results

Figure 4a—f reveals the morphological structure of FeNiCrMo alloy with different times of cryogenic
treatment using liquid nitrogen as the cooling medium, showing the existence of martensite
(redarrows), ferrite (yellow arrows) and retained austenite (blue arrows). The cryogenic heat
treatments contributed to the phase transformation, where the retained austenite was transformed into
lath martensite. There was an increase in martensite amount with the rise in cryogenic time (10-360
min), which is caused by how long the austenitization process had taken [31]. The lath martensite
was also transformed into the lath martensite tempered due to the tempering process after cryogenic
treatment [32].

f e) (1}
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Figure 4. Microstructure of (a) FeNiCrMo C10-3, (b) FeNiCrMo C60-3, © FeNiCrMo C10-4, (d)
FeNiCrMo C60-4, (f) FeNiCrMo C-360-3, (g) FeNiCrMo C-360-4.

Furthermore, it also can be seen that there was a gradual decrease in retained austenite in the
FeNiCrMo specimens with the enhancement in soaking time [33]. The deep cryogenic treatment
using nitrogen showed that the martensite formed soon after the cooling process and having the
body-centered tetragonal crystal structure. After the tempering process was done, the body-centered

tetragonal martensite was transformed into body-centered cubic martensite, which also affects its
hardness [34].

3.4. Effect of Sub-zero treatment on corrosion test results

Open circuit potential (OCP) was an important factor in comprehending the material’s tendency to
corrode [35]. The more positive the value of open circuit potential is, the more difficult the material
is to corrode [36]. Based on the Pourbaix diagram of the Fe-Cl system, the range potential for OCP
in this study is in the formation of Fe2+ [37].

Figure 5a indicates the curve of open circuit potential of Fe-Ni-Cr-Mo specimens in 3.5% NaCl
solution. The Eocp values of FeNiCrMo-3 specimens are =585 mV for C10-3, =554 mV for C60-3
and =547 mV for C360-3. Furthermore, the Eocp values of FeNiCrMo-4 specimens are =599 mV for
C10-4, =567 mV for C60-4 and —505 mV for C360-4. The Eocp value increases with the increasing
of sub-zero treatment time. This phenomenon proves that the higher time of sub-zero treatment
causes the specimens nobler than the lower time of sub-zero treatment [38]. The FeNiCrMo-4
specimens have a higher value of Eocp, for the same time of sub-zero treatment, than FeNiCrMo-3.
This phenomenon is caused by higher Cr and Mo content in FeNiCrMo-4 specimens, which affects
the specimens’ corrosion resistance. These results reveal that FeNiCrMo-4 specimens were less
reactive than FeNiCrMo-3.

In this work, the electrochemical corrosion parameters such as corrosion potential (Ecorr) and
corrosion current densities (Icorr) were automatically obtained from Butler-Volmer and Tafel
equations [39]. The next step of Tafel slope analysis and fitting of the polarization curves were
analyzed using Echem analyst software to acquire the corrosion rate of Low alloy nickel steel. Figure
5b shows that the FeNiCrMo-4 specimens with 360 min of sub-zero treatment time manifest higher
corrosion potential than FeNiCrMo-4 specimens with 10- and 60-minute sub-zero treatment time, as
well as FeNiCrMo-3 specimens. It is also shown in Table 4 that the corrosion current decreases with
the increase of sub-zero treatment time, suggesting that the sub-zero treatment time variation
improves the corrosion behavior of the specimens [40]. The corrosion rate decreases as the sub-zero
treatment time increases, indicating better corrosion resistance. The highest corrosion resistance is
FeNiCrMo C360-4, worth 1.759 mpy, caused by the highest protective passive film due to its high
content of Cr [16].
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Figure 5. (a) Open circuit potential measurement, (b) Tafel polarization curve of low alloy nickel
steel specimens in 3.5% NaCl solution.

Table 4. Electrochemical parameters obtained from Tafel polarization test of Fe-Ni-CrMo specimens
in 3.5% NaCl solution.

Specimens Ecorr (mV) Icorr ( pA/cm?) Corr rate (mpy)
FeNiCrMo C10-3 —580.2 40.02 18.67
FeNiCrMo C10-4 —596.2 24.43 11.40
FeNiCrMo C60-3 —602.4 18.65 8.70
FeNiCrMo Co0-4 —609.6 9.443 4.405
FeNiCrMo C360-3 —612.0 5.498 2.565
FeNiCrMo C360-4 —582.3 3.770 1.759

Figures 6a and 5b provide the cyclic polarization curves of low alloy nickel steel specimens in a
3.5% NaCl solution. All the FeNiCrMo-4 specimens in Figure 6b presented a substantial hysteresis
loop between the forward and the reversed scans, which characterizes the material as generally
susceptible to pitting corrosion [41]. Meanwhile, all the FeNiCrMo-3 specimens did not show a
substantial hysteresis loop between the forward and reverse scans, which indicates no pitting
corrosion is suspected. The Ecorr values of FeNiCrMo-3 specimens are —820.9 mV for C10-3,
—820.1 mV for C60-3 and —734.5 mV for C360-3. Furthermore, the Ecorr values of FeNiCrMo-4
specimens are —834.5 mV for C10-4, —822.1 mV for C60-4 and —818.4 mV for C360-4.

As can be seen, the low alloy nickel steel with higher sub-zero treatment time has higher corrosion
potential than low alloy nickel steel with lower sub-zero treatment time. This means that the
corrosion resistance was improved with increasing sub-zero treatment time due to the microstructure
of martensite and being free from retained austenite [42]. According to our previous work, the higher
sub-zero treatment time eliminated retained austenite and achieved 98.617% of the martensite phase
at 360 min of sub-zero treatment time [43]. Moreover, the value of repassivation potential in
FeNiCrMo-4 specimens was shifted towards more noble potentials with the increasing sub-zero
treatment time, which indicates the better resistance of the material to pit growth [12].
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Figure 6. Cyclic polarization curves of (a) FeNiCrMo-3 specimens and (b) FeNiCrMo-4 specimens
in 3.5% NaCl solution.
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3.5. Effect of Sub-zero treatment on SEM-EDS of corrosion products in Fe-Ni-Cr-Mo specimens
Figure 7a—f shows all the surfaces were covered by ion complexes, indicating that all surface regions
have similar corrosion behavior and experienced uniform corrosion. The corroded area decreases
with the increase of sub-zero treatment time. The surface of FeNiCrMo-4 specimens exhibited some
small individual pits where it seemed that the size increased and the number of pits decreased after
the longer sub-zero treatment time [22]. This phenomenon is caused by the distribution element and
the effect of cold temperature quenching immersion affecting the phase transformation and carbon in
the specimens, increasing the pitting corrosion size.

The EDS spectra reveal the presence of oxygen, which proves the corrosion product in all low alloy
nickel steel specimens. The FeENiCrMo C10-3 sample showed the highest percentage (15.9%)of
oxygen. The oxidized displays the most exceptional tribological performance because to the
synergistic chemical change and mechanical strengthening by O atoms [44]. While the lowest 8.77%
of oxygen was revealed by the FeNiCrMo C360-3. It is also displayed that the surface of the uniform
corrosion contains natrium and chloride, which relate to the surface exposure in the 3.5% NaCl
corrosive medium. The matrix is fully covered by corrosion products, while the corrosion products
layer is not uniform [12].

Figure 7. SEM images of (a) FeNiCrMo C10-3, (b) FeNiCrMo C60-3, © FeNiCrMoC360-3, (d)
FeNiCrMo C10-4, (e) FeNiCrMo C60-4 and (f) FeNiCrMo C360-4 after immersing in 3.5% NaCl
solution.
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Figure 8. EDS results of FeNiCrMo (a) C10-3, (b) C60-3 and (c) C360-3 after immerse in 3.5%
NaCl solution.

4. Conclusions

This study investigated the effects of sub-zero treatment on the hardness, fractography morphology
and corrosion properties of low alloy nickel steel. The results confirm that the hardness
characterization data using the Kolmogorov-Smirnov and Shapiro-Wilk normality tests were
normally distributed, with a Sig value of (0.05), indicating that the FeNiCrMo-4 with 60 min of
immersion time is the highest of all the specimens worth of 417.9 HV. The corrosion rate of low
alloy nickel steel with a longer sub-zero treatment time is lower than low alloy nickel steel with a
shorter sub-zero treatment period. This phenomenon suggests that increasing the sub-zero treatment
period improves corrosion resistance. As the sub-zero treatment period increased, the corroded area
decreased.
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ABSTRACT

Low-temperature latent heat storage (LHS) systems are suitable for incorporating paraffin as the storage
material. However, they face difficulty in actual implementation due to low thermal conductivity (TC).
The present study used volcanic ash as an environmentally friendly and cost-effective material to increase
the TC of paraffin. Three composites of paraffin/ash were prepared with ash proportions of 10 wt%, 30
wt% and 50 wt%. Characterizations were done to evaluate the average TC and properties. Thermal
performance evaluation was conducted by analyzing the static charge/discharge cycle. The average TC
for paraffin was 0.214 W/m-K. Adding volcanic ash improved the TC to 19.598 W/m-K. It made the
charge/discharge performance of the composite better than that of pure paraffin. The charge rate for the
composite ranged from 3.83 °C/min to 5.12 °C/min. The highest discharge rate was obtained at 4.21
°C/min for the composite paraffin50/ash50. The freezing temperature for the composite is influenced by
the ash proportion, which can be taken as a suitable approach to adjust the freezing point of paraffin-
based thermal energy storage (TES). The detailed results for the characterization and thermal
performance evaluation are described thoroughly within the article. The overall result indicates that
volcanic ash is applicable for improving the TC and charge/discharge rate of paraffin-based TES.

Keywords: ash; paraffin; phase change materials; thermal conductivity; thermal energy storage
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1. Introduction

The risks of the energy crisis and global warming are motivating researchers across the globe to
utilize alternative energy sources while simultaneously improving the reliability of renewable energy
sources. Moreover, increasing the efficiency of the existing energy system is considered a suitable
method to reduce the consumption of primary energy sources that still rely on fossil fuels [1]. Recent
trends indicate that the deployment of solar and wind energy as renewable energy sources is
increasing exponentially [2]. As a result, the annual global renewable energy production has
increased rapidly in the last 10 years. Rapid growth in renewable energy deployment is related to the
advanced development of energy storage systems, particularly for thermal energy storage (TES) [3].
TES is gaining momentum as an attractive method to store thermal energy. It can be implemented as
a thermal substitution that reduces fossil fuel consumption indirectly for the heating/cooling sector.
Continuous effort for optimization is still in progress, focusing on system improvement to provide
more reliable and efficient thermal storage [4].

Sensible and latent heat storage are the two common methods for TES systems. Sensible heat
storage utilizes the specific heat capacity of the storage material as the mechanism to store thermal
energy. It is the most mature technology but suffers from low gravimetric and volumetric energy
density [5]. Latent heat storage (LHS) uses a phase-change material (PCM) which stores the thermal
energy based on its enthalpy of fusion. Thus, it can store sufficient thermal energy during the phase
transition at a relatively small temperature gradient [6]. Furthermore, PCMs can be combined by
using its specific heat capacity during the solid and liquid sensible stage, so they act as a sensible
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material. Therefore, the storage capacity can be improved significantly based on the specific heat
capacity at a given temperature operation and its enthalpy of fusion [7]. PCMs can be applied in
active and passive thermal storage systems, making them suitable for various applications, such as
residential heating/cooling and solar thermal systems [8].

Paraffin wax is the ideal candidate for a PCM for a low-temperature LHS system owing to its high
enthalpy of fusion (approximately 180 kJ/kg) [9]. A PCM with a high enthalpy of fusion is desirable
for LHS since it provides a higher storage capacity. The enthalpy of fusion is the key indicator for
determining the storage capacity of the LHS system. The theoretical phase transition occurs at a
constant temperature (isothermal phase transition), which makes the system absorb and release
thermal energy isothermally [10]. Furthermore, paraffin is cheap, stable at room temperature and a
non-corrosive substance. Low-temperature applications such as residential water heaters and thermal
management systems are suitable for paraffin-based PCMs.

Two problems are related to the actual implementation of paraffin in LHS systems. The problems are
related to the unstable phase transition [11] and low thermal conductivity [12]. Polymer can be used
as a supporting matrix to promote the stable phase transition of paraffin. It can also maintain the
long-term performance of the LHS system for up to 5000 charge/discharge cycles [13]. The next
issue is related to low thermal conductivity. During the operation, the heat exchange process requires
interaction between the paraffin and thermal source/load, which is highly dependent on thermal
conductivity [14]. Low thermal conductivity decreases the heat transfer coefficient during the
operation. As a result, the system operates at a slow charge/discharge cycle, which reduces the
overall performance of the system substantially [15].

Two approaches can be taken to overcome the low thermal conductivity issue for paraffin-based
PCMs. It can be done by promoting a better heat transfer rate based on the configuration of the
storage container for paraffin-based PCMs. Yang et al. used modified fins inside the storage
container. The charge rate of the finned container was 65% higher than that of the container without
fins [16]. Waser et al. studied the combination of tube-in-shell and fin-based heat exchangers for the
storage container [17]. It reduced the supercooling effect, which promotes a higher discharge rate.
Bayomy et al. developed a storage container with a coil heat exchanger to accelerate the heat transfer
process of paraffin-based TES. The proposed model increased the overall efficiency to 82% [18]. In
general, using a suitable heat exchanger in the storage container minimizes the effect of low thermal
conductivity. Kalapala and Devanuri confirmed that the heat transfer coefficient from the heat
exchanger within the storage tank greatly influences the overall performance of an active LHS
system [19].

A high thermal conductivity material can be used as an additive to develop a composite paraffin. The
method is applicable for active and passive LHS systems. Deng et al. used a metal matrix to create a
composite paraffin, proving that the melting/freezing processes increased by 93.9% and 95.9%,
respectively [20]. Chen et al. utilized copper foams to improve the conductivity of a composite
paraffin/polymer [21]. Qu et al. added 5-wt% carbon nanotubes to composite paraffin/high-density
polyethylene (HDPE) and obtained an increment in the thermal conductivity of the composite of
60% [22]. Sheikholeslami et al. proposed a combined method to enhance the low thermal
conductivity of paraffin-based PCMs. They used a fin-based container and composite paraffin with
high thermal conductivity nanoparticles. It increased the heat transfer rate of the system
substantially [23]. However, it is hard to implement the method for an integrated LHS system,
particularly for a passive storage system for residential heating/cooling systems [11]. Furthermore, it
leads to a significant challenge related to the mass production of paraffin-based PCMs as low-cost
thermal storage material [24].

The thermal conductivity of paraffin can be improved by using a more sustainable and low-cost
material such as volcanic ash. Volcanic ash is widely available, more economical, environmentally
friendly and sustainable [25]. It consists of metallic and non-metallic minerals [26], which generally
have better thermal conductivity than pure paraffin. It can be taken as a cost-effective material to
improve the thermal conductivity in paraffin-based TES systems [27]. Considering the potential of
volcanic ash to increase the thermal conductivity in paraffin-based TES systems, further
characterization is required to understand the effect of volcanic ash in composite paraffin/volcanic
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ash. Thus, the study aimed to examine the effects of volcanic ash of different weight proportions on
the thermal performance of a paraffin-based TES system. Extensive characterization was conducted
to evaluate the thermal conductivity, thermal properties and stability of the composite. The
micrograph observation and infrared spectrum are presented as well in the study. Moreover, static
charging/discharging test was also conducted to observe the charge/discharge cycles for the
composite. The findings from the study are expected to be used as an essential reference for the
further development of high thermal conductivity composite paraffin/volcanic ash as a sustainable
and low-cost thermal conductivity enrichment material.

2. Materials and methods
2.1. Sample preparations

Commercial-grade paraffin wax (with an average melting temperature of 60 °C) was purchased from
a local marketplace. We used volcanic ash with an average particle size of 74 um. The main
constituents of the volcanic ash were Fe (51.23%), Fe203 (23.24%) and SiO2 (11%). The other
composition and physical properties of the volcanic ash can be found in a previous report [27]. Four
samples were prepared for characterization and static charging/discharging testing (Table 1). The
mixing process for the composite was conducted by melting the paraffin using a thermal bath at a
temperature of 90 °C. The ash was heated for 30 min in an electric oven at a temperature of 100 °C
to remove the moisture. After that, the ash was added to the molten paraftin. The mixture was stirred
slowly for half an hour. Then, rapid cooling was applied to the mixture to ensure that the ash
dispersed properly within the solid composite. The total sample weight was 20 g for thermal
evaluation through static charging/discharging testing.

2.2. Characterizations

Thermal conductivity measurement was conducted by using the hot disk method (TPS—3500). The
test was repeated five times to estimate the average thermal conductivity for each sample. The
enthalpy of fusion and melting and freezing temperatures were evaluated by using differential
scanning calorimetry (DSC, MT + 1). The heating rate was set at 5 °C/min to minimize the effect of
thermal inertia during the heating process. The decomposition curve for each sample was assessed by
using thermogravimetric analysis (TGA). Fourier-transform infrared (FTIR) spectroscopy was
applied to each sample to compare the functional group between the paraffin and composites of
paraffin/ash. Then, the microstructures of the paraffin and the composites were evaluated by using
scanning electron microscopy (SEM).

2.3. Charge/discharge cycle

Thermal performance evaluation was conducted to examine the charge/discharge rate of the
prepared samples. Figure 1 presents the schematic design for static thermal performance evaluation.
Each sample was tested individually. The sample was stored within the storage container (copper
tube). The charge cycle was done by heating the storage container in an oil bath with an electric
heater (Figure 1a). The charge cycle for TES is an endothermic process, meaning that the storage
material is heated from an external source. Oppositely, the discharge cycle is an exothermic process,
meaning that the stored heat in the storage material is released to the surroundings [28].
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Figure 1. Schematic for charge cycle (a) and discharge cycle (b).

The composite paraffin/ash is intended for a passive LHS system. Thus, the charge cycle was limited
to a temperature of 65 °C, which is slightly higher than the melting temperature of paraffin. The
charge cycle was conducted by heating the sample using an electric hot plate. Once the sample
reached the target temperature (65 °C), the storage container was moved to the cooling chamber for
the discharge cycle (Figure 1b). The discharge cycle was conducted by using water as cooling media
(with an initial temperature of 10 °C). Three thermocouples (Type K) were located within the storage
container to record temperature changes during the charge/discharge cycle. The result of the
charge/discharge cycle has been plotted by using a temperature-time graph to analyze the
charge/discharge rate for each sample [29].

3. Results
3.1. DSC results

DSC provides sufficient information about the thermal properties of the prepared samples. It shows
different heating/cooling curves, indicating the effect of the ash content within the composite (Figure
2). Paraftin yielded two endothermic peaks, indicating two crystallinity behaviors during the heating
process. The first peak marks the solid-solid transition, which occurred around 40 °C. The second
endothermic peak occurred at a temperature of 61.4 °C, representing the melting temperature of
paraffin with an enthalpy of fusion of 188.7 J/g.

There was no substantial change in the heating curve for the composite paraffin90/ash10. The

first and second peaks of the composite were relatively similar to those of pure paraftin. It had a
melting temperature of 60.9 °C with an enthalpy of fusion of 179.2 J/g. Contrary to that, the heating
curve was changed significantly for the composites with a higher ash content. As shown in Figure 2,
the endothermic peak decreased for paraffin70/ash30 and paraffin50/ash50. The melting
temperatures of both samples were 60.3 °C and 56.4 °C, respectively. The enthalpies of fusion of
both samples were 175.6 J/g (paraftin70/ash30) and 158.5 J/g (paraffin50/ash50). The decrement in
melting temperature made the sample easier to melt, which is advisable for specific applications.
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Figure 2. Heating and cooling curves for paraffin and composites of paraftin/ash.

The exothermic curve indicates the solidification process. The exothermic peak for the tested
samples appeared at a higher temperature than the endothermic peak. The freezing temperature for
paraffin was observed at 73.9 °C. In contrast, the freezing temperature shifted for the composites,
dependent on the ash proportion. The freezing temperature for the composite with 10 wt% ash was
73.1 °C, which is lower than that of pure paraffin. Contrary to that, paraffin90/ash10 and
paraffin70/ash30 had higher freezing temperatures of 74.2 °C and 78.5 °C, respectively. A higher
freezing temperature is desirable for specific applications requiring rapid solidification during the
discharge cycle, while a lower freezing temperature reduces the supercooling degree, which is
desirable for temperature-sensitive LHS systems. Thus, adding a suitable ash proportion can be
considered to adjust the freezing temperature of paraffin to meet the requirements of the LHS
system.

3.2. TGA

Figure 3 presents the TGA curve for the tested samples. The decomposition curve determines

the thermal stability of the sample during the heating process. As shown in Figure 3, the
decomposition behavior of pure paraffin occurred as a single step decomposition. Rapid
decomposition ran continuously from temperature 180 to 400 °C, with more than 90% of total mass
loss. The thermal stability of paraffin is considerably low since it has a single-go decomposition at a
relatively low temperature, which is undesirable for long-term cycles [30]. As compared to pure
paraffin, the composites had different decomposition curves, implying the influence of the ash
content within the sample.
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Figure 3. TGA plot for pure paraffin and composites of paraffin/ash.

The initial decomposition stage (<180 °C) of the paraffin/ash composites revealed significant mass
loss, particularly with higher ash content. It implies the decomposition of the impurities and moisture
content from the ash. It suggests that the preheating treatment should be done at a higher temperature
to remove the impurities and moisture within the ash. Despite that, the composites had two-stage
decomposition. It implies an immiscible blend between paraffin and ash. The paraffin was
decomposed in the first place until the final decomposition temperature (approximately 400 °C) was
reached. After that, no significant mass loss was observed since ash decomposes at a much higher
temperature than pure paraffin.

3.3. Thermal conductivity

Figure 4 presents the average thermal conductivity of the tested samples. It shows that the thermal
conductivity of paraffin is extremely low, with an average thermal conductivity of 0.214 W/m-K. It
corresponds to a slow charge/discharge cycle. The average thermal conductivity of the composite
paraffin/ash improved considerably. Adding 10 wt% ash increased the thermal conductivity to almost
nine times that of pure paraffin. Volcanic ash is composed of various elements that generally have
better thermal conductivity than paraffin. Thus, it increased the average thermal conductivity of
paraffin effectively. Increasing the ash content of the composite led to a higher average thermal
conductivity. However, the average thermal conductivity of the paraffin/ash composites was still
much lower than the typical thermal conductivity enhancement. For instance, using copper
nanoparticles increases the thermal conductivity of paraftin by up to 400 W/m-K [31].

AIMS Medical Science (Volume - 10, Issue -1, Jan - Apr 2023) Page No. 68



ISSN : 2372-0484

sedk 19.598 -,

1% <
=
<
E 15 +
E 11.914
Z12 1
.:__'"
=
=
g 91
=
&
=
B A
a
=
=

& 1.894

0214 -
0
Paraffin Paraffing/Ash,, Paraffin,/Ash,, Paraffin,/Ashg,

Samples

Figure 4. Average thermal conductivity of paraffin and composites of paraffin/ash.

3.4. Charge/discharge rate

The temperature-time profile for the charging stage is plotted in Figure 5. We used the average
temperature from three thermocouples within the container (Figure 1). The phase transition region
(indicated by the red dashed line) was accompanied by a slow temperature increment, which made
the samples undergo a non-isothermal phase transition. The mushy region formation from the
paraffin promoted a nonequilibrium heat transfer process. It increased the temperature slowly instead
of indicating a plateau line during phase transition.
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Figure 5. Temperature-time graph for charging stage for paraftin and composites of paraffin/ash.
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Paraffin had the longest duration to reach the targeted temperature. Thus, it had the lowest charge
rate compared to the composites of paraffin/ash. It emphasizes the effect of low thermal conductivity,
which increased the duration of charge/discharge cycles during the operation. Adding ash to the
paraffin directly contributed to the acceleration of the charge stage. As the thermal conductivity was
enhanced, the heat transfer occurred rapidly, facilitating a better thermal distribution within the
composite. Interestingly, there was a remarkable change in the temperature increment for each
composite after passing the melting temperature. The temperature increment of paraftin90/ash10 was
slower in the phase transition region. It implies that the effect of mushy region formation for the
composite is still more noticeable than the composites with higher ash contents (paraffin70/ash30
and paraffin50/ash50). The composites paraffin70/ash30 and paraffin50/ash50 showed a steady
temperature increment in the phase transition. Thus, the effect of mushy region formation can be
minimized with more ash content within the composite.

The temperature increment before entering the phase transition (solid-sensible region) also
accelerated distinctively. For instance, pure paraffin took 8.8 min to reach a temperature of 60 °C,
while paraffin90/ash10 took a shorter duration, with only 7.3 min. A faster temperature increment in
the solid-sensible region accelerated the composite to reach the phase transition region, where the
most thermal energy is stored. The composite paraffin50/ash50 showed the highest charge rate,
particularly during the solid-sensible stage. A higher ash content reduced the melting temperature of
paraffin (Figure 2) and improved the average thermal conductivity (Figure 4). Thus, it made the
charge performance of paraftfin50/ash50 desirable for the operation of the LHS system.

B g === ====-=--e-—a--

-~ Paraffin

|
|
: == Paraffin,/Ash,,
60 1 ! =
: -+ Paraffin,,/Ash,,
: \ = Paraffin./Ash.;
54 F--=-== -
- % Phase transition region
8
# 4%
£
=
g
.42
E
=
36 4
0 9
24

01 2 3 4 5 6 7 8 9 1011121314151617 1819 2021 22 23 24
Time (Minutes)

Figure 6. Temperature-time graph for discharging stage for paraffin and composites of paraffin/ash.

The discharge profile is shown in Figure 6. The heat release process for an LHS system is much
slower than the charging process due to the supercooling effect [32]. Thus, the temperature
decrement during the discharging process is relatively slow. For example, paraffin took almost twice
as long as the charge duration to release the stored thermal energy. It is troublesome for the actual
system because it indicates a low power rate. Furthermore, mushy region formation severely affects
solidification, disrupting the heat transfer process [33]. It can be observed noticeably in the phase
transition region with an average temperature decrement of 1.36 °C/min. The average temperature
decrement during the solid-sensible stage was slightly higher, with a discharge rate of 1.88 °C/min.
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The negative impact of mushy region formation during the discharging process can be reduced by
adding volcanic ash to the paraffin. It can be seen that all paraffin/ash composites had a better
discharge rate in the phase transition region. The composites took approximately 4 min to reach the
end stage of the solidification process. It shows the positive impact of adding volcanic ash to the
paraffin, where partial phase change can be minimized. The average discharge rate for the
composites with ash contents of 10 wt% and 30 wt% were 2.67 °C and 2.77 °C/min, respectively.
The cooling curves for both samples (Figure 2) also show similar freezing temperatures between
73.1-74.2 °C. Therefore, the discharge characteristics for both samples were relatively similar, with
sufficient heat release during the phase transition and solid-sensible stage.

Paraffin50/ash50 obtained the most outstanding performance since it had the highest discharge rate.
The total discharge duration for paraffin50/ash50 was 9.5 min, which is slightly longer than the
charge duration. Using a higher ash proportion promoted a better temperature distribution. Thus, the
decrement during the discharge stage could be minimized. The DSC results (Figure 2) imply the
same phenomenon, since paraffin50/ash50 had the highest deviation between melting and freezing
temperatures. It corresponds to the high thermal conductivity of the composite paraffin50/ash50,
promoting an exceptional charge/dischargeg rate.

3.5. FTIR spectra

The FTIR spectra for pure paraffin and composite paraffin/ash are plotted in Figure 7. There was no
substantial change in the paraffin/ash composites relative to pure paraffin. Peak absorption mainly
occurred between 2900-2800 cm—1, demonstrating the stretching vibration for main functional CH2.
The next peak can be observed between 1500-1400 cm—1, indicating the rocking vibration for the
main functional groups —CH2 and —CH3. The last peak occurred around 800—700 cm—1, and it is
defined as rocking vibration for the main functional group of -CH2. The paraftin/ash composites had
spectra that were similar to that of pure paraftin. Thus, the composite was bound physically without
forming any new chemical formation. Hence, the charge/discharge rate was improved by adding
volcanic ash to the paraffin without altering the chemical properties of the paraffin.
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Figure 7. FTIR spectra for paraffin and composites of paraffin/ash.
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3.6. SEM

Morphological observation was conducted by applying SEM to the tested samples. The SEM image
was taken after thermal evaluation of the charge/discharge cycle. We intended to understand the
dispersion of ash within the composite after the melting/freezing process for the actual application.
Therefore, the captured images were specifically purposed to observe different morphologies which
occurred within the composites of paraffin/ash. Figure 8a shows the corrugated paraffin surface
affected by the melting/freezing cycle. It corresponds to the low molecular weight of paraffin and the
slow freezing process, which transforms its shape after solidification. It affects the interaction
between paraffin and volcanic ash, which can be seen as an immiscible blend. It confirms the TGA
curve (Figure 3), which implies that the paraffin and ash melted at different rates and temperatures.
Figure 8b shows local agglomeration of the ash content within the composite. It was affected by the
melting process of paraffin, which altered the ash content distribution. Since the composite
paraffin90/ash10 had the lowest ash content, the solidification process caused the ash particles to
agglomerate locally with the contiguous ash particles. As a result, ash agglomerated as a single
cluster and formed several individual clusters (indicated by the red circle). A different ash
distribution can be observed in Figure 8c. It shows that the ash dispersed moderately in the paraffin
since it had a higher ash content. However, the ash particles accumulated (the green circle). The
volcanic ash had a higher density than paraffin, making the particles move downward in the molten
paraffin. During the freezing process, the agglomerated ash settled closely, causing local
accumulation. The effect of the immiscible blend between paraffin and ash is shown in Figure 8d. It
shows that a void formed around the outer layer of the ash particle (the blue circle). The void
between the ash and paraffin was worsened by rapid solidification in the case of the composite
paraffin50/ash50 (Figure 6). It confirms the significant change in the thermal properties of the
composite paraffin50/ash50 (Figure 2), particularly for the melting/freezing temperature; this highly
corresponds to the void formation between the paraffin and ash particles.

Figure 8. SEM micrographs of paraffin (a), paraffin90/ash10 (b), paraffin70/ash30 (c) and
paraffin50/ash50 (d).
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The charge/discharge rate for the paraffin/ash composite was higher than that for pure paraffin.
However, sedimentation occurred for the paraffin/ash composites after 20 thermal cycles. It is an
inevitable effect since volcanic ash is heavier than paraftin. The sedimentation could be minimized
by using a supporting matrix such as HDPE, which works as a shape stabilizer during the phase
transition of paraffin. Also, fast-charging operation causes thermal stress and hysteresis losses,
potentially reducing the long-term performance of the PCM [34]. Besides its use as a shape
stabilizer, HDPE also reduces the thermal stress and hysteresis losses for fast-charging paraffin-based
PCM [35]. Thus, the proposed method can be further evaluated to avoid the sedimentation and
extended cycling test to evaluate the long-term operation of composites of paraffin/volcanic ash as a
fast-charging LHS material.

4. Conclusion

This work examined the potential of using volcanic ash as a thermal conductivity enhancement
material for paraffin-based TES. The general results indicate that adding volcanic ash to form a
paraffin/ash composite significantly improves the overall thermal conductivity. It leads to a better
charge/discharge cycle. The highest discharge rate was 4.21 °C/min, which is much higher than that
for pure paraffin, with only 1.69 °C/min. The composites of paraffin/ash had an immiscible blend
that led to the FTIR spectra indicating no chemical change between the mixture. Improvement in the
thermal conductivity and charge/discharge rate is correlated with the proportion of ash content within
the composite. The highest thermal conductivity was 19.598 W/m-K for the composite
paraffin50/ash50, which had the highest charge/discharge rate.

The addition of volcanic ash to form a composite of paraffin/ash decreased the total enthalpy of
fusion. It can be considered the main drawback of adding a sensible material for thermal conductivity
enhancement. The decrement in the enthalpy of fusion ranged from 5% to 16%, where the lowest
decrement was obtained by paraffin50/50. Furthermore, the immiscible blend led to phase
segregation and local agglomeration, which may alter the long-term performance of the composite.
Despite that, improving the charge/discharge rate and thermal conductivity by adding volcanic ash
can be considered as an alternative approach for increasing the performance of paraffin-based PCM.
Therefore, further research is suggested to minimize the drawbacks of the volcanic ash within the
composite. It can be done by using alternative binder materials such as polymers and PCMs with a
higher enthalpy of fusion to maintain a suitable thermal capacity of the composite PCM and volcanic
ash.
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