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Optical detection of the quantum Hall effect in silicon
nanostructures
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ABSTRACT

Electroluminescence spectra of a silicon nanostructure with edge channels covered by chains of dipole
centers with negative correlation energy are demonstrated. The presence of such chains provides
conditions for nondissipative transport of single charge carriers at high temperatures up to room
temperature. Due to the suppression of the electron-electron interactions, the macroscopic quantum
phenomena such as Shubnikov-de Haas oscillations and the quantum staircase of Hall resistance are
consistent with the positions of the spectral peaks of the detected electroluminescence. The obtained
results are considered in the framework of Faraday electromagnetic induction, which indicates that
Landau quantization leads to the emergence of induced irradiation similar to Josephson and Andreev
generation. Moreover, the detected maxima in the spectral characteristics correspond to odd fractional
values of the resistance quantum staircases, while the dips in the electroluminescence spectra are
observed at even fractional values of the resistance quantum ladder, which is due to the increased
formation of composite bosons and fermions, respectively.

KEYWORDS

silicon nanostructure ¢ edge channels ¢ negative-U dipole centers ¢ quantum Hall effect « electroluminescence
electromagnetic induction

Funding. The work was financed within the framework of the state assignment of the Federal State Unitary Enterprise
loffe Institute No. FFUG-2024-0039 of the Ministry of Science and Higher Education of the Russian Federation.
Citation: Bagraev NT, Klyachkin LE, Malyarenko AM, Rul' NI. Optical detection of the quantum Hall effect
in silicon nanostructures. Materials Physics and Mechanics. 2026;54(1): 1-7.
http://dx.doi.org/10.18149/MPM.5412026_1

Introduction

Currently, macroscopic quantum phenomena in semiconductor nanostructures are
predominantly studied at ultra-low temperatures due to the decisive role of electron-
electron interactions in suppressing nondissipative transport of single charge carriers [1,2].
Graphene is an exception, yet even in this case, the realization of nondissipative transport
conditions at high temperatures requires the application of a strong magnetic field [3].
An emerging breakthrough in solving this problem is associated with advances in
technology and fundamental research on topological structures [4-15]. In particular, it
has been demonstrated that in ultra-narrow quantum wells with edge channels covered
by chains of centers with negative correlation energy (negative U), it is possible to
create conditions for nondissipative carrier transport and, consequently, observe the
macroscopic quantum phenomena at high temperatures, up to room temperature [16].
The suppression of electron—-electron interactions in this case is primarily related to the

© N.T. Bagraev, L.E. Klyachkin, A.M. Malyarenko, N.I. Rul’, 2025.
Publisher: Peter the Great St. Petersburg Polytechnic University
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formation of impurity dipoles due to the dissociation of neutral negative-U centers: 2D°
=> D* + D" + U, where U is the effective energy that accounts for the compensation of
Coulomb repulsion owing to coupling with electron-vibration interactions (EVI) [17-19].
As a result of the negative correlation energy, it is feasible in many systems of impurity
and structural centers to form the edge channel shells consisting of chains of negative-
U dipole centers, which facilitates the segmentation of edge channels into sections
(pixels) containing single charge carriers. Thus, two problems are resolved
simultaneously: on one hand, the electron-electron interaction is suppressed, and on
the other hand, conditions for nondissipative transport are ensured through energy
exchange between a single charge carrier and the negative-U dipole centers of the edge
channel shell [20].

In the presence of chains of negative-U dipole centers, nearly nondissipative
transport of single charge carriers within the pixels constituting the edge channel is
achieved:h + D =>D°% D*+e =>D°%+ h, D+ D* + e + h => 2D° +h. Subsequently, hole
tunneling along the pixel shell is accompanied by ultrafast formation of negative-U
dipole centers: 2D° + h => D~ + D*. Thus, the presence of negative-U centers promotes
the emergence of an energy reservoir within the edge channel shells, enabling weakly
nondissipative carrier transport.

In this work, boron centers embedded via diffusion into wafers of monocrystalline
silicon (100) under fabrication conditions of the structure in the Hall geometry which is
oriented along the [011] axis (Fig. 1) are used as negative-U dipole centers.

Fig. 1. Dipole trigonal boron center (B*-B") with negative correlation energy (a) and the chains of the dipole
boron centers in the 6-barriers confining the ultra-narrow silicon quantum well and its edge channels (b)

Negative-U shells with similar properties can be obtained not only by embedding
a high concentration of impurity centers, but also by fabricating quasi-one-dimensional
chains of point and extended defects [21]. For example, low-dimensional structures
with similar properties within negative-U shells were realized at the interface of hybrid
SiC/Si structures grown by the method of coordinated substitution of atoms [21]. In this
case, the role of negative-U dipole center chains is played by crystallographically
aligned chains of silicon vacancies as well as paired C; - Vs centers [21].
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It should be noted that the initial reduction in entropy of the semiconductor
nanostructure due to the presence of negative-U shells not only allows the observation
of macroscopic quantum phenomena at high temperatures but also enables the study of
various processes arising from quantum interference of single charge carriers in edge
channels. In this case, the pixels act as quantum boxes, and by investigating processes
inside them, one can evaluate the relative contributions of equilibrium and non-
equilibrium effects to quantum interference. In this work, it is demonstrated through
a comparative analysis of the results obtained from studying the electrical and optical
versions of the quantum Hall effect (QHE).

Materials and Method

The silicon nanostructure was fabricated using planar technology on a monocrystalline
silicon (100) surface through preliminary oxidation, subsequent photolithography and
gas-phase boron diffusion [22]. Careful optimization of thermal oxidation conditions to
achieve an ultra-shallow diffusion profile — under a balance of vacancy and kick-out
diffusion mechanisms — enabled the passivation of the boundaries of an ultra-narrow
quantum well (2 nm) with boron centers. As a result, an ultra-narrow quantum well was
obtained, confined by barriers composed of quasi-one-dimensional boron chains (Fig. 2),
spaced 2 nm apart. Despite the high boron concentration (5 x 10?* cm™ according to SIMS
data [22]), the edge channels of the quantum well showed no activity in EPR
measurements. However, studies of field-dependent magnetization using the Faraday
method revealed a significant diamagnetic response, which is exhibited in weak magnetic
fields [22]. Analysis of temperature and field dependencies of magnetization led to the
proposal of a model in which boron impurity centers passivate the edge channel and are
responsible for single-carrier transport. As noted above, the ground state of the impurity
shells consists of chains of negative-U dipole boron centers, primarily indicated by the
diamagnetic response observed when the nanostructure is placed in an external
magnetic field [22].

Since the edge channel consists of pixels containing single charge carriers,
conditions are established for the realization of nondissipative transport at high
temperatures. In studies of this structure, the following phenomena have been observed:

Fig. 2. STM (scanning tunneling microscope) image of the silicon nanosandwich (100) surface (a)
containing chains of boron dipole centers oriented along the (011) axis (b)
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Shubnikov-de Haas and de Haas - van Alphen quantum oscillations, a quantum staircase
of Hall resistance, a quantum staircase of conductance [16], as well as electrical [22] and
optical [20] versions of the multiple Andreev reflections. In this context, the pixels can be
considered as the Andreev molecules [20].

Results and Discussion

Figure 3 presents the magnetic field dependencies of the longitudinal (R.«) and lateral
(Rxy) resistances of the silicon nanostructure, measured at a temperature of 77 K under a
stabilized drain-source current /s = 10 nA. Since the presence of negative-U boron dipole
center chains, which confine the edge channels of the quantum well and divide them into
pixels containing individual charge carriers, creates the conditions for dissipationless
transport, the characteristics of the Shubnikov-de Haas oscillations and the quantum
staircase of Hall resistance are determined by the Landau quantization processes within
each individual pixel and directly depend on its geometric dimensions [16,23]. In this
case, the emergence of steps in the magnetic field dependence of the Hall resistance can

be analyzed within the framework of Faraday's electromagnetic induction [24]:
dE

a0 = lgen: (1)
where dE is the change in carrier energy within the pixel upon a change in magnetic
flux (d® = 4B - S), S is the pixel area and /g is the induced generation current.

014 L T 5 T » T . T

3,0

0,3 2,5

~ 2,0
g 0,2 ‘ 4‘”
- i 1,5 '3.
x d ~
m 1,0 m"’

0,5

2,0 3I,0
H, kOe

4,0

Fig. 3. Hall resistance R,=V./lss and magnetoresistance Ry = Vi/lss of the silicon nanostructure
(p20=3 *x 10m2) dependencies on the external magnetic field strength. T= 77 K; lss = 10 nA

It is appropriate to express the change in magnetic flux as a change in the number
of magnetic flux quanta d® = m®,, where ®, = h/e. In turn, the magnitude of the energy
change depends on the number of carriers (n), dE = ne - dU (for a pixel containing
a single charge carrier, n = 1). Thus, the Faraday’s relation automatically leads to the
step height in the Hall dependence:

2

_Ilgen _n e”
G = o (2)

n
U m
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which makes it possible to describe not only the integral QHE [23] but also the
fractional QHE [16].

Approximation of the field-dependent Hall curve allows determination of the carrier
density (pixel density), which, according to the dependence in Fig. 3, is 3 x 10 m?2,
Hence, the pixel dimensions are 2 nm x 16.6 ym, and the number of pixels between
the XX contacts is 124.

Since the Josephson and Andreev junctions between the negative-U dipole chains
on opposite edges of the pixel stimulate the induced emission, the energy-dependent
form of the Faraday’s relation can be expressed as:
hv = elgenRy, (3)
where Ry is the load resistance, which in this case corresponds to the quantum
resistance of the pixel (Rv = h/e?). Combined with the classical form of the Faraday’s
relation given above:

hv = (%) loen = () lgen, h/4E =1,
e/lgen = 7T, lgen = €AE /A, 4)
hv = e%ABS, V= MigBS.

Thus, the corresponding wavelengths seem to be selected and construct a scale
that aligns with the magnetic field scale in Fig. 3, thereby determining the wavelengths
at which features should appear in the electroluminescence spectra corresponding to

the positions of the steps in the Hall resistance staircase (Fig. 4).

1,0 r 1,0 0,5
315
) | 4:3 312 3
] 5/3
08l 23 p 081 ' ‘ L |
3 ’ t 314 : ' 3
ti = 2 <
& M { s 0,6 - é‘ 0,3
2 113 > ! £0
®  06f 2 @
c @ ]
] s -
£ 25 12 2 04 = 02t
— i -
_ 3 ]
o o04f ]
0.2 01
a
0.2 y s e 4 e w oy h o ulh b c
8 10 12 14 16 18 20 22 24 26 28 o0l Db L TV (Y & S
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400350 300 250 200 150 ' L  p—— ad i
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B, mT B, mT B, mT

Fig. 4. Electroluminescence spectra of the silicon nanostructure in the mid- (a) and far-infrared (b,c)
wavelength ranges, showing features corresponding to fractional and integer values of the quantum
resistance staircase at T =300 K

It should be noted that the frequency range of the observed electroluminescence
extends into the terahertz spectral region, in accordance with the emission mechanism
arising from electromagnetic induction. In this case, the proposed version of optical
detection of the QHE differs from the first optical detection of the QHE achieved by
monitoring changes in interband photoluminescence characteristics in an external
magnetic field [25].

Figure 4 presents electroluminescence spectra obtained at 7= 300 K under a stabilized
drain-source current (/ss), which induces a magnetic field within the edge channel
pixels: H = Algs/2r,, where r,(S/m)/? is the effective pixel radius, with ro =107 m.
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The electroluminescence spectra were recorded using the Bruker Vertex 70
infrared Fourier spectrometer. A comparison of the spectral characteristics with the
quantum staircase of Hall resistance magnetic field dependencies shows good
agreement between the positions of features in the electroluminescence spectra (Fig. 4)
and the quantum steps (Fig. 3). It should be noted that the optical peaks corresponding
to odd fractional values of the quantum resistance staircase indicate enhanced induced
emission — i.e., stimulated generation of composite bosons upon the sequential capture
of single magnetic flux quanta. Conversely, the observed dips in the
electroluminescence spectra at wavelengths corresponding to even fractional values of
the quantum resistance staircase demonstrate enhanced formation of composite
fermions, which apparently leads to additional strengthening of the electron-electron
interaction and the associated quenching of electroluminescence [26-30].

The consistency between the electrical and optical manifestations of the fractional
QHE indicates that Landau quantization gives rise to the induced emission, similar to
the Josephson and Andreev generation mechanisms, regardless of how many magnetic
flux quanta are involved in the process.

Conclusion

This work presents the first experimental results demonstrating the possibility of
detecting and identifying both the integral and fractional QHEs in the silicon
nanostructure with the edge channels confined by the chains of dipole centers
exhibiting negative correlation energy, by analysis of features in electroluminescence
spectra obtained via infrared Fourier spectroscopy. It is shown that the optical detection
of the QHE can be described within the framework of the Faraday electromagnetic
induction. The obtained results demonstrate strong agreement between the
characteristic behavior of the lateral and longitudinal resistance of the studied silicon
nanostructure and the spectra of terahertz electroluminescence arising under the
Landau quantization conditions.
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ABSTRACT

The Meiner—-Ochsenfeld effect is demonstrated for the first time at room temperature. The diamagnetic
response of a silicon nanostructure with edge channels covered by chains of negative-U dipole boron
centers is studied when put in (removed from) an external magnetic field. Measurements of the diamagnetic
response were carried out by recording the values of magnetization and generation currents. There is good
agreement between the results of measurements of the generated internal magnetic field obtained using a
ferroprobe and recording the EMF induced by the occurrence of generation currents in an external magnetic
field, which determines the conditions of the mechanism of the nondissipative transport in the edge channels
at room temperature, which is caused by their interactions with single carriers through negative-U dipole
boron centers. The interrelation of the magnetization hysteresis and the magnitude of the EMF induced by
the occurrence of generation currents indicates the possibilities of the electrical registration of the
Meiiner-Ochsenfeld effect in nanostructures manufactured within the framework of the Hall geometry.
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Introduction

For twenty years following the discovery of superconductivity, it was believed that a
superconductor is a perfect conductor with zero resistance [1]. Only after the discovery of
the Meifsner-Ochsenfeld effect, which involved identifying an absolute diamagnetic
response when a superconductor was placed in an external magnetic field, was the
quantum nature of superconductivity established [2]. Subsequent studies enabled the
identification of mechanisms leading to the phase state of matter that gives rise to
superconductor properties and outlined pathways for realization of the high-temperature
superconductors in various compounds and device structures based on them [3-15].
However, the experimental realization of nondissipative carrier transport at high
temperatures remains challenging to this day. The main difficulties are associated with
studies to controll the magnitude of the local negative correlation energy (negative-U),
which arises from the interplay of the Coulomb repulsion and the electron-vibration
interaction (EVI) [16,17]. It is precisely the compensation of the Coulomb repulsion via EVI
that leads to nondissipative transport and, accordingly, to the emergence of a
superconducting state. Moreover, the magnitude of the negative correlation energy
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(negative-U) practically determines the value of the critical temperature (7¢) corresponding
to the transition into the superconducting state. It should be noted that the presence of
conditions giving rise to negative-U energy (i.e., possibilities for carrier pairing) is not
directly linked to the realization of superconductor properties, because disorder in the
system of carrier pairs tends to result in dielectric properties of the object rather than
nondissipative transport [18]. Therefore, to ensure coherence in nondissipative transport,
it has been proposed to use excess single charge carriers whose transfer via tunneling
through formed pair centers not only promotes the emergence of the superconductor
properties but also enhances them at high temperatures [19,20]. Nevertheless, these
predictions have not yet been experimentally realized due to the insufficient magnitude of
negative-U energy in most impurity centers and point structural defects. Furthermore, the
metastability of the point defects involved in pairing, arising from the presence of the local
phonon mode, also leads to decoherence of nondissipative transport and the consequent
destruction of the superconductor properties [5,21]. In this case, the use of hybrid structures
based on topological semiconductors and superconductors appears to be promised [22].
In particular, semiconductor nanostructures with the edge channels covered by the chains
of the negative-U centers are of great interest, as they promote segmentation into regions
containing single charge carriers under the compensation of the electron-electron
interaction. This opens new possibilities for nondissipative transport of single charge
carriers due to their interaction with the negative-U dipole boron centers. It should be
noted that segment of the edge channel containing the single charge carrier can be
regarded as the Andreev molecule [23,24], whose characteristics allow the study of
macroscopic quantum effects [25].

The conditions described above to provide nondissipative transport via local
interaction of single carriers with negative-U dipole boron centers covering the edge
channels make them promising for studying quasi-one-dimensional superconductors at
high temperatures, up to room temperature. In the present work, the identification of the
aforementioned conditions enabling superconductivity at room temperature is
demonstrated through the study of the diamagnetic response of the silicon nanostructures
in shells consisting of chains of the negative-U dipole boron centers.

Method

The investigated device structure was the Hall bridge based on a silicon nanostructure
(Fig. 1). An ultra-narrow silicon p-type quantum well, which forms the basis of the silicon
nanostructure, was created on the surface of the n-type (100) silicon wafer. The Hall
bridge was boron-doped from the gas phase with a concentration of 5 x 10%* cm, which
is measured by the secondary ion mass spectrometry (SIMS). It was found that within the
ultra-shallow (8 nm) boron diffusion profile in silicon, self-ordering effects arise due to
the parity of various diffusion mechanisms [26]. As a result, enhanced boron diffusion is
observed along certain crystallographic directions, ultimately leading to the formation of
chain-like boron-center structures via vacancy-drag effects. In particular, this results in
the formation of boron chains oriented along the [011] direction and, accordingly, the
alignment of the Hall bridge along this crystallographic axis. These boron chains thus



Meifiner-Ochsenfeld effect in semiconductor nanostructures with negative-U shells 10

ferroprobe

edge
channel

Fig. 1. A Hall bridge based on the silicon nanostructure prepared on the surface of (100) silicon wafer, which
contain the topological edge channel oriented along the [011] direction with single charge carriers that
occupy the separate regions, pixels, because of the compensation of electron-electron interaction. During
the experiments, the ferroprobe of the magnetometer was directed perpendicular to the sample surface

0,022¢V ]

0,022¢V |

Fig. 2. Energy levels (a) of a negative-U dipole boron center (b); model of single charge carrier tunneling
transport along a chain of the negative-U dipole centers (c)

confine the obtained quantum well. Given the high concentration, the distance between
these chains in the near-surface layer of the nanostructures, including within the barriers



11 N.T. Bagraev, N.A. Dovator, L.E. Klyachkin, A.M. Malyarenko

that define the quantum well, corresponds to the spacing between boron centers within
a single chain - 2 nm (Fig. 1). This important result is largely a consequence of the
possible reconstruction of boron centers along the [111] direction upon changes in their
charge/spin state (Fig. 2). In turn, the possibility of such reconstruction, as indicated
above, is the reason for the formation of negative-U dipole centers due to the emergence
of the local phonon mode at the extremely high concentration of boron centers [26].
Thus, the above serves as the foundation for a technology to produce the Hall bridges
with a specific crystallographic orientation, which enables the confinement of the edge
channels in nanostructures by the chains of the negative-U dipole centers that act as an
energy reservoir for nondissipative carrier transport.

It should be noted that chains consisting of paired centers were first proposed by
A.Yu. Kitaev [27,28] for exploring possibilities in quantum-computing operations (Fig. 3).
However, in the absence of an internal energy reservoir within a spin loop composed of
parallel chains of paired centers, the conditions for nondissipative carrier transport are
not met. The reason for this is the increasing role of electron-electron interaction. This
main obstacle to spin-dependent transport in an interference loop can, as it turns out, be
eliminated if negative-U centers are used as the chain components.

G ch

3 Gra G
lfo—o— - - - —Lo—0)

Fig. 3. Two possible types of pairing between adjacent dipole centers. Based on [27,28]

If the paired centers within the chains confining the silicon quantum well are
negative-U dipole centers, then the energy reservoir for nondissipative carrier transport
inside a spin loop composed of parallel chains is based on the unpairing/pairing reaction
of a negative-U dipole center [29].

In this case, due to the presence of negative-U energy, singly charged centers decay
into doubly charged and empty centers (Fig. 2(a)). Predominantly in tetrahedral systems,
this formation of the dipole centers occurs along the [111] axis, provided that the chain
is oriented along the [011] axis. Thus, the chains break down into a system of dipole
centers, except for the terminal centers, which contain the single charge carrier (hole)
near the contacts (Fig. 2(c)). During the passage of a longitudinal current, the single
charge carrier tunnels through the dipole centers within the negative-U chain system:
D+ h=>D°
D*=>D°+h (1)
2D°=>D*"+D-
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As a result of the described reactions, when a carrier tunnels, it moves to the next
dipole center, having received energy from the chain. The subsequent decay of the neutral
components of the dipole center is accompanied by the reverse release of energy into the
chain simultaneous with its reconstruction. Thus, the exchange of energy between the
carrier and the chain provides the condition for nondissipative transport during
tunneling [29]. Accordingly, the tunneling processes described above are accompanied
by distortions within the chain system. The criterion for realizing nondissipative transport
is the evaluation of the ratio between the decay time (t1) of the neutral dipole states and
the tunneling time (t,): 1 = h/AE = 6.62 x 10** /44 meV, where 44 meV corresponds to
the reduction in entropy during the decay of dipole negative-U centers; 7, = 8 x 10%* s;
T, = h/AE = h/(I’R) = h/(I*h/e?).

Given the values of the generation current used and the fact that the resistance of
a dipole-center cell corresponds to the quantum of resistance, 11 < 12, which ensures the
conditions for nondissipative transport at T = 300 K. It should also be noted that the two-
dimensional carrier density in such edge channels, according to the Hall measurements,
is 3 x 10 m[30].

Given the realization of nondissipative transport of single holes due to energy
exchange with chains of dipole negative-U boron centers, the size of the spin-dependent
transport loop is limited to a strip of dimensions 2 nm x 16 um. It should be noted that
the quantum interference regime does not depend on the loop’s shape but is determined
solely by its area. This area primarily defines the magnetic field value corresponding to
optimal quantum interference conditions: A® = ABS = @ = h/e = 4 x 10> Wb, where S is
the area of the interference loop; AB is the period of quantum oscillations as a function
of the external magnetic field; @, is the magnetic flux quantum.

It should be noted that this condition is consistent with the Landau quantization
conditions, which, accordingly, leads to a stepwise change in the areas of interference
loops when the magnetic subband index changes. Taking into account the parameters of
the edge channel region occupied by a single hole in the silicon nanostructure, the
optimal magnetic field value corresponding to quantum interference is 0.124 T [30].

Thus, the characteristics of the investigated nanostructure provide the conditions
for nondissipative carrier transport, which has enabled the observation of macroscopic
quantum effects at high temperatures up to room temperature [30], and defines the
prospects for using chains of negative-U dipole centers to observe the Meifiner-
Ochsenfeld effect at 7= 300 K and, correspondingly, to identify their superconductor
properties.

Results and Discussion

The MeiRner-0Ochsenfeld effect was observed in the study of the silicon nanostructure
used, both by measuring the diamagnetic response and through measurements of the
longitudinal electromotive force (EMF) induced by occurrence of generating currents
when the structure was introduced into an external magnetic field.

As noted above, the transport of single charge carriers in the edge channels of
nanostructures confined by the chains of the negative-U dipole centers is accompanied
by the generation of a magnetic field [30]. Moreover, under an external magnetic field
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oriented perpendicular to the plane of the nanostructure’s edge channel, a magnetic field
arises inside the sample that is equal in magnitude to the external field but opposite in
direction (Fig. 1) [2]. That is, the measured field response when the structure is introduced
into an external magnetic field (Fig. 4) is similar to the data from studies of the Meif3ner-
Ochsenfeld effect in superconductivity and corresponds to the manifestation of absolute
diamagnetism. These results are quite understandable if one considers the similarity
between the characteristics of chains of negative-U dipole centers and quasi-one-
dimensional superconductors. The use of a ferroprobe magnetometer made it possible to
detect a reversal in the sign of the magnetic response AB, thereby demonstrating that a
magnetic field with the opposite sign appears within the sample. It should be noted that
the sample was put in an external magnetic field of +15 nT, and accordingly, the
diamagnetic response was identified by measuring the magnetic field value within the
investigated structure, which was -15 nT.

16
1000
14
500 |,
c —
0 5, —OE-
= =
< 5 >
-500 |
1-4
-10 -4 -1000
LGt g kg kg i g Ul _'6

0 2 4 6 8 1012 14 16 18 20
t, min

Fig. 4. EMF measured between the XX contacts of the silicon nanostructure during insertion (1) and
removal (2) of the sample from an external magnetic field of 15 nT. T= 300 K

The experimental setup used was a five-layer magnetically shielded cylindrical
chamber. All inner cylinders were made of M-79 permalloy, while the outer cylinder (with
a diameter of 50 cm and length of 70 cm) was made of ARMCO steel. The cylinders are
closed by lids fabricated from the same material. Inside the innermost cylinder,
a Helmholtz coil system powered by a stabilized (adjustable) current source is installed.
This system is used both to generate a uniform internal magnetic field and to compensate
for the residual magnetic field arising from the penetration (into the shield) of the external
laboratory field and the residual magnetization of the permalloy shells. The shielding
factors obtained (in the frequency range 0-1 Hz) were 700 for the longitudinal (along the
shield axis) and 5000 for the transverse (perpendicular to the shield axis) components of
the magnetic field. During the experiments, the magnitude of magnetic induction
variations inside the setup was monitored using a cesium-vapor quantum magnetometer
and practically did not exceed = 0.1 nT.
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In addition to the above, monitoring the response of the magnetic moment to
changes in the external magnetic field enables direct measurement of the generation
currents arising within the sample. It is important to note that the EMF generated in the
interference loop is directly correlated with the magnitude of the magnetic field inside
the sample when it is put in an external magnetic field (Fig.4). This allows for a
significant improvement in the accuracy of the determined magnetic field, and electrical
measurements also provide a convenient method for characterizing macroscopic
quantum phenomena.

As mentioned above, the magnetic field magnitude inside the sample can be
monitored by measuring the EMF between contacts, for example, between the XX
contacts of the Hall bridge (Fig. 1). Considering the parameters of the pixels containing
single carriers in the edge channel, 16.6 um x 2 nm, their number between the XX
contacts spaced 2 mm apart can be determined. Taking into account that the resistance
of a single pixel Ryix, Which represents a quantum box containing a single charge carrier,
is h/e* = 25812 Q, then with 125 pixels between the XX contacts, the total resistance R
for their parallel connection is 200 Q. This allows the generation current induced by the
external magnetic field to be determined (Fig. 4): Igen = Ux/R.

Thus, considering that the generation of the internal magnetic field can be
described within the framework of the Faraday electromagnetic induction, and taking into
account the parameters of the studied structure, particularly the area of the loop between
the XX contacts (Fig. 1) where the magnetic flux S=1 ym x 2 mm [18] is localized, it can
be concluded that there is good agreement between the electrical and magnetic
measurements of the generated internal magnetic field.

A control experiment to study the correlation between the magnetic and electrical
measurements of the external magnetic field described above involves measuring the
EMF response between the XX contacts when the sample is removed from the external
magnetic field (Fig.4). The long-duration transient processes accompanying the
generation of the internal magnetic field upon insertion/removal of the sample from the
external magnetic field indicate the metastability of the MeiRner-Ochsenfeld effect,
resulting from the recharging within the system of parallel-connected quantum
resistances and capacitances of pixels in the edge channels.

Conclusion

The Meif3ner-0chsenfeld effect has been observed for the first time at room temperature.
The diamagnetic response of a silicon nanostructure with the edge channels confined by
the chains of the negative-U dipole boron centers has been studied upon insertion into
(and removal from) an external magnetic field. It has been demonstrated that there is
good agreement between the results of measurements of the generated internal
magnetic field obtained using a ferroprobe and the EMF induced by the onset of
generating currents in the external magnetic field. The observation of magnetization
hysteresis due to the MeiRner-Ochsenfeld effect at room temperature indicates the
presence of superconductor properties induced by the interaction of the single charge
carriers with the chains of the negative-U dipole centers in the shells of the
nanostructure’s edge channels.
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ABSTRACT

The optical resistance and geometric parameters of the damaged region under the action of laser radiation
on bulk B-Ga;0sz crystal were studied and calculated depending on the power and frequency of laser
irradiation. The sample of the crystal for the study was grown by the Czochralski method and prepared by
method of cleaving along the (100) plane. The optical resistance was calculated by the Liu method using the
laser irradiation and ablation parameters. The experiment determined the threshold for laser damage under
pulses of 1030 nm wavelength and 224 fs duration; with a beam spot size of 9.6 pm. The threshold energy
density varied from 25.99 to 16.29 J/cm? with pulse numbers varying from 1 to 20,000. The threshold power
density of incident radiation ranged from 11.6 to 7.3 GW/cm?
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Introduction

Beta-gallium oxide (B-Ga,0s) has emerged as a leading ultra-wide bandgap (UWBG)
semiconductor, with a direct bandgap of ~ 4.8 eV, surpassing the performance limits of
conventional materials like SiC and GaN [1-5]. Its exceptional properties including a high
critical electric field (8 MV/cm?), excellent thermal stability, and the availability of high-
quality substrates make it ideal for next-generation power devices, deep-ultraviolet (UV)
photodetectors, and radiation-hardened applications [6-9].

Despite significant progress in understanding the electrical [10-14] and structural
properties [14-20] of B-Ga;0s, critical challenges still remain in optimizing its performance
and reliability for practical applications. One of the key issues is the material's response
to various forms of radiation and environmental stress, particularly in optoelectronic
applications where the material may be subjected to intense optical irradiation.

The beta phase of gallium oxide belongs to the monoclinic system, spatial group
C2/m [21] with lattice parameters a=12.214 A, b=3.0371 A, c=5.7981 A, B = 103.83°.
The unit cell of the crystal has three different oxygen positions, designated as O(1), O(2)
and O(3), and two gallium positions, Ga(1l) and Ga(2). Nodes O(1) and O(3) have the
smallest coordination number 3, which leads to weak interplanar connections in planes
(100) and (001) [22,23]. Due to the peculiarities of the crystal lattice, gallium oxide is an
anisotropic material. It has been experimentally shown that a number of characteristics
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(for example, thermal conductivity or electron mobility) have better values along the
[010] direction [22-24]. However, mechanical processing is difficult due to fragility and
mechanical defects of the material in the plane (010). As a result, other processing
methods for B-Ga,0s are being studied, including laser scribing [25-28]. Yoo J.H. et al. [29]
studied the optical resistance of bulk gallium oxide, but these samples were doped with
Sn, which makes its own adjustments to the optical resistance when compared with
undoped samples. The paper presents the results of determining the optical resistance of
B-Ga,0s surface under the action of femtosecond laser pulses of the near-IR spectrum
depending on the number of pulses and their repetition frequency from 10 to 201 kHz.

Materials and Methods

The sample of bulk crystal for studying the optical resistance of $-Ga,0s was grown by
Czochralski method using the NIKA-3 growth unit. The crystal growing process is
described in detail in the paper [30]. The sample was prepared by method of chipping the
bulk B-Ga,0s crystal along the cleavage plane (100). The ablation of the material was
performed on an experimental setup equipped with an ANTAUS-20W Yb-fiber
femtosecond laser (Avesta) and a 3D coordinate moving system based on DDSM50 and
MTS50M-Z8 translators (Thorlabs). For investigation the laser beam with Gaussian
intensity profile, factor M? < 1.1, maximum average optical power Pmx = 17.5 W at the
pulse repetition frequency of 1 MHz, pulse duration of 224 fs, output beam diameter of
2.0 mm, and quasi-monochromatic wavelength 1030 nm, which transparent to B-Ga,0s,
was used [1]. In the experiment, the laser beam was focused using a 40X, NA 0.60
objective lens into a spot with a diameter of 9.6 pm on the surface of the sample, while
the latter was rigidly fixed on the coordinate table. Ablated areas were formed at the
optical power in the range from 0.06 to 0.19 Pnax, fixed exposure time of 0.1 s and
different repetition pulse frequency: 201-10% 2-10% 200 and 10 Hz, respectively. As a
result, the pulses number and time between its were variated as follows: 20,000 pulses
every 5 ps, 200 pulses every 0.5 ms, 20 pulses every 5 ms and single pulse. Gentec Solo
PE-2 M (Lake Oswego) optical power meters equipped with UP19K-110F-H9 pyroelectric
power detector (Lake Oswego) used for registration of incident laser power. The
uncertainty of the power meter calibration was dP = £2.5 %.

Results and Discussion

To determine the optical resistance of the B-Ga,0s sample, a series of experiments with
ablated areas formation by different number pulses with a laser beam power in the range
from 1.05 to 3.33 W. Figure 1 shows an optical microscope image of the sample after
laser ablation. By analyzing the images obtained using a scanning electron microscope
(Fig. 2), the diameters of the ablation crater were measured depending on the frequency
and power of laser ablation.

It's observed from Table 1 that the value of the diameters of crater has a stepwise
increase depending on a laser power. Thus, laser ablation can be quantitatively
characterized by the crater diameter, which is necessary for calculating the optical
resistance of the B-Ga,0s.
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Fig. 1. An optical microscope image of B-Ga,0s after laser Fig. 2. An example of measuring
ablation on a scale of 0.3 mm, with arrows indicating an increase the diameter of an ablation crater
in repetition rate ( f) and optical power of laser beam (P) using a scanning electron microscope

Table 1. Diameter of ablated areas of sample surface in microns with error 6D =+ 0.1 um

Average optical power P, W
Number of pulses
1.05 1.22 1.40 1.57 1.75 1.92 2.10 2.27 2.45 2.62 2.80 2.97 3.15 3.32
20,000 54 55 55 55 5757 65 81 82 8383 85 85|93
200 25 42 50 53 55|55 57 59 60 75 76 77 80|81
20 20 24 24 24 40 45 49 50 50|51 52|50 59 60
1 15 15 16 17 18 16 15 |35 42 43 45 45 | 45 44

Calculation of the optical resistance

The optical resistance of the B-Ga,0s surface was determined by measuring the diameter
of the craters D formed as a result of laser ablation at different pulse energies E using the
Lui method [31]. Depending on the diameter of the wells squared from the energy of the
impulses at which they were formed, a linear regression was given by the expression:
D(E) = 2wo*In(E/Ew), (1)
where wo is the radius of the laser spot determined by the intensity drop on e?, which
formed the crater. The energy in the pulse was calculated from the average power of
incident radiation P, measured at the pulse repetition frequency f= 20 kHz, as:
E=PFf. (2)
According to Eq. (1), the graphical dependence D*(E/E:) was plotted on a logarithmic
scale along the abscissa axis. In this case, the point of intersection of the linear regression
with the abscissa axis determined the pulse energy E:, at which the formation of the well
began, and the slope of the line corresponded to the radius of the laser spot:
wo = [=b/(2Eu) Non]°*, (3)
where N, is the value of multiphoton absorption, b is the linear regression constant
written as a function y = kx + b. This function was plotted based on experimental data by
least squares approximation (Fig. 3). For all points, the exposure duration was 0.1
seconds. 20,000 pulses corresponded to a frequency of 201 kHz, 200 pulses corresponded
to 2.01 kHz, 20 pulses corresponded to a frequency of 201 Hz and 1 pulse at 10 Hz.
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The value of N,, was determined as the ratio of the energy of the bandgap of the material
E, to the photon energy E,» and characterized the cross-section of multiphoton absorption,
i.e. the region of the Gaussian laser beam where the energy density provided N,»-photon
absorption of incident radiation. In our case, at £,=4 eV and E,, = 1.2 eV (the energy of a
photon with a wavelength of 1030 nm), the value of N,, = 4.
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Fig. 3. Dependence of the square of the sublimation diameter on the pulse energy
of the different pulses in the irradiated region: 1, 20, 200 and 20,000 pulses

Optical resistance of the sample was characterized by the energy density at which
surface ablation began, and was expressed as follows:
Fin = Ew/(TTwo?). (3)

The constants of the linear regression, as well as the values of the laser spot radius
and threshold energy density of the material are shown in Table 2. From the data
provided, it can be seen that the threshold energy of £ was maximum when exposed to
a single pulse, equal to 6.16 pJ and decreased almost twice - to 3.86 uJ — with an increase
in the number of pulses to 20,000. The radius of the laser spot did not depend on the
number of pulses and was supposed to be 7.7 um for all irradiation modes. An increase
in the radius of the laser beam according to the computational data under the influence
of 200 and 20,000 pulses indicated that the size of the ablative crater became larger than
the laser spot due to spalling ablation. In this case, part of the material outside
the irradiated zone was broken off and removed, thereby increasing the diameter of
the ablation zone from 15.4 to 24.4 um.

Table 2. Linear regression constants, threshold pulse energy, beam radius, threshold energy and power
densities for optical resistance

Number of pulses/

2 2

repetition rate b k Eun ) Wo, P Fun, J/cm W, W/em
1/10Hz -46.47 £ 5.96 65.76 £ 5.83 6.16 7.77 2599421 11.6-10°
20/201 Hz -36.81 £ 7.60 46.75 £ 743 5.09 7.61 21.48 £1.33 9.6:10°

200/ 2,01 kHz -74.09 +10.64 111.68*10.41 4.61 11.34 | 1945 %335 8.7-10°
20,000 /201 kHz | -71.54+16.04 122.23+15.69 3.86 1218  16.29*4.22 7.3-10°
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The measurement error was estimated considering linear regression, the accuracy
of measuring the diameter of the wells and the incident radiation power, for which an
expression of the following form was used:

2 2 2

dF = Fth\/(%) +(3) +=3i (‘;—D) +6P2, (4)

As a result, firstly, the average measurement error ranged from 16.4 % when
exposed to 1 pulse to 26 % after exposure to 20,000 pulses. Measurement error can be
reduced by recording not one, but several series of wells under the same laser exposure
regimes. Secondly, the minimum error under the same other irradiation conditions was
for the effect of a single pulse. Thirdly, ablation of the B-Ga,0s surface under the influence
of high-power near-infrared laser pulses occurred due to multiphoton absorption, which
was random, unstable and contributed to a high measurement error. Reducing the
wavelength to visible and near-UV radiation would also reduce measurement error.

From the above data of the threshold energy density Fs, it can be noted that its
value decreased by 37 % with an increase in the number of pulses from 1 to 20,000
(Table 2). This result was typical for any materials in the transition from single-pulse to
multi-pulse action. With each subsequent pulse, the fatigue of the material accumulated
in the form of an increase in the concentration of local defects in the crystal lattice

Conclusions

Experiments on the effects of laser irradiation were carried out on samples of bulk crystals
of gallium oxide grown using the Czochralski method and prepared by chipping along the
cleavage plane. During the analysis of the laser ablation geometric parameters and
calculations, the optical resistance of B-Ga,0s was determined. The threshold energy
density varied from 25.99 to 16.29 J/cm? with pulse numbers varying from 1 to 20,000
at a wavelength of 1030 nm and a pulse duration of 224 fs. The threshold power density
of incident radiation ranged from 11.6 to 7.3 GW/cm?2.
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ABSTRACT

Three modifier oxides, MgO, Zn0O, and CdO, were mixed with 1.0 mol % of Thulium-doped lead arsenate
glasses and were synthesized by the usage of melt-quenching technique. XRD patterns clearly show
the evidence that samples are amorphous and had been supported with the aid of using the lack of distinct
peaks. Various functional physical parameters such as molar volume, oxygen packing density (OPD), Tm>"
ion concentration, mean Tm*" ion separation, polaron radius are evaluated by using experimentally
measured densities and refractive indices. The optical absorption spectra of PbO-MO (M = Mg, Zn, Cd)-
As;03:Tm;03 glass system have been studied. Through the application of least square fitting analysis,
the J-O phenomenological parameters (Q,, Q4, Q¢) for the three glass systems have been calculated.
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Introduction

In the glass system, rare-earth ions have been thoroughly studied with respect to both
their physical and chemical characteristics inside the network of glasses, which
establishes the glass structure, it also incorporates optical characteristics [1,2]. Because
of its exceptional prospective applications, the developments of glasses which are doped
with rare-earth ions are precisely on course because of their use, including optical,
semiconductors, sensors, lasers, etc. [3,4].The composition, structure and qualities of the
final glass materials are directly influenced by the production technology and chemical
and mineralogical makeup of the raw materials [5].

However, lead arsenic glasses are highly toxic, volatile easily at high temperature and
chemical instable in moisture due to their devitrification, surface leaching along with
hydrolytic attack. From the literature study [6-8], it strongly evidence that, the incorporation
of suitable network modifiers/intermediate modifier like CuO, WOs, Fe,0s, etc., there is
change to reduce the number of non-bridging oxygens (NBOs) by forming more stable
M-0-As (M = metal) linkages significantly improved the chemical durability, reducing
moisture induced surface leaching and enhances long-term stability. Furthermore, the
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presence of these oxides minimizes structural defects, enhances homogeneity, which
leads the tuning of physical parameters such as density, refractive index and optical band
gap. Tuning effect of the modifiers for getting stable and modified PbO-As,0s glasses
not only governed by the chemical composition nature but also their relative proportion
in the glass matrix. Thus, the strategic addition of MgO/ZnO/CdO effectively mitigates
the weaknesses of PbO-As,0s3 glasses and enables the development of compositionally
stable materials for advanced optical and photonic applications and also it nevertheless
to mention that no literature available with systematic replacement of divalent modifier
in the PbO-As;0;s glass host.

The RE** (Ln**) ions doped glasses are highly renowned because of their high
efficient optical property and good transparency in near and mid IR region [9]. Thulium
(Tm*") is recognized as one of the most potent active ions [10]. Recently, considerable
attention has been given to analyzing the spectra of Tm**ions in various glass hosts, since
this ion exhibits emission in the infrared region (~ 2 um), making the glasses suitable for
eye-safe LIDAR [11], gas sensors, pollution monitoring in atmosphere, biomolecule
sensors, laser guided military applications etc., [12,13]. Because of the possibility of
up - conversion from infrared to visible light, these ions are well-known [14-16].

Among Oxide glasses, PbO-As,0s glasses exhibit high density and good optical
transparency, which are essential for optimum efficiency for optical pumping. Metal
oxides have been shown to improve the optical properties of glass, making them
promising material for optical fiber amplifiers, non-linear optical systems, electronic
optical switches etc. [17]. When lead arsenates glasses are modified with network altering
metal ions, structural changes and local field fluctuations can be expected; these
modifications may significantly influence the optical transitions of lanthanide ions and
enhances the compositional stability. In this ongoing work, we report the physical, optical
studies and their correlation in PbO-Mg0/Zn0/Cd0-As,0s glasses doped with Tm>" ions.

Materials and Methods

The present studied glass samples had been prepared by adopting the melting and
quenching method. Within the area where glass is formed, the compositions selected for
the current investigation is 20PbO-5MO (M = Mg, Zn, Cd)-74As,03:1.0Tm;0sall in mol %
weighted by using Essce Vibra HT digital weighting balance with maximum capacity
100 gm and readability 0.1 mg. Figure 1 depicts a flow chart of the glass sample
preparation process. The specific chemical composition and their codes used for present
prepared samples were displayed in Table 1. All compositions were melted in platinum
crucibles at 700 °C using muffle furnace. The melts were then rapidly quenched
by pouring onto a preheated brass mould to avoid crystallization. The obtained glass
samples were subsequently annealed at 250 °C for three hours at a cooling rate of
1°C/min to relieve internal stresses and ensure structural stability. Figure 2 shows

Table 1. Composition of glass samples (all in mol %)

Sample Code PbO MO As,03 Tm,0;
GM 20 5.0 MgO 74 1.0
GZ 20 5.0Zn0 74 1.0
GC 20 5.0 CdO 74 1.0
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AR grade chemicals weighted (all
in mol%) based composition
using Essce Vibra HT digital
weighting balance

1 1

Finally the samples were polished
to dimensions of 2cm x 2 cm x 0.2
cm size

Grinding of chemicals with agate Melt was quenched and are
mortar to obtain Homogeneous annealed at 250°C for 3 Hrs and
mixture then cooled to room temp.

! 1

Melting the chemical mixer in - Bubble free Melt poured on the
platinum crucible at 700°C for 1 rectangular brass mould to obtain
Hr until to get bubble free liquid glass

Fig. 1. Flow chart of various steps involved in PbO-MO (Mg0/Zn0/Cd0)-As,03:Tm,05 glass samples

GM GZ GC

Fig.2. Photograph of prepared PbO-MO (MgO/ Zn0O/Cd0)-As;03:Tm;05 glass samples

the digital photographs of the prepared PbO-MO (M = Mg, Zn, Cd)-As,03:Tm;0s glasses,
which clearly exhibits that the prepared samples are light yellow in colour with good
transparency, and absence of visible surface defects, confirming the good quality of the
synthesized glasses. Density determination was done by adopting Archimedes’ principle
by measuring the weights of the prepared samples in air as well in acetone by using Essce
Vibra HT digital weighting balance. The refractive index of the samples was measured by
using Abbe refractometer using Abbe refractometer (Model NAR-4T: Resolution
% 0.001 nD and accuracy £ 0.0002 nD) with mono bromo naphthalene as the contact layer
between the glass and the refractometer prism. The amorphous nature of the prepared
glasses was checked by X-ray diffraction spectra recorded on Rigaku D/Max ULTIMA llI
X-ray diffractometer with CuKq (A = 0.15406 nm) radiation. The optical absorption spectra
of the glasses at ambient temperature were recorded using JASCO Model V-970 UV- vis-
NIR spectrophotometer with spectral resolution of 0.1 nm.

Results and Discussion

The density of the samples was calculated using Archimedes’ standard principle by
measuring their weights in air (W,) as well as in acetone (W) as a buoyant liquid. With the
help of measured density, estimated average molecular weight of the individual samples,
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several important characteristic physical parameters, including molar volume, oxygen
packing density (OPD), Tm**ion concentration, mean Tm?** ion separation, polaron radius
were calculated from standard relation and presented in Table 2 [18,19]. From the
obtained and presented data from Table 2, it was noticed pragmatically among samples
containing MgO, Zn0 and CdO, that density is larger for GC, large for GZ and small for GM
samples. In contrast molar volume shows as usual inverse behavior with densities of the
glass samples. This was unexpected trend why because due to the replacement of the
Mg?* ions with higher molecular mass (ionic radius) ions like Zn?* and Cd** we expect the
reverse trend, which suggests that evidently takes place structural changes in the glass
matrix. Among the present reported samples, OPD is smaller for GM, small for GZ and
larger for GC. This increase in OPD suggests that the glass structure becomes compact
hence leads to increase the density of the glass samples.

Table 2. Physical parameters of PbO-MO (M = Mg, Zn, Cd)-As,03:Tm,03 glasses

. Sample code
Property Standard relation M cz cc
Average molecular weight (M), g/mol M= X;M; 197.52 | 199.17 | 201.05
W,
. 3 — a
Density (o), g/cm o (Wa i ) py | 5174 | 5382 | 5540
M
Molar volume (Vin), cm?/mol V= — 38.176 | 37.006 | 36.290
p
Oxygen packing density (OPD), atoms/cm® OPD =n (%) 1000 | 63.13 | 6512 | 66.41
Refractive index (n) Experimental value 1.654 1.655 1.656
n? -1
Molar refractivity (Rm), cm3/mol R, = <m) Vi 13.99 13.58 13.33
R
Molar electronic polarizability (em), cm?/mol Ay = % 5.552 5.389 5.291
Electronic polarizability (ae), 102> cm? a, = M 1.454 1.455 1.457
e’ ¢ 4nN,(n? + 2) : ' :
R
Metallization criterion (M) M=1- V_m 0.6335 | 0.6330 | 0.6326
Optical basicity (A) A= in/ll- 1.037 1.044 1.050
N,x;
Tm?3* ion concentration N, 10%* ions/cm? N; = AMJ_Clp 1.577 1.627 1.659
1
Interionic distance (r), A r= [ir 8590 | 8502 | 8447
N
1 1
Polaron radius r,, A r = _[ i ]3 3461 | 3.426 | 3.403
P~ 216N
Z
Field strength (F), 10%° cm™ F; = ) 1.379 1.301 1.380
p

The refractive index (n) values were measured using monochromatic LED light of a
wavelength 589.3 nm. The refractive index values for the studied samples were closely
1.65 to 1.66 following the trend nem < nez < nec. Using standard relations along with the
measured refractive indices, the physical parameters such as molar refractivity, molar
electronic polarizability, metallization criteria and optical basicity were evaluated and
the same were systematically presented in Table 2, where X; is the mol % of the oxide
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compound,M; is the molecular weight of the oxide compound, p, is the density of
acetone, N, is the Avogadro number, A; is the specific basicity moderating parameter of
it" oxide compound, Z is the thickness of the sample.

Figure 3 depicts the observed XRD patterns of the GM, GZ and GC samples. These
patterns exhibit no sharp peak, confirming the amorphous nature of the prepared
samples. Instead, two broad diffuse maxima are observed centered near 260 = 30° and
= 50°. In amorphous materials such as oxide glasses, these broad halos arise by diffuse
scattering that originates from short range and medium range atomic correlations, rather
than from long range periodicity. The high angle halo near = 50° arises from short range
order corresponding to the nearest neighbour cation oxygen bond distances (d = 1.8 A)
with in the basic structural units present in the glass formers such as SiO. tetrahedral,
BO:/BO4 units, AsOs pyramids, Pb-O polyhedra and modifier oxygen linkages [20,21].
Whereas the low angle halo near = 30° arises from medium range order especially in
oxide glasses corresponding due to the long-range real spaces distances between inter
polyhedral correlations like AsOs units PbO (d = 3 A). In addition, the presence of MgO,
Zn0, and CdO modifiers enhances such medium-range structural organization due to
variations in bonding strength, cation size, and field strength, thereby making the ~ 30°
halo more prominent.

GC

GZ
GM

Intensity (arb. units)
# {;’
3 p—

20 (Degrees)

Fig. 3. X-ray diffraction pattern for PbO-MO (M=Mg, Zn,Cd) As,03:Tm;0; glasses

Absorption Coefficient (cm™)

300 600 900 1200 1500 1800 2100

‘Wavelength (nm)

Fig.4. Optical absorption spectra of PbO-MO (M=Mg, Zn, Cd)-As,05 glasses doped with Tm;0s
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The optical absorption spectra of GM, GZ and GC glass samples within the
wavelength range of 300-2100 nm were presented in Figure 4. Glass sample GM exhibits
five distinct absorption peaks with peak positions at about 657, 689, 795, 1199, 1631 nm;
among them, first one with less intensity appeared as a kink, whereas last one was a
boarder. These identified peaks were attributed due to the transition Tm>** ions from the
ground state *Hs to the higher energy states 3F,, *Fs, *F4, *Hs, *H. respectively [22,23].
Among the three prepared samples, the other two samples also exhibit similar absorption
bands with marginal blue shift in wavelengths, the corresponding energies of these
transitions are presented in Table 3.

Table 3. The absorption band energies (cm™), the experimental (fex,) and calculated (fea) oscillator strengths
for the absorption transitions of PbO-MO (M = Mg, Zn, Cd)-As,03:Tm,05 glasses

GM GZ GC
Transitions | Energy | fexp, | feat % | Energy | fexp, | feats % Energy | fexps | feals %
v,emt | 10 | 10 | diff | v,cm? | 10 | 10 | diff | v,cm? | 10° | 10° | diff
*He—>3F, | 15231 | 208 | 2.1 | 096 | 15104 | 1.16 | 1.15 | 0.86 | 15092 | 2.89 | 2.35 | 18.68
—3F; 14510 | 6.34 | 6.7 | 5.67 | 14280 | 5.71 | 6.30 | 10.33 | 14596 | 6.60 | 5.94 | 10.00
—3F, 12584 | 392 | 4.08 | 4.08 | 12608 | 3.47 | 3.70 | 6.62 | 12610 | 3.48 | 3.60 | 3.49
—3Hs 8338 | 457 | 482 | 547 | 8314 | 451 | 463 | 2.66 | 8320 | 469 | 480 | 2.34
—3H,4 6130 | 3.50 | 3.61 | 3.14 | 5960 | 248 | 2.57 | 2.01 | 6131 | 3.72 | 3.68 | 1.08
irect band 2.49 2,52 255
gap, eV
Indirect band 2.59 2.61 2,62
gap, eV
R.m.s. % 423 5.70 9.67
deviation

Judd-Ofelt (J-O) parameters are vital to enhancing the comprehension of optical
characteristics, particularly concerning rare-earth ions such as thulium in glass matrices.
They bid valuable insights into properties like, radiative transition probabilities, oscillator
strengths, and branching ratios etc.

By applying J-0O theory and measuring the area under the absorption curves, the
experimental oscillator strengths were determined by the simplified relation [24]:
fexp = 4318 X 107° [ £(9) 9, (1)
where [ &(9) d9 is the area under the absorption curve, e(9) is the molar absorptivity of

the respective band at I:
A

() = 7
where % is the absorbance coefficient, c is the concentration of the lanthanide ion.
The calculated oscillator strengths for the electric dipole transition from the ground

state () to the excited state (y") were obtained using the relation:

2 2,5)2
fr = (320 (P2 ) s (00)" ®
where all the terms having their own standard meaning, which are mentioned in the
literature [22,24], ||U*|| are the square reduced matrix element of the unit tensor operator
of the rank 1 = 2,4,6, these standard values were acquired from [25]. The root mean
square deviation values from the calculated and experimental oscillator strengths were

(2)
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obtained using the basic relation, which helps to understand the fitment of theoretical
data with experimental data in the RE-doped glasses:
2

RMS % = 100y L Fern) (4)

The absorption band energies (cm™?), the experimental (fexp) and calculated (fe)
oscillator strengths calculated for the absorption band intensities of PbO-MO (M = Mg,
Zn, Cd)-As,0::Tm,03 glasses were presented as Table 3.

Using least squares fitting analysis, J-O parameters T, (A1 = 2,4,6) were determined
with help of values ||U*||?(taken form the literature ref), fexps fear,» and v by the relation [26]:
fe = [T(IU2D? + To(IU*)? + Te (I1U°11)19. (5)

J-0 Intensity parameters 2;(1 = 2,4,6) are calculated from above obtained
T, (A = 2,4,6) using the equation:

% = (5me) (i) @ + DT ©)

8m2mc

where all symbols have their own significant meaning as mentioned in literature [25,26],
J is taken as 13 for the ground state of Tm*" ion. The obtained J-O intensity
parameters 0, (1 = 2,4,6) for Tm,0s; doped PbO-MO (M = Mg, Zn, Cd)-As,0s glasses are
displayed in Table 4. When the computed oscillator strengths are compared to the
experimental oscillator strengths, a fair match is made. The root mean square percentage
(RMS %) deviation between fe, and fac is used to express the fit quality. The J-0 theory's
validity and suitability for the current glasses are confirmed by the comparatively low
levels of these deviations [27]. In complex hosts like glass it is common that individual
transition oscillator strengths differ by 10-30 % from calculated values; an RMS
percentage deviation (RMS %) below ~20-30 % is usually considered acceptable as
indicating a good correlation in rare-earth—doped glasses. For the present studied three
samples, RMS % deviation is observed < 10 which represents the overall "goodness of fit"
and validates whether the derived J-0 parameters Q,, Q4, Q¢ are reliable.

Table 4. J-O parameters (Qa) and the bonding parameter (6) of PbO-MO (M=Mg, Zn, Cd)-As,03::Tm;0;
glasses and their comparison with the previous work of different glasses

Glass Q,, 102° cm? Q., 102° cm? Q¢, 10'2° cm? Q.4/Q6 5 Ref.

GM 8.35 0.863 0.336 2.56 -0.160 Present work

GZ 7.81 0.810 0.370 2.18 -0.948 Present work

GC 6.74 0.780 0.362 2.15 -1.050 Present work

PSBT 3.66 2.926 1.549 1.89 [22]

BBT 3.65 1.32 1.37 0.96 [23]
Glass B 4.15 0.80 0.40 2.00 [24]
Gallate 4.79 1.52 0.58 2.62

Germanate 4.10 0.99 0.26 3.80 [28]
Aluminate 494 1.67 0.61 2.73

Hence, the Q, parameter acts like a strain for the asymmetry of the ligand field,
reflecting the degree to which the local symmetry is distorted. For all the present three
sets of glasses, the values of Q\ are projected primarily in the following sequence;
Q; > Q4> Q¢ [28]. Further, it is identified that this phenomenological intensity parameter
Qy for A = 2, 4 observed lower when Mg was replaced by the Zn and Cd, whereas for A = 6,
it is observed to rise with the replacement of Zn and Cd by the Mg in the glass matrices.
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These results reflect among the three studied present glasses: GM has more covalent
behavior than the other two. Afterward coming to the Q4, bids attention to the interaction
of RE-ions with the atom that are away in the lattice i.e., tells about medium-range
interactions that reflects the rigidity and bulk properties like density, mechanical strength
and elasticity etc., Approaching to the third one, Q¢ reveals the information about long-
range interactions between the RE-ion and its environment, which plays an active role on
optical and efficiency, non-radiative transitions, phonon interaction (Luminescence
efficiency). Lower Q¢ values claim less rigid, faster non- radiative relaxations due to
interaction of RE-ions with lattice by producing lattice vibrations (phonons). Hence, by
the obtained results, it may except that GM glass samples were rigid with lower non-
radiative relaxations, same result was confirmed the higher Q4Qs value.

The bonding parameter (6) which also helps to estimate the covalent character of the RE
ions with the ligand bond has been calculated for each of the three glasses using the equation:

_eree—ion

5= 27 7)

free—ion
‘Qz

The RE-ion Tm** in MgO mixed glass has the highest 6 value, whereas CdO mixed
glass exhibits the lowest 6 value. The bonding parameter value might potentially be used
as additional evidence for this claim. Hence, Optical data with the fitment of J-O theory
imply that the Tm** environment in MgO glasses is a more covalent character with a rigid
structure having higher luminescence efficiency than the other two glasses containing
Zn0 and CdO.

According to Davis and Mott’s theory [29,30], the optical edge of non-crystallize
materials can be expressed by the equation:
ahd = A (R — Eope) (8)
where « is the absorption coefficient, A is the proportionality constant, hv is photon
energy, Eqx is the optical band gap energy, r = 2(allowed indirect), V2 (allowed direct) -
transitions respectively. The direct and indirect optical band gaps were estimated by
extrapolations of the (ah9)"vs h9 curves at (ehd)" = 0.

()
GM

GZ

GC

(chv)? (eV-cm)?

(chv)1? (eV-cm-1)?

2 21 22 23 24 25 26 27 2 21 22 23 24 25 26 27

Energy hv (eV) Energy hv(eV)

Fig. 5. Urbach plots of PbO-MO (M=Mg, Zn, Cd)-As,0s glasses doped with Tm,0s: (a) direct; (b) indirect
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Figure 5 shows (ahd)"vs h plots of PbO-M0-As,05:.Tm,0; glasses. From the
extrapolations, the GM glass exhibits optical direct and indirect band gaps of
approximately 2.54 and 2.75 eV. Replacing ZnO or CdO with MgO produces a small but
systematic increase (widening) of both direct and indirect band gaps (Table 4), reflecting
reduced modified local structure from Mg?* incorporation. In other way, ZnO and CdO
introduce highly polarizable cations, which increase the electron donating ability of O*
and cause to produce more NBOs. This increases optical basicity and raised the J-O
parameter Q, supports the same with causes the reduced covalency and local structural
distortion around Tm?" ions, leading to a more rigid matrix and higher energy optical
transitions.

Conclusions

An assortment of glass systems with chemical substance 20 PbO-5 MO (M = Mg, Zn, Cd)-
74 As;0::1.0Tm,03was successfully prepared by conventional melt-quenching technique.
The density and molar volume of the glass were found to change when MO was added to
the glass system. The transitions below have been identified by glasses optical absorption
spectrum *Hs—>F,, 3Fs, *F4, °Hs, °Hi. The optical absorption spectra of these ions may be
described using the J-O theory for each of the three glass systems. The J-O parameters
for the three systems are calculated using least squares fitting analysis and the results
indicate the following pattern: Q, > Q4> Q¢ The glasses that were combined with
magnesium oxide had the highest bonding parameter 6, smaller optical band gaps all the
above observations clearly indicate that the rare earth ions in this glass matrix have a
larger covalent environment in glass containing MgO.
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ABSTRACT

Theoretical model is suggested which describes the micromechanism of lattice dislocations emission from
triple junctions of amorphous intercrystalline layers with pores and liquid-like inclusions in high-temperature
ceramics. Within the model, the plastic deformation in ceramics under elevated temperatures is realized
through the emission of lattice dislocations from triple junctions of grain boundaries and the subsequent glide
of the emitted dislocations in the grain interior. In the exemplary case of high-temperature a-AL,Os ceramics,
a comparative analysis of the critical stresses for the emission of the lattice dislocations, and for their glide
along the prismatic and basal slip planes in the grain interior depending on the deformation temperature was
carried out in a wide temperature range from 300 to 1500 K. It is shown that the critical stress for the emission
of the lattice dislocations decreases with both an increase in the length of the liquid-like inclusion and the
deformation temperature, and increases with increasing the pore size.
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Introduction

High-temperature ceramics (e.g., ALOs;, SiC, SisN4, ZrO:) often contain amorphous
intercrystalline layers (AlLs) and pores that influence their mechanical properties [1-10].
The liquid-Llike inclusions (LLIs) are nanoscale regions where the material locally behaves
in a viscous or fluid-like manner due to the stress and the temperature conditions,
facilitating the plastic flow in an otherwise brittle ceramic matrix [11-13]. The pores act
as stress concentrators and nucleation sites for these inclusions [14,15].

The LLIs are usually small in size (of the order of tens of nanometers) that very
complicates their experimental observations [6-9]. Thus, computer modeling [16-18] and
analytical models [19-23] play a significant role in this field. The results of computer
modeling [17,18] have stimulated the development of theoretical works [19-23] on the
study of the generation and evolution of the LLIs in ceramic materials with AlLs. Within
these models, the plastic deformation occurs due to the generation and the propagation of
the LLIs along the grain boundaries containing pores [23] and AlLs [19]. In the case when
the further development of LLIs along AlLs is suppressed by their triple junctions, the LLIs
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can act as effective stress concentrators inducing the implementation of other mechanisms
of stress relaxation such as the nucleation of nanocracks on the LLIs [20], the LLIs
overcoming the AIL triple junctions and penetrating into a neighboring AIL [21], and the
subsequent emission of lattice dislocations from the AlL triple junctions with the LLIs [22].

Recent studies have revealed the formation of LLIs near pores in the high-
temperature ceramics with AlLs, which significantly affect the strength, the ductility, the
creep resistance, the fracture toughness, etc. [4-6] of these ceramics. So, the
development of the theoretical models describing the deformation mechanisms capable
to improve the mechanical properties of the high-temperature ceramic materials with
pores can significantly affect the range of their practical applications.

The main aim of this work is to develop a theoretical model of a micromechanism
for the enhancement of plastic deformation through the emission of lattice dislocations
(LDs) from the AIL triple junctions containing LLIs near pores in high-temperature
ceramics at elevated temperatures.

Model

Consider a cylindrical pore of radius Ry placed in an equilibrium triple junction of AlLs
containing an LLI of length L in a ceramic sample (Fig. 1). It is assumed that the LLI
occupies the entire grain boundary reaching the opposite triple junction of AlLs where its
further propagation is suppressed. Within the model, this LLI as a source of mechanical
stresses is modeled by a dipole of edge superdislocations with the Burgers vectors +B
(£B-superdislocation dipole) and the arm R + L (Fig. 1).

Let us consider the process of the generation of a lattice dislocation (LD) with the
Burgers vector b (b-LD) from the AIL triple junction under the external shear stress 7 (Fig. 1)
with taking into account the effect of the pore on the variation in the shear stress z.
In this case, the dipole of the +B-superdislocations acts as a stress concentrator facilitating
the nucleation of the LD. This process becomes energetically favorable at t > 74, where
T, 1S some critical value of the external shear stress t . However, the Peierls barrier

AY

liquid-like
inclusion

- RO <
P—
-B
pore

Fig. 1. Model of the LD emission from the AIL triple junction in the vicinity of a pore of radius Ro
and an LLI of length L under the external shear stress T
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hinders the movement of the emitted LD within the grain interior. Thus, the LD slip along
one of the slip planes becomes possible at 7 > 7,, where the 7., is a critical stress at
which the LD can overcome the Peierls barrier.

According to the theory of defects in solids, the emission of the b-LD by the distance
p from the AIL triple junction can be described as the appearance of an LD dipole with
the Burgers vectors tb (+b-LD dipole) and the arm p (Fig. 1). Previously, Glezer and
Pozdnyakov [24] have developed a similar model although with no pore at the triple
junction of grain boundaries. Thus, the LD emission can serve as an alternative
mechanism of the plastic deformation enhancement in the high-temperature ceramics
with LLIs in the vicinity of the pores.

Results

Consider the energy characteristics of the LD emission. The LD emission process is
specified by the energy difference AW = W, - Wi, where W, and W, are the total energies
of the defect system before and after the LD emission (Fig. 1). The condition AW < 0
determines the possibility of the generation of the £b-LD dipole at the AlL triple junction.
The energy difference AW is determined by the expression:
AW = Egeip + Ec + ETiye, (1)
where E,f is the self-strain energy of the +b-LD; E. = Gb2/[47(1 — v)] is the core energy
of the emitted LD; G and v are the shear modulus and the Poisson ratio, respectively;
Eic is the energy of the elastic interaction between the +b-LD dipole with the +B-
superdislocations, and E: is the effective work of the external shear stress t spent to
transfer the emitted LD over the distance p.

In accordance to the general approach [25], the self-strain energy Ess can be

determined via the shear stress components of the +b-LD dipole as follows:

b Ro+L+p-T1
Esetf =3 Jaosrer, (Oxy T 0%y)dx, 2)

where ax -b and axy are the shear stresses of the -b-LD and b-LD located at a distance
di=Ro+Landd,=Ro+ L+ pfrom the pore center, respectively (Fig. 1).
With help of the Airy stress functions, Eqg. (2) can be rewritten as follows:
6@1 &]x=R0+L+p—roy=0 (3)
oy oy X=Ro+L+71.y=0 ’
where c:D1 and @, are the Airy stress functions for the -b-LD and b-LD, respectively, that
are given by the following well-known formulas [26]:

0= -2y (B (1-T0) + )0, = 2y (R (1-TE) + ™), @)

21 (1-v) 2712 d?r 21 (1-v) 2712 )

where r = (x2 + y?)Y2, r;, = (r? + d? + 2rd)Y?, 1, = (r? + d3 + 2rd,)Y?, r. = b.

The energy Eix is given by a formula similar to Eq. (2):

Ro+L+p _BB

E fRo+L xyint’ ()
where ax‘y and afy are the shear stresses of the -B-superdislocation and
B-superdislocation located in the center of a cylindrical pore and at a distance d =Ro + L
from the pore center, respectively.

By analogy with the calculation of self-energy E., the interaction energy Ei, is
written using the Airy functions as:

Eself
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Ein ) (6)

where ®; and @, are the Airy stress functions for the -B-superdislocation and
B-superdislocation, respectively, that can be written as [26]:

ORES Ly(lf—g+lnr),q§4=Ly(lR—g(1—ﬁ)+lnﬂ), (7)

N 2m(1-v) 2m(1-v)” \27r2 dr?
where r; = (2 + d? + 2rd)Y? and r, = (r% + d? + 2rd)*/2.

The energy E: that specifies the work of the external shear stress T to move the b-LD
over a distance p with taking into account the effect of the pore on the variation of the
shear stress 7 is given by equation [27]:

E, = —bpt[1 4+ 2R5/(Ry + L + p)* — 3R;/(Ro + L + p)*]. (8)

With Egs. (1)-(8), the energy difference AW can be calculated. Then the numerical
calculation of the dependences AW(p) was carried out for different values of the external
shear stress 7 and the length L of the LLI in the exemplary case of high-temperature
a-AlOs ceramics.

Since the material parameters (G and v) exhibit weak dependence on the
temperature, one can take G=169 GPa and v=0.23 [28]. The magnitude of the LD
Burgers vector b was chosen as b~=0.27 nm [29]. According to the model [24],
the magnitude of the Burgers vectors of the +B-superdislocation dipole is equal to
~ 0.025 L at the low deformation temperature 7=300K and = 0.075 L at the high
deformation temperature 7= 1500 K. The numerical calculations of the dependences

903 a¢4]x=R°+L+p'3’=0

0y 9y ly—pytLy=0

) p, NM
@ L Pm Q

AW, eV/nm

Fig. 2. The energy difference AW vs. the distance p at various values of the external shear stress T,
the pore radius Ro = 10 nm, the distance L = 10 nm (a) and 20 nm (b), and the deformation temperature
T=300 K. The stress values are given in units of GPa
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o 20 40 60 80 10 o 200 400 600 800 1000
£ e -40¢
< c L=20
S £ 60 =20 nm
© >
s § -80
< 3 -100f
120}

Fig. 3. The energy difference AW vs. the distance p at various values of the external shear stress T, the
pore radius Ry = 10 nm, the distance L = 10 nm (a) and 20 nm (b), and the deformation temperature
T=1500 K. The stress values are given in units of GPa
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AW(p) are illustrated in Figs. 2 and 3 for the pore radius Ro =10 nm, the two different
values of L: L = 10 nm (Figs. 2(a) and 3(a)) and 20 nm (Figs. 2(b) and 3(b)), different values
of the external shear stress t, and the deformation temperatures 7= 300 K (Fig. 2) and
T=1500 K (Fig. 3).

With the help of the conditions AW < 0 at p =1 nm and 0AW/dp < 0 for p > 1 nm, the
critical value 7z of the external shear stress t can be calculated. At t >4, the LD
emission is occurred in a barrier-less manner. As it can be seen from Figs. 2 and 3, the
higher is the deformation temperature and the bigger is the distance L, the lower is the
value of the critical stress 71 which determines the LD emission from the AlL triple
junction in the vicinity of the pore. A similar calculation method can be used to determine
the critical stress 7.1 for other deformation temperatures.

It should be noted that the implementation of the dislocation sliding along slip
planes can be realized by applying an external shear stress that exceeds a certain critical
value 7., at which the LD can overcome the Peierls barrier. The strong dependence of the
Peierls barrier on temperature determines the temperature dependence of the critical
stress 7, which (in the case of a-Al,Os ceramics) is given by the following equations [30]

for the LD slip along the basal (z.;p) and prismatic slip (z.,,) planes:

Toop = TObe—O.OOSZZ’T’ (9)
Tc2p — T0p€_0'0026T, (10)

where 7.0, = 109 GPa and 7o, = 9 GPa.
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Fig. 4. The critical stresses 71 and =, vs. the deformation temperature T at the LLI length, L = 10 nm (a,c)
and (b,d) 20 nm, and the pore radius, Ry = 10 nm (a,b) and 30 nm (c,d). Regions B and P determine the
critical stresses and the deformation temperatures for the basal and prismatic slip planes, respectively
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Using Egs. (1)-(10), one can calculate the dependences z.1(T) and z,(7) of the critical
stresses 71 and 7, on the deformation temperature T in the case of the high-temperature
a-AlOs ceramics with pores at the AIL triple junctions. The numerical calculation of the
temperature dependences 7.(7) and 7(7) are presented in Fig. 4 for the LLI length,
L =10 nm (Fig. 4(a,c)) and 20 nm (Fig. 4(b,d)), and the pore radius, Ro = 10 nm (Fig. 4(a,b))
and Ro = 30 nm (Fig. 4(c,d)). In the model, the LD emission from the AIL triple junction in
the vicinity of the pore becomes energetically favorable if the condition 7> 7. is satisfied.
On the other side, the fulfilment of the conditions 7> 7., and/or 7> 7, determines the
ability of the emitted LD to slide along one of the slip planes: the basal slip plane (region
B in Fig. 4) or the prismatic slip plane (region P in Fig 4).

An increase in the LLI length L and a decrease in the pore radius R, contribute to
the expansion of the ranges of the critical stresses and the deformation temperatures
(regions B and P, Fig. 4) at which the sliding of the emitted LD in the grain interior is
energetically favorable. Obviously, the effect of the LLI length L is explained by the
corresponding increase in the stress of the +B-superdislocation dipole with its arm and
the corresponding decrease in the image force attracting the emitted LD to the pore
surface. The effect of the pore radius Ry is also caused by the diminishing attracting image
force on the LD.

Thus, the presence of pores makes it harder the emission of LDs from the
neighboring AIL triple junctions. The bigger is the pore radius the higher is the critical
stress for the dislocation emission.

Conclusions

A micromechanism has been suggested which describes the implementation of the plastic
deformation in the high-temperature porous ceramics with liquid-like inclusions (LLIs) in
amorphous intercrystalline layers (AlLs). In the framework of the model, the evolution of
the LLIs is suppressed by AIL triple junctions and they serve as effective stress
concentrators which are capable to induce the action of alternative mechanisms of
plasticity under elevated temperatures. Such an alternative mechanism of the plastic
deformation enhancement can be the emission of lattice dislocation (LDs) from the triple
junctions of the AlLs containing the LLIs, and the subsequent glide of the emitted LDs in
the grain interior along slip planes under the combined action of the external shear stress
and the stress field of the LLIs. The presence of pores in AlLs and their triple junctions has
been expected to effect upon the emission critical conditions. Using a-Al;O3s nanoceramics
as an example, the energy characteristics for the LD emission near a pore have been
calculated. Also, a comparative analysis of the critical stresses for the emission of the LDs
and for their slide along the prismatic and basal slip planes depending on the deformation
temperature has been carried out in a wide temperature range from 300 to 1500 K.

It has been shown that, while the LLIs pressed to AlL triple junctions can effectively
stimulate the emission of LDs from these triple junctions, the presence of pores in the
neighboring AlL triple junctions makes it harder the emission of LDs. The bigger is the
pore radius the higher is the critical stress for the LD emission.

It is worth mentioning that understanding the alternative mechanisms of the plastic
deformation enhancement guides the engineering of the ceramic microstructures to
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optimize the pore distribution and the amorphous layer properties, aiming at improved
the mechanical properties (the fracture toughness and the ductility) at the elevated
temperatures.
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ABSTRACT

Shape memory alloys are promising for vibration protection systems but their long-term performance is
challenged by functional fatigue due to microplastic deformation. A previously developed microstructural
model that explicitly accounts for the evolution of microplastic deformation is utilized in the research to
investigate the influence of this phenomenon. A one-dimensional oscillatory system with a payload isolated
by two TiNi alloy springs is investigated. Numerical simulations compare the device's response in austenitic
and martensitic states, with and without microplasticity, under harmonic excitation. The results confirm
that microplastic deformation significantly alters the dynamic characteristics of the system, highlighting
the necessity of its inclusion for accurate performance prediction. Furthermore, the analysis demonstrates
the superior performance of the shape memory alloy system compared to linear elastic counterparts,
showing its inherent ability to mitigate resonance across a frequency range.
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Introduction

Shape memory alloys (SMAs) represent a class of functional materials that hold a key
position in solving complex engineering problems due to their unique properties. These
primarily include the shape memory effect (the ability to recover significant strain upon
heating) and pseudoelasticity (superelasticity) — the recovery of strain upon unloading.
These macroscopic phenomena are caused by a thermoelastic martensitic transformation
and accompanying processes: martensite reorientation (manifested as pseudo-plasticity)
and the movement of phase and twin boundaries. Thanks to this, SMAs enable the
creation of mechanical devices such as dampers, isolators, and actuators, which often
surpass traditional counterparts in functionality and reliability [1-5].

The relevance of SMA application in the construction industry is particularly high
for tasks of seismic protection and vibration isolation. Widely used passive damping
devices - rubber-metal bearings, friction dampers, and viscoelastic dampers - have a
number of fundamental limitations [6,7]. Rubber isolators are characterized by issues of
aging, sensitivity to temperature fluctuations, and significant residual deformations after
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strong disturbances. Friction devices require regular maintenance and can lose reliability
in the long term, while many types of metallic dampers are susceptible to low-cycle
fatigue and require replacement after activation. The implementation of SMAs in damping
and isolating systems allows for overcoming these drawbacks, offering a path towards
creating resilient and self-centering structures [2-5,8-13].

The following SMA properties are key for application in vibration protection:

1. High damping capacity associated with hysteresis during phase transformations and
martensite reorientation. Energy dissipation occurs both in the high-temperature austenitic
state due to direct stress-induced martensitic transformation (requiring energy for crystal
lattice rearrangement) and in the low-temperature martensitic state due to irreversible
movement of twin boundaries. For TiNi-based alloys, this effect has been previously studied
in detail [14] and continues to be investigated in new compositions [15,16].

2. Self-centering nature provided by the shape memory effect. This property allows a
structure to return to its original position after a seismic event, minimizing residual
deformations, which is critically important for maintaining the building's functionality [17-21].
3. High fatigue strength under large strains (up to 6-8 %), which is due to the predominance
of reversible martensitic transformation over irreversible dislocation slip. This makes SMAs
ideal candidates for cyclically loaded elements in seismic isolation [22-24].

The evolution of SMA-based device designs began with relatively simple forms.
Early developments widely used wire elements, which demonstrated high fatigue
strength and effective energy dissipation. Cyclic tensile experiments confirmed that such
devices dissipate energy stably, and the accumulation of residual deformation slows
down with an increasing number of cycles [25]. Their potential for use as hysteretic
dampers in braces and column bases remains high. Subsequently, the range of
configurations expanded. For example, SMA dampers in the form of rings [26], curved
plates [27], helical springs [28], washers [20,28], and ring springs [29] were proposed,
which demonstrated high load-bearing capacity and potential for use as passive vibration
isolators in various industries. Modern research is focused on creating more complex
structures, such as SMA-based composites [30-32] and porous SMA structures [33].

One of the most promising directions is the development of adaptive and tunable
vibration protection systems. The ability to control the phase state (and, consequently,
the stiffness and damping) of an SMA working element through thermal activation paves
the way for smart systems. A classic problem of passive inertial dampers is their tuning
to a fixed frequency, whereas the natural frequency of a structure can change
(for example, due to changes in mass, nonlinear behavior during strong earthquakes, or
traffic movement on a bridge). Research, such as that in [34,35], has confirmed the
possibility of retuning the frequency of an inertial damper with SMA elements. Studies
[36,37] have proposed controlled vibration damping systems based on SMA composites.

Since SMAs are characterized by a nonlinear stress-strain relationship, as well as a
strong dependence of their properties on temperature and loading history, reliable means
of modeling their mechanical behavior are required for the successful design of vibration
protection devices. However, most works on this topic are experimental, and in those
where modeling was performed, the simplest phenomenological SMA models were used,
allowing only for some quantitative estimates of the device response [18,35,38,39].
Exceptions are the works [40,41], which modeled vibration protection devices with helical
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and slotted springs made of TiNi alloy. A microstructural model [42] capable of describing
all the main SMA effects was used to describe the mechanical behavior of the working
elements. Thanks to the high predictive power of this model, it was possible to obtain a
good estimate of the performance of the vibration protection devices under different
phase states of the working elements.

However, one of the main problems limiting the predictability of the long-term
behavior of SMAs is the instability of their functional properties under cyclic loading.
Since martensitic transformations involve a crystal lattice transformation, the growth of
a new phase crystal within the austenitic matrix is accompanied by significant interfacial
stresses. This leads to the accumulation of irreversible microplastic deformation (MPD) in
the boundary regions, caused by the generation and movement of dislocations [43,44].
This phenomenon has a dual influence on performance characteristics:

1. On the one hand, MPD causes irreversible shape changes and the generation of
structural defects, which in the long term accelerate fatigue failure. Furthermore, these
accumulated changes distort the kinetics of subsequent martensitic transformations,
leading to the degradation of functional properties — a shift in characteristic stresses and
temperatures, and a reduction in the hysteresis loop and the shape memory effect.

2. On the other hand, since the generation and movement of dislocations require energy,
MPD is an additional mechanism of energy dissipation, which theoretically can increase
the damping capacity of the material, especially in the initial stages of cyclic loading.

Thus, the influence of MPD on the vibration protection properties of SMAs is
complex and ambiguous. However, even in studies [40,41], when describing vibration
protection systems, the contribution of microplasticity to the total strain was considered
insignificant and was neglected. Nevertheless, it remains unclear how justified this
approach is from the perspective of assessing damping properties.

In view of the above, it can be assumed that MPD significantly affects the
performance of SMA-based vibration protection devices. Ignoring it in mechanical models
may lead to significant errors in predicting damping characteristics and long-term
stability. In this regard, the aim of this work is a systematic investigation of the influence
of MPD on the effectiveness of vibration protection devices. To achieve this aim, an
improved microstructural model that takes this mechanism into account will be used.
Based on this model, a parametric study of an oscillatory system will be conducted to
quantitatively assess the contribution of microplasticity to energy dissipation and the
change in the dynamic response of the structure as a whole.

Materials and Methods
Methodology for modeling of the SMA mechanical behavior

To describe the complex mechanical behavior of SMAs in this work a microstructural model
previously developed by the authors [45-50] is used. This approach allows for the correct
accounting of the main deformation mechanisms characteristic of SMAs, including MPD.
This model and some of its variations have proven themselves to be effective in describing
such phenomena in SMA as: fatigue fracture [45], plastic deformation [46], deformation
during isothermal holding [47], the effect of martensite stabilization [48], loading under
conditions of heat exchange with the environment [49], and the operation of an SMA
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specimen under conditions of a thermomechanical drive [50]. Therefore, it can be said that
the proposed model has great predictive power and can be applied to solving engineering
problems, in particular for modeling vibration protection devices based on SMA.

Basic model principles

The model describes the behavior of a representative volume of material, which is
considered as a material point. The key principle lies in the multi-level description of the
microstructure. The representative volume consists of numerous grains with different
crystallographic orientations. Each grain, in turn, can contain austenite and/or several
orientational variants of martensite.

According to the Reuss hypothesis, the macroscopic strain of the representative volume
€ is calculated as the average over all orientations w of the strains of individual grains €97 (w):
€= Yo f(w)ed (w), (1)

where f(w) is the volume fraction of grains with orientation w.

Kinematics of deformation at the grain level

The strain of an individual grain is represented as the sum of contributions from various
physical mechanisms:

g9 = ef 4 T + Ph 4 ¢MP 2)
where &F is elastic strain (according to Hooke's law), €7 is thermal strain (due to thermal
expansion), " is phase strain (associated with the martensitic transformation), £¥” is
microplastic strain (associated with plastic accommodation of martensite).

Description of phase transformation

To describe the phase strain, internal variables &, are introduced, where % represents the

volume fraction of the n-th orientational variant of martensite (N is the total number of variants).
The phase strain of a grain is calculated as the averaged contribution of all martensite variants:

€M = S TN_1 P, D", 3)
where D™ is the Bain strain tensor for the n-th martensite variant.

The condition determining the onset and course of martensitic transformation is
formulated through the balance of thermodynamic forces:
E, = £F, (4)
where E, is the generalized thermodynamic force causing the growth of the n-th variant
of martensite, F/7 is the dissipative force that prevents the movement of interphase

boundaries and causes the presence of temperature-phase hysteresis, the "+" sign

corresponds to the forward transformation (austenite — martensite), and the "-" sign to
the reverse transformation (martensite — austenite).

The thermodynamic forces F, and F/™ are calculated as follows:
E, :%(T_TO) +Jij:Dle _.uzgz:lAmn (P — b, )
FIT = gy =2, (6)

To
where q, is the latent heat of transformation, T, is the temperature of thermodynamic
phase equilibrium (austenite and martensite), T is the temperature of representative
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volume, o is applied stress, b is the density of oriented defects, A is the matrix that
determines the interaction of martensite variants described in detail in [51,52], M, is the
start temperature of the forward martensitic transformation.

The coefficient y and the equilibrium temperature T, depend on the material
constants and can be calculated as follows:

__ qo(Ms—My)
B= T()f—za)’ (/)
Tp = —oL (8)

2 b
where My and A; are the finish temperatures of the forward and reverse martensitic
transformations respectively, a is a material constant characterizing the coherency of
martensitic phases.

Accounting for microplastic deformation

The accumulation of MPD is a direct consequence of martensitic transformation.
Transformation incompatibility between the growing martensite crystals and the
surrounding austenite matrix, arising from differences in crystal lattices, generates
significant localized internal stresses. To relax these stresses, accommodative microplastic
flow occurs in the boundary regions. Although this flow is initially localized, its contribution
can manifest itself at the macroscopic level during the formation of oriented martensite. In
this case, the most favorably oriented martensite variants predominate, their volume
fraction increasing. Since the MPD associated with the growth of a particular variant is
consistent with its Bain strain, this leads to the summation of unidirectional microshears.
As a result, the irreversible strain, initially dispersed in microvolumes, accumulates,
contributing to the overall macroscopic deformation of the material. A key assumption in
describing this deformation mechanism is that the MPD associated with the growth of a
particular martensite variant is proportional to its Bain strain deviator:

eMP = %Zﬁzl ke P dev(D™), )
where &, is the measure of MPD associated with the growth of the n-th martensite
variant, k is the scaling coefficient.

The conditions for the onset of microplastic flow are similar to the condition of
plastic flow in the one-dimensional case, taking into account kinematic (translational)
and isotropic hardening, where the role of stress is played by the generalized
thermodynamic force EP, and the kinematic and isotropic hardening correspond to the
thermodynamic forces F¥ and E/:

|F? —E?| = F¥, (E' —F/)dE?f > 0. (10)
The generalized thermodynamic force causing MPD is calculated as follows:
Frf = UZ%:lAmn(q}m — bp). (11)

Evolution of defects and hardening

Microplastic flow is accompanied by the accumulation of two types of defects: oriented
defects b, that create oriented long-range stress fields, and scattered defects f distributed
in the volume. The evolution of defect densities is described by the equations:

b, = &M — Bi bl P H(bnén?), (12)
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f=Sm=1lém’ |+ n(f — fo)®ITH(=®9"), (13)
where H is the Heaviside function, 8* is the maximum density of oriented defects, r; is
the recovery coefficient, f, is the equilibrium density of scattered defects, ®9" is volume
fraction of all martensite variants in grain.

To obtain a closed system of equations, it is necessary to introduce hardening laws.

The model assumes that scattered defects impede dislocation movement, thereby
increasing the yield stress. Consequently, their density is related to isotropic hardening.
Clusters of oriented defects create internal stress fields, the effect of which is combined
with external stress, shifting the center of the yield surface. Consequently, their density
is related to kinematic hardening. Linear dependencies are proposed to relate hardening
to defect densities:
Ef = a, by, (14)
FY =a,f, (15)
where a, and a, are material constants determining the intensity of the corresponding
type of hardening.

Equations (4), (10), (12)-(15) form a closed system that allows for calculating the
evolution of all internal variables. Formulas (1)-(3) and (9) are used to calculate material
deformations under thermomechanical loading, which is necessary for the subsequent
analysis of vibration protection devices.

Model of vibration protection device

This paper presents a numerical study of the effectiveness of a vibration isolation device,
the schematic of which is shown in Fig. 1. The device consists of a rigid housing within
which a payload is suspended by two helical springs made of TiNi alloy. The springs,
which serve as the working elements, are designed to isolate the payload from external
vibration.

housing

O O

excitation

Fig. 1. Schematic diagram of the vibration protection device

The mechanical response of the springs is described by the microstructural model
presented in the previous section with a set of material constants listed in Table 1. To
analyze the device's behavior under various conditions, the initial phase state of the
spring material (austenite or martensite) was determined by selecting a temperature. The
modeling assumed that heat exchange between the springs and the surrounding medium
occurs sufficiently rapidly, and that temperature changes due to heat generation and
absorption during martensitic transformations can be neglected.
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Table 1. Material constants for TiNi alloy

Material constant Symbol Value
Number of martensite variants N 12
Latent heat (enthalpy) of the direct martensitic
transformation, MJ/m? o -180
Mg 303
- . . M; 323
Characteristic temperatures of martensite transformation, K A, 240
As 360
Temperature of the thermodynamic equilibrium, K To 341.5
Interaction coefficient of martensite variants o 0.2
Microplastic strain scaling factor K 2.3
Coefficient of isotropic hardening, MPa ay 0.2
Coefficients of kinematic hardening, MPa dp 5
Maximum value of the oriented defects density 6 2.8
Initial value of scattered defects fo 20
Scattered defects recovery coefficient n 0
Young's modulus of austenite, GPa Es 83
Young's modulus of martensite, GPa Ev 41

The system is subjected to a harmonic vibration with a specified amplitude and
frequency. The payload is assumed to move along one direction only, allowing this
oscillatory system to be considered one-dimensional. The main geometric parameters of
the springs and the characteristics of the system are given in Table 2.

Table 2. Characteristics of a vibration isolation device

Model Parameter Symbol Value
Wire diameter, mm dy, d, 0.5
Coil diameter, mm Dy, D, 8.0

Number of coils - 5
Mass of payload, kg m 0.22
Drag coefficient u 0.5

The movement of the payload is described by the equation:
mi = —F;, + F, — ux, (16)
where F; and F, are the elastic forces arising in the springs; u is the drag coefficient
(viscous friction).

Assuming that the wire experiences only torsion and the stress distribution is linear,

we obtain:

Fl = leI’ F2 = szz, (17)
_mdi , _mdj
ke =50 ke =505 (18)

where 14, T, are the shear stresses of the material, k; and k, are the spring stiffnesses,
D, and D, are the diameters of coils, d; and d, are the wire diameters. Within the
framework of the microstructural model, this differential equation is solved numerically
using the improved Euler method.
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Influence of microplastic deformation
Comparative analysis strategy

A key advantage of the microstructural model used is the ability to selectively account
for individual deformation mechanisms. In this work, this allowed us to conduct a series
of comparative calculations for two scenarios: one with and one without MPD. This
approach allows us to quantitatively estimate the influence of this irreversible process
on the damping characteristics and overall performance of the vibration isolation device.
The calculations were performed for two initial phase states of the springs material:
martensitic (at temperature of 300 K) and austenitic (at temperature of 380 K).

The choice of a temperature of 380 K for the austenitic state (which is 20 degrees
higher than the end temperature of the reverse transformation A for the selected alloy)
guarantees the full realization of the superelastic effect, as well as a temperature reserve
necessary to compensate for the possible shift in characteristic temperatures
(in particular, A) due to the accumulation of MPD. Without this reserve, MPD could lead to
incomplete reverse transformation upon unloading and, consequently, to the degradation
of the pseudoelastic hysteresis. A further increase in temperature is impractical, as it would
shift the hysteresis toward higher stresses. In this case, over a wider stress range, the
springs would have a linear-elastic behavior, rather than a pseudo-elastic one, which would
lead to a decrease in the damping capacity, since the main contribution to this
characteristic is made by the dissipation of energy during the phase transformation.

Determining resonance frequencies

Of greatest practical interest is the system's behavior in the resonant mode, which is the
most challenging for any vibration isolation device. However, due to the significant
nonlinearity of the SMA deformation properties caused by phase transformations,
analytical determination of the resonant frequency is impossible. Therefore, for each of
the studied cases (with and without MPD, for each phase state), the resonant frequency
was determined numerically. The method involved performing a series of calculations
varying the frequency of the external excitation and then identifying the frequency
corresponding to the maximum amplitude of the payload mass oscillations.

The results of the numerical resonance identification procedure confirm the
significant influence of microplasticity on the system's dynamic response. This is evident
from the results presented in Fig. 2, which shows the dependence of the payload oscillation
amplitude on the frequency of external excitation with an amplitude of 70 mm for springs
in the martensitic state. The resonant frequencies, corresponding to the peak oscillation
amplitudes marked by arrows, are distinctly different for the cases with and without
accounting for microplasticity. This shift occurs because the accumulation of MPD alters
the effective stiffness of the material. Consequently, to ensure a correct comparison of the
damping capacity, the subsequent analysis of the system's performance is conducted at
their respective resonant frequencies for each excitation amplitude.

The simulation results presented on Fig. 3 confirmed a characteristic feature of materials
with nonlinear deformation dependencies: the resonant frequency of a vibration isolation
system with SMA springs depends significantly on the amplitude of the external excitation.
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Fig. 2. Dependence of the amplitude of payload oscillation on the frequency of external excitation
at a temperature of 300 K (martensite). The amplitude of external influence is 70 mm
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Fig. 3. Dependences of the resonance frequency on the amplitude of the external excitation in the
martensitic state, at a temperature of 300 K (a) and in the austenitic state, at a temperature of 380 K (b)

It was found that for both initial phase states (austenitic and martensitic), taking
MPD into account leads to a systematic decrease in the resonant frequency compared to
the case where microplastic flow is not accounted (Fig. 3). This decrease is explained by
the fact that microplasticity is an additional irreversible deformation mechanism that
contributes to an increase in the overall deformation of the system and, consequently, a
decrease in its effective stiffness.

Importantly, the difference between the resonant frequencies in simulations with
and without accounting of microplastic flow increases with increasing excitation
amplitude. This fact is consistent with the physics of the process: at high amplitudes and,
correspondingly, high stresses, the intensity of microplastic flow increases, enhancing its
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contribution to the overall mechanical response. In contrast, in the martensitic state, at
excitation amplitudes of 40 mm or less, the dependences for both cases are almost
identical (Fig. 3(a)). This is explained by the fact that the developed stresses are
insufficient to activate MPD, and its influence can be neglected.

The influence of microplasticity on the deformation and force response of SMA springs

Analysis of the data presented in Figs. 4 and 5 reveals a significant influence of microplasticity
on the response of the vibration isolation device. Accounting for MPD leads to a reduction in
both the spring deformation amplitude and the maximum stresses in the material. This effect
demonstrates a clear dependence on the loading level: the difference in deformations and
stresses between the two cases increases significantly with increasing external excitation
amplitude. For example, with an excitation amplitude of 90 mm, the calculated
deformation values in the model accounting for MPD are more than two times lower.
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Fig. 4. Dependences of the strain amplitude on the amplitude of external excitation in the martensitic
state (temperature of 300 K) (a) and in the austenitic state (temperature of 380 K) (b)
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These results are explained by the fact that the energy expended on irreversible
microplastic flow is diverted from the processes that determine elastic and phase
deformation. As a result, the payload develops a smaller vibration amplitude, and lower
stresses occur in the SMA springs. It's also worth noting that at small excitation
amplitudes (up to 40 mm) in the martensitic state, the difference in strain and stress
between the models becomes negligible (Figs. 4(a), 5(@)). This is consistent with
previously obtained results — these amplitudes correspond to strains lying in the region
of pure elasticity or elasticity with minor phase reorientation, which do not cause intense
microplastic shear.

The obtained results demonstrate that when designing vibration protection devices
operating in modes that lead to the occurrence of MPD, taking this mechanism into
account is necessary for accurately predicting the dynamic characteristics of the system,
in particular, its resonant frequency.

Evaluation of the effectiveness of SMA vibration protection devices

A key advantage of SMA-based vibration isolation devices over systems with conventional
elastic elements is their ability to adapt to changing loading conditions, specifically, to
avoid resonant modes due to the nonlinearity of their deformation characteristics.

In the austenitic state, nonlinearity is caused by direct martensitic transformation
under load (pseudoelasticity). As Fig. 6 shows, with increasing deformation amplitude,
the effective stiffness of the device, determined by the slope of the k; - ks lines for
amplitudes of 2.5, 5, and 7.5 %, respectively, decreases significantly compared to the
stiffness of a linear elastic element k, (with Young's modulus of austenite).
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Fig. 6. Two-sided deformation of the TiNi alloy in  Fig. 7. Two-sided deformation of the TiNi alloy in
the austenitic state (temperature of 380 K) the martensitic state (temperature of 300 K)

In the martensitic state, the nonlinear response arises from the reorientation of
martensite variants. The two-way strain diagrams with amplitudes of 2.5, 5, and 7.5 %,
shown in Fig. 7, are qualitatively similar to the strain curves of plastic materials. However,
the fundamental difference is that deformation in the SMA is largely reversible. Analysis
of the slopes of the secants k; — ks in the Fig. 7 also confirms a decrease in effective
stiffness with increasing amplitude of deformation.
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The identified nonlinearity forms a positive feedback loop that ensures system
adaptation. If the frequency of the external excitation coincides with the natural
frequency of the system, determined by the current effective stiffness, this leads to an
increase in the oscillation amplitude. In a system with an elastic element, this would
cause classical resonance. However, in a system with an SMA, increasing strain leads to
a decrease in the effective stiffness, which, in turn, causes a change (decrease) in the
system's natural frequency. As a result, the system "moves” away from the resonant
frequency of the excitation, limiting the increase in oscillation amplitude.

To quantitatively evaluate the advantages of the SMA for the vibration isolation
system under consideration, a comparative simulation of forced vibrations was
conducted. Three configurations were studied: with SMA springs in the austenitic and
martensitic states, and, for comparison, with conventional linear elastic springs.
The stiffness of these reference elastic springs was set equal to the initial stiffness of the
austenitic SMA spring (prior to any stress-induced phase transformation), thereby
providing a direct baseline for comparison. The excitation was applied with an amplitude
of 50 mm in a frequency range of 1 to 6 Hz.

The results, presented in Fig. 8, clearly demonstrate the superiority of SMA-based
systems. The configuration with elastic elements exhibits a pronounced resonant peak
with a sharp increase in the payload oscillation amplitude. Meanwhile, systems with SMA
springs effectively suppress resonant phenomena, preventing a catastrophic increase in
amplitude. Moreover, SMA springs in both austenitic and martensitic states, in almost the
entire studied frequency range, show a higher efficiency of isolating the payload
compared to a linear-elastic analogue.

600 I

500 7—0— Martensite R
— —@— Austenite
g —&— FElastic
— 400
G
5 300
i)
-
— 200
Q,
g

100

0

2 4 6
Frequency (Hz)

Fig. 8. Dependences of the amplitude of oscillations of the payload on the frequency of the excitation with an
amplitude of 50 mm for springs in the martensitic (blue), austenitic (red) states and for the elastic element (black)

The conducted modeling allows for a comparative analysis of the effectiveness of
SMA springs in various phase states. As Fig. 8 shows, in the frequency range above 2 Hz,
the effective mass oscillation amplitude for springs in the martensitic state is
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approximately half that of austenitic springs. This effect is explained by the lower
effective stiffness and high damping in martensite, caused by the reorientation process.

Therefore, when designing vibration isolation devices, it should be taken into
account that the martensitic state is preferable for active vibration damping applications,
where the key goal is to minimize vibration amplitude. However, if the priority is
maintaining the geometry and self-centering of the structure after strong disturbances,
operation in the austenitic state is essential.

Conclusions

This study developed a model of a vibration isolation device based on a TiNi shape
memory alloy springs. Using numerical simulation, a comparative analysis of the system'’s
performance was performed with and without MPD. The following key results were
obtained:
1. Accounting for microplasticity is critical for accurately predicting the resonant
frequencies and damping characteristics of the device at significant loading amplitudes.
It was shown that MPD leads to a systematic decrease in the resonant frequency and
maximum spring deformations. The magnitude of this effect increases with increasing
excitation amplitude.
2. A threshold effect of MPD was established. At low amplitudes (up to ~ 40 mm in the
martensitic state), its contribution to the overall system response is negligible, and the
device's behavior can be adequately described without taking this mechanism into
account.
3. Comparative modeling demonstrated the significant advantage of SMA springs over
linear elastic elements. SMA-based devices not only effectively suppress resonance but
also reduce vibration amplitudes over a wide frequency range. It was found that the
martensitic state provides maximum damping (the amplitudes are reduced by half
compared to the austenitic state at frequencies above 2 Hz), while the austenitic state
ensures self-centering of device.

Thus, the presented model, which takes MPD into account, enables highly accurate
prediction of the behavior of SMA-based vibration protection devices over a wide range
of operating conditions and serves as an effective tool for their design.
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ABSTRACT

Hollow cylinders represent one of the important elements in the industry. It is widely recognized that
fracture characterizes the predominant mode of failure in cylindrical structures, which is precipitated by
inherent imperfections or flaws. Over a period, these imperfections (cracks) may propagate and culminate
in catastrophic failure, thereby presenting considerable hazards to both the surrounding ecosystem and
human safety. Cracks can be single or multiple, and when they are in the multiple form, they can interact
to increase pressures that are higher than what the material can withstand. Thus, this paper examines the
influence of the interaction between double parallel non-coplanar cracks located on the external surface
of a thick hollow cylinder subjected to remote tension and bending loading. Two sorts of separation
distances were examined in this study, horizontal (s) and angular (a). The obtained stress intensity factor
via finite element analysis was used to quantify the interaction factor along the crack front. The obtained
results exhibited that both amplification and shielding interaction impacts could be observed along the
crack front for a non-coplanar crack configuration. Additionally, both cracks exhibited the same interaction
influence, but in opposite directions. The angular separation distance exhibited a significant influence on
the interaction factor, this impact was strongly affected by the shape of the crack.
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Introduction

Hollow cylinders are fundamental components in engineering structures such as
aerospace systems, pressure vessels, and pipelines. They are frequently subjected to
cyclic loading, internal pressure, and harsh environmental conditions. The development
of surface cracks in these structures, due to fatigue, stress corrosion, or manufacturing
defects, poses a substantial risk to structural integrity [1]. While single cracks have been
broadly studied, the presence of multiple interacting cracks can lead to accelerated crack
growth, unexpected stress concentrations, and premature failure. Understanding these
interactions is crucial for ensuring the safety and reliability of critical infrastructure. The
interaction between multiple surface cracks in hollow cylinders remains a complex and
insufficiently understood phenomenon. Closely spaced cracks can influence each other’s
growth through mechanisms demonstrated by either shielding or amplification [2].
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This interaction complicates fracture predictions and challenges conventional damage
tolerance assessments. Given the potential for catastrophic failures in industrial
applications, a deeper investigation into crack interaction effects is essential for improving
design standards and maintenance strategies. One of the important criterions in fracture
mechanics is the stress intensity factors (SIFs), which can be used efficiently to characterize
the crack interaction, particularly in the linear elastic fracture mechanics problems [3].

According to an analysis of cylinder failures that have occurred in service, most of
them fall under the fracture sort, meaning that a flaw or crack grows and eventually
causes the cylinder to fail [4]. Thus, surface cracks have been widely considered in the
literature, either in plates or cylinders (solids and hollow). An efficient numerical method
to compute SIFs and simulate coalescence and crack interaction is introduced by [5]. The
study integrates principles of fracture mechanics to define fatigue failure to include
modelling guidelines for practical implementation. The results revealed that, compared
to fracture toughness-based criteria, through-thickness failure provides somewhat more
conservative fatigue life predictions. Also, in [6], it was presented a modified strain-based
J-integral method using 3D elastic-plastic finite element analysis (FEA). The modified
method was utilized to assess circumferential cracks in pipelines subjected to internal
pressure and large axial deformation. An analysis of the crack behavior was conducted
in[7] by using SIF and J-integral assessment. The failure analysis was performed
numerically for a semi-elliptical crack located on a total hip prosthesis. Also, the
propagation of a short fatigue crack was predicted in [8] based on a non-local fracture
criterion. The study considered non-monotonic crack expansion rate as well as estimating
the existence of a single or multiple thresholds of SIF. Besides, in[9], it was
experimentally and numerically examined the coalescence and growth of multiple
interacting surface cracks. The study displayed that the behavior of crack coalescence
was predictable; the study suggests that this method is scalable for multiple-crack
structures, maintenance supporting, and safety assessment in engineering structures. In
order to predict the crack behavior under dynamic loading [10] examined the stress
intensity factors as well as the displacement fields in a rotating hollow cylinder
containing an internal crack ring beneath axisymmetric torsion. In another study [11],
the plastic stress intensity factor was validated as a more accurate predictor of fatigue
life than traditional elastic SIFs. Hence, fatigue crack growth was investigated in a hollow
cylinder with a semi-elliptical crack subjected to cyclic tension, torsion, and combined
loading. The results indicated that crack growth was accelerated in combined loading
compared to pure tension, consequently reducing the fatigue life. In addition, the
relationship between SIF and crack velocity was examined numerically by [12]. The finite
element methods (FEM) were employed to numerically examine cracks behavior in dual
cantilever beam and single notch edge notched samples.

On the other hand, the behavior of cracks caused by explosive loading or blasting
was experimentally investigated in [13,14]. A detailed analysis was introduced on the
influence of the horizontal and vertical separation distances offsetting the cracks in terms
of crack interaction. The stress concentration and distribution along the crack tips were
considered. Likewise, the interaction influence between external and internal semi-
elliptical cracks located in a pressurized cylinder was investigated via the hybrid boundary
element method (HBEM) by [15]. The results showed that both cracks displayed SIFs less
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than those of isolated (single) cracks. Also, stronger interaction effects were observed for
shallow, long cracks. In addition, in [16], it was conducted FEA to evaluate mode | SIFs for
single and multiple semi-elliptical cracks positioned in an internally pressurized hollow
cylinder for high crack aspect ratios. Based on the results, an empirical formula has been
presented to facilitate the prediction of fatigue life as well as integrity assessments in
pressurized cylinders. Similarly, the interaction phenomenon in a pressurized cylinder
containing two coplanar surface cracks was performed using FEA [17]. This study indicated
that there is a direct proportion between the internal pressure and the crack interaction.
A 3D FEA was conducted in [18,19] for a hollow cylinder containing an embedded
elliptical crack with a semi-elliptical crack, where the Crack Tip Opening Displacement
method (CTOD) was applied. The crack orientation, separation distances, and internal
pressure levels were examined. The findings displayed that the most severe fracture
response was attained under tension loading combined with a high rate of internal
pressure. Furthermore, the interaction impact of two similar circumferential cracks on the
limit load analysis was investigated in [20]. Therefore, FEA was performed for various
crack geometries and interaction criteria. The study proposed new combination rules and
indicated that existing codes are conservative, particularly for coplanar cracks, as later
supported by [21].

Based on the surveyed literature, it can be concluded that surface crack interaction
has been extensively examined. The diversity of these studies lies in one of the following:
the cracked body, the crack (orientation, location, and geometry), the number of cracks,
separation distances, and loading types. In addition, it has been proven that the SIF
criterion is a suitable parameter that could be employed to quantify the interaction
phenomenon. Furthermore, several methods can be used to determine the SIFs; however,
FEA is more efficient for performing such analyses. Thus, this paper numerically
investigates the impact of angular separation distance a (overlapping) on crack interaction.
The crack interaction of double parallel non-coplanar cracks is quantified by calculating
the interaction factor based on the SIFs. Moreover, different crack geometries and crack
separation (horizontal and angular) distances were considered to investigate the influence
of the separation distances and crack geometries on crack interaction. The distribution of
the normalized SIFs is introduced first, followed by the interaction factor, and finally, the
relationship between the angular separation distance and the SIFs is addressed.

Layout of the problem

This study numerically examines a hollow cylinder with double neighboring non-coplanar
surface cracks located on the external surface, subjected to separate tension and bending
loading as shown in Fig. 1. As described in Fig. 1, this study utilized a straight hollow
homogeneous cylinder, with material properties and dimensions explained in Tables 1
and 2, respectively.

It should be noted that both cracks are located on the external surface of the cylinder,
and are similar in shape and size, the shape is controlled by a/c, while the depth is controlled
by a/t, where a and ¢ represent the depth and length of the crack, respectively. Furthermore,
a/c varies from 0.4 to 1.2 to include a variety of slender and transverse crack shapes.
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Table 1. Material properties
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<«— Crack -2

Fig. 1. Problem layout

Property Value
Young’s modulus, GPa 200
Poisson’s ratio 0.3
Tensile yield strength, MPa 250
Tensile ultimate strength, MPa 460
Table 2. Cylinder dimensions
Parameter Value
Internal diameter D;, mm 200
QOuter diameter D,, mm 250
Wall-thickness t, mm 25
Length L, mm 750
t/R; 0.25
Table 3. Crack geometry
a/c a/t a, mm ¢, mm
0.2 5 12.5
0.4 0.5 12.5 31.25
0.8 20 50
0.2 5 8.3333%
0.6 0.5 12.5 20.833
0.8 20 33.333
0.2 5 6.25
0.8 0.5 12.5 15.625
0.8 20 25
0.2 5 5
1.0 0.5 12.5 12.5
0.8 20 20
0.2 5 41666
1.2 0.5 12.5 10416
0.8 20 16.666
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Similarly, a/t changes between 0.2, 0.5, and 0.8 to ensure testing shallow and deep cracks
throughout the thickness. The examined crack geometries are listed in Table 3.

On the other hand, referring to Fig. 1, the cracks are separated by two separation
distances, horizontal (s) and angular (a) with respect to the Y-axis. Both horizontal and
angular separation distances are recorded in Table 4, where (s) is described by the
normalized form s/L. It should be noted that the s/L range was considered as
recommended by [22]. It has been reported that 13 mm is the maximum distance at which
crack interaction can be detected; otherwise, cracks are considered separate. This means
that when the distance between cracks is more than 13 mm, each crack should be
considered a single or isolated crack. Therefore, the examined s/L reflects the suggested
distance and beyond. The purpose of examining beyond stated limits is to verify
separation rules.

Table 4. Horizontal and angular separation distances

s/L a,’
0.004 10, 20, 30
0.008 10, 20, 30
0.016 10, 20, 30
0.032 10, 20, 30

Methods

Due to the intricacy of the geometry, finite element methods (FEM) are an effective tool
in tackling multiple crack interaction issues [23]. Thus, in this work, the double cracks
problem has been modeled and analyzed using Ansys, the finite element (FE) software.
Additionally, the stress intensity factor (SIF) is utilized to define the crack interaction
phenomenon, where the calculated SIFs are then normalized for each loading type
according to the following [24]:

_ Kcal,t
Fe = o rare .

where F; is the normalized SIFs under remote tension loading, K. is the calculated SIFs
under tension (extracted from Ansys), a; is the axial stress, where o, = P/m (R% - R?),
Pis the remote applied force, and R,and R; represent the outer and inner radius of the cylinder,
individually. Besides, a is the crack depth, and Q is the shape factor defined by [25]:
Q =1+ 1.464(%/)*°5 for a/c < 1, )
Q =1+ 1.464(¢/4)'°° for a/c > 1. (3)
On the other hand, for bending loading, the SIFs are normalized according to the
following equation [26], where Fz, is the standardized SIFs underneath remote bending,
K, » is the calculated SIFs under bending (which are extracted from Ansys), o, is the
maximum bending stress:

_ Kcal,b
F Ben — op m- (4)

After obtaining the normalized SIFs for each type of loading, as previously
discussed, the interaction factor has to be identified. In order to calculate the interaction
factor ¥, which is defined as the ratio of the nondimensional SIFs for the case of two
cracks to that of a single crack, the following equation is utilized [27]:

LIJ — Ftwo cracks (5)

Fsingle crack
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It should be remarked that Fuo cracks and Fsingie crack denote standardized SIFs for the case of
two and single cracks, respectively. This procedure applies to all examined configurations
and loading types. Furthermore, it should be noted that W describes the crack interaction
impact, where (¥ = 1) indicates that there is no crack interaction, while (¥ < 1) shows that
shielding impact, and (¥ > 1) illustrates the amplification influence between the cracks.

Results

This section introduces the obtained results in this study, where the orientation of the SIFs
along the crack front is discussed first, then the interaction factor, and finally, the influence
of the inclination angle on the crack interaction is investigated. It ought to be noted that
the exploited model for this research was the same as that which has been used by [28].

Distribution of SIFs

The distribution of the normalized SIFs along the crack front is presented in this section,
where the normalized SIFs for different crack geometrical parameters are introduced as
a function of the normalized crack front position, 26/m. Furthermore, any point on the
crack front is described by using 6, where -90 < 6 £ 90, as shown in Fig. 2. Thus, 26/m =1
at point A, 0 at point B, and -1 at point C.

Crack front

Fig. 2. Crack geometry with points on the crack front

Due to the similar trend revealed by the SIFs with respect to a of the two cracks
under each tension and bending loading, the normalized SIFs of one crack for a/c =04
and 1.2 are presented in this section for o = 10° only. On the other hand, the remaining
values are discussed in terms of the impact of a with respect to g/c. It should be noted
that the normalized SIF for the case of a single crack is presented in figures epitomized
by F_SINGLE, while SIFs of two cracks are categorized based on the horizontal separation
distance, F2 - s/L (0.004, 0.008, 0.016, 0.032).

Figure 3 shows the trend of the normalized SIFs for external noncoplanar parallel
cracks under remote tension loading, F;, for inclination angle a=10°, when a/c = 0.4 for
a/t=0.2, 0.5, and 0.8. Due to cracks overlapping, the interaction between the cracks
affected the overall curve shape of the F2 for the double cracks compared to F_SINGLE.
In the case of completely parallel cracks [28], the trend of the normalized SIFs for double
parallel cracks followed an exactly similar curve to that of F_SINGLE for all the examined
s/L, except it was less in value due to the shielding phenomenon. However, in the presence
of overlapping between cracks, F2 for all examined s/L ratios exhibited amplification and
shielding effects simultaneously.
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Fig. 3. SIFs under tension for a/c = 0.4, a = 10°

Additionally, Fig. 3 revealed that for a specific crack shape ratio, g/, the relative
depth of the crack, a/t, has a strong influence on F.. Moreover, for a/t = 0.2, this impact
was found to be tiny for all inspected s/L, while for a/t 2 0.5, the impact was more
pronounced for all observed s/L values. On the other hand, the shielding effect occurs
within the zone of cracks overlap, while the amplification appears at the point of
overlapping, radiates outward, and subsequently decays.

Furthermore, from Fig. 3, it can be inferred that s/L displayed insignificant influence
on the crack interaction for a/t < 0.5, while for a/t 2 0.5, the effect was more distinct.
The maximum crack interaction influence was attained for F2 - s/L= 0.004, which is the
smallest horizontal separation distance between the cracks, while the minimum was
observed for F2 - s/L = 0.032. Despite s/L = 0.032 being greater than the limits introduced
in[22], it is obvious that F2 - s/L = 0.032 did not approach F_SINGLE, due to the presence
of a crack interaction, and the two cracks can not be considered isolated. Thus, relying
on [22] for structural integrity assessment could lead to underestimation or conservative
results, as confirmed by [29]. Moreover, it has been stated that the usage of combination
rules presents too much conservatism in the assessment, especially for interacting cracks.

Similarly, Fig. 4 illustrates the normalized SIFs' orientation for non-coplanar cracks
exposed to remote tension loading for a/c = 1.2 when the inclination angle, a = 10°.
The increase in the crack aspect ratio displayed that g/t behaved in the same manner that
was remarked for small a/c, except that the interacting cracks were isolated when
reaching the maximum separation distance, s. This might be interpreted as a high a/c; the
depth of the crack is greater than the length of the crack, accordingly, the length of the
crack has a significant impact on the SIFs.

Alternatively, for shallow cracks, a/t = 0.2, the crack interaction was found to be
insensitive to the change in horizontal separation distance, while for g/t = 0.5, the crack
interaction was demonstrated by the amplification effect only. As well, for deep cracks,
a/t=0.8, the interaction among the cracks demonstrated by both shielding and
magnification, which is the same behaviour that has been noticed for a/c = 0.4.
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Fig. 4. SIFs under tension for a/c=1.2, a = 10°

Figures 5 and 6 display the diffusion of the standardized SIFs for the non-coplanar
parallel cracks under remote bending loading, Fs.n, for the overlapping ratio defined by
a=10° when a/c=0.4 and 1.2 for a/t = 0.2, 0.5, and 0.8. Apparently, the distribution of
Fgen for all evaluated s/L exhibited a similar trend to that found under tension loading,
except that the bending SIFs are slightly less. Additionally, Fgen tendency shown bared
that g/t has a notable influence on Fgen, however, for g/t = 0.2, this effect was found to be
negligible for all tested s/L ratios, whereas for g/t = 0.5 and 0.8, the impact was more
evident for all s/L. Also, it can be inferred that for low and high crack aspect ratios, shallow
cracks (a/t < 0.4), were found to be unresponsive to the change in s/L, the impact is extra
remarkable for higher values. Nevertheless, the interacting cracks were isolated when
s/L =0.032 for a high aspect ratio, while for a low aspect ratio, the influence of each crack
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Fig. 5. SIFs under bending for a/c = 0.4, o = 10°
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Fig. 6. SIFs under bending for a/c=1.2, a = 10°

Interaction factor

This section introduces the interaction factor ¥, which is calculated by Eq. (5), for external
non-coplanar parallel cracks subjected to remote tension loading for the examined crack
geometry presented in the previous section, a = 10°, for a/c = 0.4 and 1.2. Moreover, the
remaining examined configuration will be discussed in the next section in terms of the
effect of the inclination angle. It should be noted that ¥ is presented for three points on
the crack front A, B, and C, as shown in Fig. 2, A and C are the edge points, and C is the
point that lies inside the overlapping zone, while B is the deepest point on the crack front.
Furthermore, the influence of crack interaction on SIFs could be demonstrated by three
classes. Firstly, enhancement (amplification), which is attained when nondimensional
SIFs of two cracks are higher than those of a single crack. The second category is the
shielding impact, which is the opposite of amplification; standardized SIFs of a single
crack are greater than those of two cracks. Third class is the no interaction situation, when
no significant difference in the SIFs of single and double cracks; thus, each crack is treated
as an isolated crack. It is worth declaring that this study assumed that, for (¥ = 1 # 0.05),
there was no interaction, which is the same tolerance ratio considered by [30]. Table 5
elucidates the interaction factor W for external parallel non-coplanar cracks exposed to
remote tension when a = 10°, a/c = 0.4 for different crack depths.

Table 5. W for noncoplanar parallel cracks under tension when o = 10°, a/c = 0.4

a/t Point s/L =0.004 s/L =0.008 s/L=0.016 s/L =0.032

A 1.024 1.017 1.015 1.007
0.2 B 1.040 1.037 1.019 0.998

C 0.657 0.839 0.930 0.969

A 1.060 1.061 1.053 1.019
0.5 B 1.142 1.101 1.014 0.943

C -0.036 0.024 0.318 0.683

A 1.081 1.077 1.065 1.026
0.8 B 1.174 1.090 0.991 0.916

C -0.015 -0.023 0.123 0.461
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Furthermore, it can be observed that s/L exhibited a substantial influence on . This
impact was recognized by magnification and shielding, where the maximum interaction
influence was observed for small s/L, representing the closest distance between the two
cracks. This impact gradually diminished as the two cracks became isolated. In fact, at
the maximum examined separation distance s/L = 0.032, the cracks with a/t = 0.2 have
been isolated, and there is no discernible influence between the cracks at A, B, and C.
On the other hand, cracks with a/t 2 0.5, have no interaction influence at point A, which
is the farthest point from the overlapping region, while at points B, and C, the F; did not
approach F_SINGLE, therefore, ¥ value was less than 1.0, which means crack interaction
is still affecting. It is worth noting that the negative values of ¥, which have been seen
at point C, for s/L = 0.004, denote a change in the crack opening direction, which was
changed due to the interaction effect from opening mode to closing mode.

In addition, for the maximum horizontal separation distance s/L = 0.032, at point A
(the distant point from the region that overlaps), no crack interaction effect is recognized
for all examined a/t. Equally, an approximately similar trend was recognized at point B
(the deepest point at the crack front). However, at point C, the impact of crack interaction
still exists when a/t = 0.8, where the SIFs value reduction equals 53.9 %.

Table 6 illustrates the quantified interaction factor for non-coplanar interacting cracks
subjected to tension loading when a=10° a/c = 1.2. Unlike for shallow cracks (a/c =0.4),
Y is shown to be insensitive to the change in s/L for a/t = 0.2, where all ¥ values approach 1
at all crack front points (A, B, and C) for all examined s/L, which indicates no interaction. On
the other hand, for g/t = 0.5, a slight amplification impact has been noticed at points A
and B, while at point C, ¥ increased by about 39.6 % due to interaction when s/L = 0.004.

Table 6. W for non-coplanar parallel cracks under tension when a = 10°, g/c = 1.2

a/t Point s/L=0.004 s/L =0.008 s/L=0.016 s/L=0.032
A 1.007 1.007 1.007 1.001

0.2 B 1.005 1.006 1.006 0.999
C 1.011 1.012 1.008 1.001
A 1.085 1.078 1.055 1.011

0.5 B 1.087 1.085 1.055 1.007
C 1.396 1.175 1.012 0.958
A 1.241 1.205 1.135 1.035

0.8 B 1.249 1.205 1.117 1.022
C 0.293 0.503 0.673 0.804

Table 7. Interaction factor ¥, under tension loading for a/c = 0.4 and 1.2

aft Points s/L = 0.004 s/L=0.032
a/c=0.4 a/c=1.2 a/c=0.4 a/c=1.2
A 1.024 1.007 1.007 1.001
0.2 B 1.040 1.005 0.998 0.999
C 0.657 1.011 0.969 1.001
A 1.060 1.085 1.019 1.011
0.5 B 1.142 1.087 0.943 1.007
C -0.036 1.396 0.683 0.958
A 1.081 1.241 1.026 1.035
0.8 B 1.174 1.249 0.916 1.022
C -0.015 0.293 0.461 0.804
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Meanwhile, for a/t = 0.8, magnification impact was recognized at each A and B, and
this influence gradually decreased until reaching the maximum s/L. Yet, at C, a reduction
in the SIFs resulted due to the crack interaction in terms of shielding impact, the SIFs
decreased by 70.7 % when s/L = 0.004. It should be noted that when s/L = 0.032 exceeds
the (13 mm) recommended by [22], ¥ did not approach 1, which means that both cracks
still affect each other. This result aligns with the observed impact for a/c = 0.4 under
tension loading as mentioned earlier.

It should be noted that by examining points A, B, and C in Tables 5 and 6, under
tension loading, the increment in a/c displayed different impacts on ¥, as shown in
Table 7. The documented behavior for s/L = 0.004, points A and B presented similar
performance in terms of amplification, shielding, and no interaction, except W for a/c = 1.2,
slightly higher. However, at point C, for s/L = 0.004, a shielding influence was recognized
for a/c = 0.4, while no interaction was found at the same point for a/c = 1.2. In addition, for
a/t=0.5, at point C, 39.6 % enhancement resulted due to the change in crack shape,
a/c = 1.2, while a complete reduction was found for a/c = 0.4. It is possible to clarify this
discrepancy in terms of the shape of the crack, which strongly influences the interaction
phenomenon; deep sharp cracks (a/c = 1.2) have more opportunity to show amplification
effect than shielding, unlike wide shallow cracks (transverse cracks). On the other hand,
despite s/L =0.032 exceeding the limits suggested in [22], crack interaction is still
remarkable at point C, especially for a/t 2 0.5. Again, the results indicated that the present
crack interaction alignment rules might produce underestimation in the stresses or
conservative results.

Table 8. W for noncoplanar parallel cracks under bending when a = 10°, a/c = 0.4

a/t Point s/L = 0.004 s/L=0.008 s/L=0.016 s/L =0.032

A 1.010 1.004 1.001 0.994
0.2 B 1.037 1.033 1.015 0.994

C 0.662 0.844 0.937 0.975

A 1.042 1.043 1.036 1.002
0.5 B 1.139 1.097 1.009 0.937

C -0.030 0.037 0.334 0.695

A 1.046 1.042 1.031 0.992
0.8 B 1.172 1.085 0.983 0.908

C -0.011 -0.011 0.144 0.484

Table 9. ¥ for noncoplanar parallel cracks under bending when a = 10", a/c = 1.2

a/t Point s/L =0.004 s/L=0.008 s/L=0.016 s/L =0.032

A 1.002 1.002 1.002 0.996
0.2 B 1.001 1.003 1.003 0.995

C 1.008 1.009 1.005 0.998

A 1.074 1.068 1.045 1.002
0.5 B 1.087 1.084 1.053 1.003

C 1.392 1.172 1.012 0.960

A 1.226 1.190 1.122 1.024
0.8 B 1.259 1.213 1.121 1.020

C 0.292 0.503 0.676 0.809
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Tables 8 and 9 describe W for non-coplanar parallel interacting cracks subjected to
bending loading when a = 10° for a/c = 0.4 and 1.2. In general, ¥ behavior was similar to
that obtained under tension loading for similar a/c, where s/L exhibited a significant
effect on W; as soon as s/L declined, the impact of crack interaction decreased. In addition,
cracks with a/t = 0.2 were isolated for s/L = 0.032 at each of A, B, and C, but for cracks
with a/t 2 0.5, the interaction effect was still pronounced, especially at point C, the
nearest point to the second crack.

Influence of angular separation distance

In order to visualize the relationship between the inclination angle and the normalized
SIFs in terms of crack interaction, it is necessary to present the SIFs as a function of the
inclination angle (or could be used as the overlapping angle). Based on the results
presented in the previous section, it was found that the maximum interaction influence
was always attained when s/L = 0.004 and a/t = 0.8. Where s/L = 0.004 demonstrates the
smallest separation distance between the cracks, while a/t = 0.8 represents the deepest
relative crack depth ratio. Therefore, the separation distance s/L =0.004 and a/t=0.8
have been selected to present the effect of inclination angle on the distribution of the
normalized SIFs since both ratios produced the maximum interaction influence.
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Fig. 7. Relationship between (a) and (a/c) for a/t = 0.8, and s/L = 0.004 under tension loading
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Figure 7 displays the impact of different inclination angles on the distribution of
the normalized SIFs as a function of the crack aspect ratio, a/c, under remote tension
loading for a non-coplanar parallel cracks configuration when s/L = 0.004 and a/t = 0.8.
Furthermore, to comprise a wide diversity of crack shapes, the crack aspect ratio is
considered to be varied from 0.4 to 1.2, which has been presented in Fig. 7(a-e),
respectively. Also, the considered inclination angles are a = 10, 20, and 30°.

Obviously, the inclination angle a has a significant influence on crack interaction
behavior, and this effect strongly depends on the examined a/c, which has produced
different impacts. The increase in the a/c ratio is accompanied by the decrease in F;, which
indicates that sharp cracks are riskier or more serious than transverse cracks, where for the
same «a value, the peak F: is attained when a/c = 0.4, while the minimum is when a/c = 1.2.

On the other hand, a produced unique behaviors, depending on the examined a/c.
Moreover, for a = 10°, the F; distribution followed an approximately similar trend along the
crack front with respect to the change in a/c, where the amplification effect was noticed in
the region from 26/m=-0.2 to 1.0 on the crack front, and the shielding effect was
recognized from 26/m = -0.2 to -1, this effect applied to all examined a/c ratios, where with
the increase of g/c, the area that experiences the amplification impact increases also.

Also, for a=20° the F. was distributed in two different styles, for a/c< 1.0,
F. exhibited both amplification and shielding effects along the crack front, whilst for
a/c 2 1.0, a severe amplification effect was noticed in the overlapping zone, and a minor
amplification impact was observed far away from the overlapping zone. It should be noted
that during the change in a/c from 0.8 to 1.0 for a = 20°, the F: behavior switched from
the shielding and amplification mixed behavior to the pure amplification impact.

Similarly, for a = 30°, it has been found that for this inclination angle, the influence on
the F: distribution was more pronounced for ag/c < 0.8, where it presented both interaction
influences amplification and shielding. It should be noted that throughout the change in a/c
from 0.4 to 0.6 for a = 30°, the F; behavior exhibited pure amplification impact instead of the
combination of shielding and amplification impacts. Moreover, for a/c 2 1.0, the inclination
angle a = 30° has no significant influence on the distribution of F; along the crack front.

In the same way, Fig. 8 displays the relationship between a and the normalized SIFs
under bending Fs. It is obvious that the impact of a on Fg was found to be similar to that
obtained under tension loading, except that fs was less than F. This influence is
understandable since SIF for the case of a single crack under tension loading is higher
than that under bending loading. However, it was found that the positions where the
maximum SIFs are attained along the crack front under each tension and bending are
similar, as indicated in Table 10.

Table 10. Maximum normalized SIFs under different types of loading
a=10° a=20° a =30°

26/ F: 26/n Fs 26/n F: 20/n Fs 20/n F: 20/n Fs
0.4 0 1.56 0 140 | -032 | 1.97 | -0.32 | 1.79 | -0.56 | 2.39 | -0.56 | 2.19
0.6 | -008 | 1.54 | -0.08 | 1.38 | -0.44 | 2.11 | -044 | 1.93 | -092 | 2.29 | -0.92 | 2.16
08 | 096 | 1.66 | 096 | 1.57 | -0.64 | 2.34 | -0.64 | 218 | -0.96 | 1.64 | -0.96 | 1.55
1.0 | 096 | 1.82 | 096 | 1.72 | -096 | 2.22 | -096 | 2.12 | -096 | 1.61 | -0.96 | 1.53
12 | 096 | 1.61 | 096 | 1.54 | -096 | 1.55 | -0.96 | 1.48 | -0.96 | 1.36 | -0.96 | 1.29

a/c
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Fig. 8. Relationship between (a) and (a/c) for a/t = 0.8, and s/L = 0.004 under bending loading

The position on the crack front is defined by the normalized form (26/m), where © is
the parametric angle of the crack, 26/m = 0 (B, at the deepest point), 1 (A, farthest point
with respect to the overlapping zone), and -1 (C, the point within the overlapping zone)
Fig. 2. From Table 10, it can be inferred that the maximum F; and Fz were attained at the
same position on the crack front for all examined a/c. Furthermore, for a/c < 0.6, the
increase in a was accompanied by an increment in £ and Fs, while for 0.6 < g/c £ 1.0, when
a advances, F. and Fg rise until a = 30°, where both F. and Fg exhibited a drop in value.
Finally, for a/c > 1.0, the increase in the overlap region between the cracks produced a
decrease in f: and Fg. This indicates that the interaction phenomenon reduces as the cracks
turn into a transverse shape with respect to the increment in the overlapping angle.

Conclusion

The impact of crack orientation on surface crack interaction has been investigated
numerically via finite element analyses. A thick hollow cylinder was considered with
double parallel non-coplanar cracks with different crack geometries subjected to tension
and bending loading. Based on the results, the interaction influence for the non-coplanar
cracks showed amplification and shielding impacts simultaneously along the crack front.
The shielding effect is recognized on one side of the crack front (in the overlapping
region), while the other side of the crack front shows the amplification effect. This
inconsistency in the interaction influence is triggered by the non-coplanar orientation.



Multiple surface crack interaction of non-coplanar cracks 71

Moreover, in the region of overlap, the shielding effect occurs due to the partial parallel
orientation, thus the shielding impact appears. But, on the other side of the crack front or
the region out of the overlapping zone, the amplification effect occurs. This indicates that
for such kinds of crack configurations, the riskiest region is the zone that lies outside the
parallel case, or simply, there is no crack in front of this region. This is because the crack
will propagate from this region and lead to cylinder failure. It is evident that the presence
of the second crack in a completely (or partially) parallel orientation will provide more
resistance to the cylinder, where a mutual closing effect is offered by the two cracks
towards each other. It should be noted that the inclination angle (or the angular distance),
along with a change in a/, provided a unique influence on the SIFs allocation.
Furthermore, both a and a/c have a significant impact on the crack interaction, since both
can convert W from pure shielding to amplification, which may lead to crack extension.
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ABSTRACT

The linear stability of electroconvection in a horizontally oriented, thermally unstable dielectric fluid layer
saturated with a Darcy porous medium and influenced by couple-stress effects are investigated. The system
is subjected to a sinusoidally time-varying electric potential applied at the boundaries. The novelty of this
work lies in the combined effects of couple stresses, electric field modulation, and Darcy-porous medium,
an area not extensively explored in the existing literature. Using the Boussinesq approximation and a
regular perturbation technique, we deal with the governing eigenvalue problem and analyze the critical
conditions for the onset of convection. The analysis reveals that electric field modulation can exert either
a stabilizing or destabilizing influence depending on the modulation frequency and material parameters.
At low frequencies, the destabilizing role of the electric Rayleigh number becomes more pronounced, while
couple stress effects contribute to system’s stabilization. Additionally, the Vadasz number significantly
modifies the stability behavior, enhancing the effects of modulation at high frequencies. Our findings
highlight the potential of electric field modulation as a viable mechanism for controlling therma |
instability in particle-laden dielectric fluids confined within porous structures. The results provide new
insights into electrohydrodynamic flow control in engineering systems involving smart fluids and porous
media.

KEYWORDS

couple stresses ¢ dielectric fluid » electric field modulation  porous media ¢ linear stability ¢ electroconvection
Citation: Rudresha C, Balaji C, Vidya Shree V, Maruthamanikandan S. Linear stability analysis of
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varying electric potential. Materials Physics and Mechanics. 2026;54(1): 73-84.
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Introduction

The theory of couple-stress fluids was first introduced by Stokes [1], who generalized
Newtonian fluid mechanics to account for microstructural effects such as body couples
and particle rotations. These formulations are particularly useful for describing the
behavior of complex fluids such as polymers, colloids, and biological suspensions. The
study of convection in porous media has received sustained attention due to its broad
engineering and geophysical applications, including geothermal energy, filtration,
insulation, and chemical processes. Foundational contributions by Ingham and Pop [2],
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Vafai [3,4], and Nield and Bejan [5] established the theoretical framework for convection
in porous layers mainly focusing on Newtonian fluids.

Extensions to non-Newtonian and microstructured fluids have been widely
explored. Sharma and collaborators studied couple-stress fluids under magnetic fields
and rotation highlighting his stabilizing tendencies in porous layers [6-15].
Maruthamanikandan [16] analyzed instabilities in dielectric and ferrofluids, while
Rudraiah et al. [17] investigated electrohydrodynamic (EHD) stability in couple-stress
fluid flow through porous channels. These studies demonstrated how porous resistance
and microstructural effects alter the onset of convection compared to classical Rayleigh-
Bénard systems. Further contributions considered hyperbolic heat transfer [18] and
radiative effects in dielectric convection [19] showing how non-Fourier and radiative
mechanisms can delay or promote instabilities.

Parametric forcing has also been a subject of interest. Semenov [20] examined
instability in liquid dielectrics under variable electric fields, while Smorodin, Velarde, and
others [21,22] demonstrated the role of alternating and modulated electric fields in
exciting or suppressing instabilities in conducting and dielectric layers. More recent work
by Rudresha and his collaborators have systematically studied electroconvection in
porous media under electric field modulation considering compact packing and couple-
stress effects [23-26]. These studies revealed that porous permeability, modulation
frequency, and fluid microstructure strongly affect critical Rayleigh number thresholds.

In parallel, significant progress has been made in porous media convection. Liu et al. [27]
and Zhong et al. [28] examined the role of porosity in Rayleigh-Bénard convection
demonstrating its influence on flow structure and heat transfer. Other studies focused on
instability mechanisms in thermomechanical systems, including thermoacoustic
engines [29], swirling vapor flows [30], and nonlinear averaging methods for dynamical
systems [31-36]. At the same time, Rudresha et al. [37,38] investigated convection in
viscoelastic dielectric fluids under sinusoidal electric fields, while Balaji et al. [39]
considered Darcy-Brinkman models under time-dependent magnetic fields, further
enriching the theory of EHD and magnetoconvection.

The role of material properties has also been emphasized. Ivukin et al. [40] explored
heat transfer optimization in LED (light emitting diode) lamp heat sinks, while
Pozdnyakov and Sedakova [41] analyzed wear mechanisms in polymer friction pairs under
vacuum and atmospheric conditions. Gupta et al. [42] studied hydromagnetic stability in
nanofluid layers with Hall currents showing that nanoscale physics introduces new
stabilization pathways.

Although these studies have significantly advanced the understanding of convection
in porous and dielectric systems, several limitations still remain. Most analyses focus either
on Newtonian fluids or steady external forcing, with limited attention given to couple-
stress fluids in porous layers under sinusoidally varying electric fields. In particular, the
combined influence of porous resistance, microstructural stresses, and temperature-
dependent dielectric permittivity has not been analytically addressed. The present work
fills this gap by performing a stability analysis of a dielectric couple-stress fluid in a Darcy
porous medium subject to sinusoidal electric field modulation. By employing a regular
perturbation approach, corrections to the critical Rayleigh number are obtained, and the
influence of parameters such as the electric number, Vadasz number, modulation
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frequency, porosity, and viscosity ratio are systematically studied. The results provide new
insights into electroconvection control and have implications for applications in
geothermal systems, MEMS (microelectromechanical systems), electrothermal cooling, and
advanced porous heat exchangers.

Mathematical formulation

To investigate the onset of electroconvection under realistic and technologically relevant
conditions, we consider a horizontal porous fluid layer of finite thickness d filled with an
incompressible, thermally expanding couple-stress fluid. This layer, influenced by gravity,
is heated from below and subjected to a time-periodic electric potential across its
boundaries. The combined impact of porous resistance, couple-stress viscosity, and
sinusoidal electric modulation on the stability of the base state is systematically studied.
Unlike classical Rayleigh-Bénard problems, this formulation accounts for a time-
dependent electric field, where the modulation acts as a control parameter. It also
incorporates non-Newtonian couple-stress effects, which are essential in fluids with
microstructure (e.g., suspensions, polymeric fluids), and porous media through a Darcy
model. These additions provide a significant departure from the standard formulations.

We establish a Cartesian coordinate system (x, y, z), with the z-axis directed vertically
upwards and the origin located at the lower boundary of the porous layer. A temperature
difference AT is applied across the layer to introduce thermal stratification. The electric
potential on the boundaries is sinusoidally modulated in time: ¢ = £U(n; + nycoswt),
where U is the potential amplitude, w is the modulation frequency, and n; and 7,
characterize the steady and oscillating components of the imposed electric field. The
porous matrix is assumed homogeneous with constant permeability K and porosity §. The
present analysis is based on the following assumptions:
1. Darcy porous medium: the fluid motion obeys Darcy’s law with permeability K and
porosity &.
2. Boussinesq approximation: density variations are considered only in the buoyancy term.
3. Incompressible couple-stress fluid: microstructural stresses are included through
couple-stress viscosity.
4. Small modulation amplitude: the electric potential modulation parameters n; and n,
satisfy | n; 1< 1.
5. Temperature-dependent permittivity: the dielectric permittivity varies linearly with
temperature.
6. Electrostatic approximation: magnetic effects and displacement currents are neglected.
7. Mechanically free and electrically conducting boundaries: stress-free mechanical
conditions with prescribed electric potential.
8. Neglect of porous-matrix deformation: the porous skeleton is rigid and stationary.
9. Neglect of Brinkman term: flow resistance follows the Darcy model without viscous
shear corrections.

Under these assumptions, the governing equations include:

V-g=0, (1)
p = poll — a(T — To)l, (2)
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where ¢ = (u, v, w) is the Darcy-Brinkman velocity, T is the temperature, « is the thermal
expansion coefficient, and p, is the density at reference temperature T,,.
Accounting for fluid microstructure and electric field influence, the linearized

momentum equation (couple-stress fluid in porous medium) becomes:

104 1
530= P+ TG — (= uV?1G — 5~ (E - E)Ve, (3)

where u is the dynamic viscosity, u.is the couple-stress viscosity, E= —V¢ is the electric
field, eis the temperature-dependent dielectric permittivity, w denotes the modulation
frequency of the applied electric field, and K is the intrinsic permeability of the porous
medium. This formulation extends classical Darcy flow by incorporating micro-rotational
effects and dielectrophoretic forces, critical for systems with non-uniform electric
properties.

Heat transport equation is:

AZ+ (G- VT = kP2, (4)
where: A is the effective heat capacity ratio of the porous medium and k is the thermal
diffusivity.
Maxwell’s electrostatic equations are:
VXE=00rE = —V¢, (5)
V- [eE] =o. 6)
The permittivity € is assumed to vary linearly with temperature:
e =gl —e(T —Tpl, (7)

with e (> 0)representing the thermal sensitivity of permittivity, a key source of electric
buoyancy.

Basic state
In the basic quiescent state, we have G, =0, T, =T, — Bz, Eb = —-V¢, and the
background electric potential is:
-2U(n4+ t)
¢y = 101;1(122225)w log(1+efz)+ U +nycoswt). 8)
With the expression for the electric field:
Eb 2U(n1+n2 cos wt) (1 _ eﬁZ) (9)

Perturbation and linearization
We introduce small perturbations: ¢ = §',p =p, +p' T =T, + T e =g, + €' p =P, + P,
p=pp+p,E=E,+E.
Non-dimensionalization (dropping *) is carried out using: (x,y,z) = (dx*,dy*,dz"),
T = ATT*t = ATdZt*, q = gﬁ*cp =20 +nycos wt)edT ™.
The resulting dimensionless linearized equations are:
1. Vertical momentum equation is:
— at(Vz w) = RVAT —V?w + CV*w + R, (1 + 13 coswt)z—(qu,’)) +
+R. (1 + 13 cos w t)?VET.
2. Poisson equation for potential is:
P2 =-2 (11)

(10)
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3. Heat equation is:

= —w=77T, (12)
2
where R = ZP094TKd 1o the Darcy Rayleigh number, R, = XU2¢750FATKMT 1o vho alectric
Darcy Rayleigh number, Va = % is the Vadasz number, C = :;2 is the couple stress
parameter and n; = Z—Z is modulation amplitude ratio.
1
4. Boundary conditions are:
w=D*w=T=¢ =0atz=0,1. (13)
Eliminating T and ¢ from Egs. (10)-(12), we obtain the governing equation for w:
19 ]
(o2 +1-CP?) (5 = 72) 74w = RV272w + R, (1 + n; cos  £)?V2w. (14)
Along with the boundary conditions:
2 4
=2w _2% _gatz=0,1. (15)

T 922 dz*

Method of solution

To investigate the linear stability of the basic state under the influence of a time-
dependent sinusoidal electric field, we seek solutions to the governing Eq. (14) using a
regular perturbation technique. Our objective is to determine the eigenfunction w and
corresponding critical Rayleigh number R that characterize the onset of convection.

We expand the dependent variables in powers of a small perturbation parameter ¢,
assuming the solution is close to the threshold of instability:
w=wy+ ewy + 2wyt
R=Ry+ R +&*Ry+....... }

Substituting Eq. (16) into the governing Eq. (14) and collecting terms of like powers
of &, we obtain the following hierarchy of linear equations:

(16)

Zeroth-order equation: Lw, = 0. (17)
First-order equation: Lw; = R,VZV2w, + 2R, fV;w,. (18)
Second-order equation: Lw, = R, V2V?w,; + 2R, fViw, + R,V2V2w,,. (19)
The linear operator L is defined as:
L= (o2 +1-CV2) (2 - 7?)7* = RVEV2 — R, (20)
Va ot at

The function f = coswt = Real{e‘i‘*’t} arises from the sinusoidal modulation of the
electric field, and all perturbation functions w,, are subject to the homogeneous boundary
conditions (15). This formulation retains the time-dependent nature of the forcing, which
introduces parametric resonance effects into the eigenvalue structure, a key feature of
the present analysis.

Solution of the zeroth-order system

The marginally stable mode, corresponding to the onset of convection, is obtained from
the general solution of Eqg. (17). Considering the most unstable mode (lowest harmonic),
we choose the trial solution as:

w, = sinm zel(x+my), (21)
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which satisfies the boundary conditions exactly. Here, a? = [* + m?denotes the square of
the horizontal wave number. Substituting Eq. (21) into Eq. (17), the corresponding critical
Rayleigh number at zeroth order is obtained as:
R, = (n2+a2)2+c(n2+a2)3 _ Red?

a? n2+a?’ (22)
The first term represents the classical contribution from buoyancy and couple stress,
while the second term arises due to the electric field-induced dielectrophoretic
destabilization.

In Fig. 1, the thermal Rayleigh number R, is plotted against the wave number « for
different values of the electric Rayleigh number R,. Figure 1 clearly shows the
destabilizing influence of the dielectrophoretic force, as increasing R, shifts the marginal
stability curve downward, thereby reducing the critical Rayleigh number.
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Fig. 1. Darcy Rayleigh number R, plotted against the wavenumber a
for various electric Darcy Rayleigh numbers number R, at C = 0.1

Solvability condition for second-order correction

To extract R,., we apply a Fredholm-type solvability condition to Eq. (19), requiring the
orthogonality of its right-hand side to the null space of the adjoint operator (i.e., the base
modesin i z). After taking a time average over one oscillation period of the imposed
electric field, we obtain:

R2a® o An Rea
e |- 23
2€ 7 p24q2 Z”—lA%+B,21 n2+a?’ (23)

where the time-periodic modulation introduces a frequency-dependent stabilizing
or destabilizing correction to the Rayleigh number. The quantities A,, and B, encode
the temporal interaction between the electric field and fluid inertia and are given by:

2
A, =2 [(;—a (n?m? + a?)? — (n?n? + a?)3 — C(n?m? + a®)* + Rya’(n®n? + a®) + Rea4],

B,=w {(nzn2 + a?)3 [C + %] + (n?n? + az)z}.

2
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This analytical structure demonstrates the nonlinear coupling between modulation
frequency w , couple stress effects, and electrical Darcy Rayleigh forcing, which is central
to the novelty of this work.

Results and Discussion

This work presents an analytical investigation into the influence of a sinusoidally time-
varying electric field on the onset of thermal convection in a couple-stress fluid contained
within a thermally unstable Darcy porous layer. The primary focus is to understand and
control the onset of convection by incorporating two key physical mechanisms absent in
the classical Rayleigh-Bénard configuration:

1. Suppression of convection due to suspended microstructure, captured by the couple
stress parameter C.

2. Time-periodic modulation of the electric field, acting at the boundaries, described by
the electric field E(t).

A critical observation is that oscillatory convection does not arise in couple-stress
fluids under the present configuration, and the electric field modulation is limited to the
horizontal boundaries. The analysis assumes a small amplitude of electric field
modulation. The results depend sensitively on the modulation frequency w. At low
frequencies (w < 1), the slow modulation significantly perturbs the system, amplifying
disturbances and promoting instability. At high frequencies, the electric forcing tends to
average out over time, and the system mimics the unmodulated configuration, thereby
restoring stability. Hence, a moderate value of w is chosen to reveal the competing effects
of destabilization and stabilization. Moreover, due to the presence of suspended particles
and the consequent enhancement in viscosity (as per Einstein’s relation), a higher Vadasz
number Va is considered relative to a clean fluid.

To assess the physical relevance of the results, dimensional estimates were
obtained using typical dielectric fluid properties. The modulation frequencies required for
instability are in the range of 10-100 rad/s. The corresponding temperature differences
for onset are approximately 8-20 °C. The electric potential differences required lie in the
range of 200-600 V. Representative fluid properties used in the estimates include density
p =950 kg m?, kinematic viscosity v=10°-10*m?s?, and dielectric permittivity
€=(2-5)-10" F m™. These values are consistent with common dielectric liquids and
validate the physical feasibility of the predicted instability thresholds.

Influence of the electric Rayleigh number R,

Figure 2 shows the variation of the second-order correction to the Rayleigh number, R,.,
with modulation frequency w, for different values of the electric Darcy Rayleigh number
R., while keeping the couple stress parameter C and Vadasz number Va fixed. At low
frequencies, increasing R, leads to more negative values of R,., indicating destabilization
due to enhanced electric forcing at the boundaries. As the modulation frequency
increases, R,. approaches zero, reflecting reduced influence of the time-varying field.
Thus, at lower w, electric field modulation can effectively trigger instability, whereas at
higher w, it fails to disturb the system significantly, yielding a quasi-steady regime.
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Fig. 2. Variation of correction Rayleigh number R,. with modulation frequency w for different values of
electric Darcy Rayleigh number R, at C = 0.1 and Va = 10

Role of couple stress parameter C
Figure 3 displays how R, varies with w for different values of the couple stress parameter

C. As C increases, R,. increases for all frequencies, implying a stabilizing effect due to
the microstructural resistance offered by suspended particles. This behavior is supported
by Einstein’s viscosity law u, = uo(1 + 2.51¢), where u, and u, are the effective and
clean fluid viscosities, A is the shape factor (= 1), and ¢ is the volume fraction of
particles. Increased viscosity leads to higher energy dissipation, thereby impeding
convective motion. While the Einstein relation is linear and valid for dilute suspensions,
for higher concentrations a nonlinear correction is required, which may further enhance

this stabilization.
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Impact of the Vadasz number Va

Figure 4 illustrates the impact of the Vadasz number Va on R,. for various modulation
frequencies. A larger Va corresponds to an increase in R,., suggesting delayed convection
onset due to stronger momentum diffusion relative to thermal diffusion. This result is
particularly important in couple-stress fluids where the microstructure significantly
influences viscosity. The combined effect of high € and Va creates a dissipative
environment that resists perturbations. Additionally, strong electric fields distort field lines,
and such distortions interact with the fluid's microstructure to suppress convective growth.

Electric modulation destabilizes the system at low frequencies but becomes
ineffective at high frequencies. Couple stress effects increase the critical threshold,
reinforcing system stability. Thermal diffusion (high Va) complements the couple stress
damping, especially in particle-laden fluids. These findings highlight that the interplay
between electric field forcing, microstructural effects, and porous media transport
mechanisms enables fine-tuned control of convective instability. This study therefore
offers a framework for designing electrically controlled thermal systems in porous or
micro-structured environments, with potential applications in filtration, microfluidics,
and enhanced heat transfer technologies.

To validate the present analytical formulation, we compare the results obtained
from the model with several known limiting cases that correspond to existing studies:
1. Unmodulated electric field (n3 = 0): In this limit, the modulation term disappears and
the critical Darcy—Rayleigh number reduces to the steady electric field case. The resulting
trend agrees with the unmodulated electroconvection analyses of Smorodin et al. [21]
and Rudresha et al. [23-25].
2. Absence of couple-stress effects (C = 0): Eliminating microstructural stresses reduces
the model to Newtonian dielectric convection in a Darcy porous medium. The behaviour
of the critical threshold matches the results reported by Velarde and Smorodin [22] and
Rudraiah et al. [17].
3. Large permeability (high Darcy number): when the porous resistance becomes
negligible, the system smoothly approaches the classical Rayleigh-Bénard convection
limit for dielectric fluids. This limiting behaviour is consistent with standard results in
literature. These comparisons confirm that the present model correctly recovers earlier
established results in the absence of electric modulation, couple stresses, or porous
resistance, thereby validating the analytical solution method used in this work.

Conclusion

This study investigates the onset of electroconvection in a horizontal dielectric fluid layer
embedded in a Darcy porous medium, incorporating couple-stress effects under the
influence of a time-periodic electric field. A linear stability analysis was employed to
explore how electric field modulation, couple stresses, and porous media parameters
interact to affect convective behavior. The key conclusions are summarized below:

1. Low-frequency electric field modulation exhibits minimal influence on system stability.
However, at moderate and high frequencies, the modulation can significantly alter the
stability threshold.
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2. Increasing the couple stress parameter enhances system stability. For fluids with
suspended particles, this parameter plays a dominant role in suppressing the onset of
convection, especially at lower modulation frequencies.

3. While electric field modulation can stabilize the flow, a high electric Rayleigh number
counteracts this effect by promoting convection, particularly at intermediate modulation
frequencies.

4. The Vadasz number modulates the thermal response due to fluid inertia in porous
media. It amplifies the destabilizing effect of modulation at higher frequencies but
contributes to stabilization at lower frequencies.

In summary, the results demonstrate that electric field modulation, when combined
with Darcy resistance and couple-stress effects, provides a tunable mechanism to delay
or promote the onset of electroconvection. These findings have potential applications in
engineering systems where convective control in porous or particle-laden fluids is critical,
such as electrohydrodynamic cooling, geophysical flows, and materials processing.
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ABSTRACT

The joining of dissimilar materials such as aluminium and steel is of growing importance in modern
manufacturing, owing to the demand for lightweight structures with superior mechanical performance. This
study investigates the influence of rotational speed on key thermo-mechanical performance measures
during dissimilar friction stir lap welding of aluminium alloy-6061 and stainless steel-304. Using finite
volume method, numerical simulations were performed to quantify maximum weld interface temperature,
maximum weld interface velocity, minimum weld interface viscosity, and tool-workpiece interface torque
over a rotational speed range of 200-2200 rpm. Results reveal that maximum weld interface temperature
rise steeply up to about 1000 rpm and then plateau due to thermal equilibrium. maximum weld interface
velocity increases almost linearly with rotational speed, indicating improved interfacial shear and material
mixing. In contrast, minimum weld interface viscosity and tool-workpiece interface torque decrease markedly
as rotational speed increases, reflecting enhanced thermal softening and reduced resistance to tool motion.
Intermediate rotational speed values (= 600-1200 rpm) provide an optimal balance of heat generation,
material plasticization and torque, minimising the risk of excessive intermetallic compound growth or
welding defects. The findings establish a physics-based framework for selecting process parameters that
enhance joint integrity and efficiency in dissimilar friction stir lap welding of AA6061-SS304.
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Introduction

The automotive, aerospace, and marine industries necessitate lightweight structures
with superior wear resistance to ensure optimal performance and durability [1]. These
specific applications underscore hybrid structures combining lightweight materials such
as aluminium (Al) with stainless steel (SS) [2]. Strategically utilising joints made from SS
and Al alloys in critical areas provides a practical solution [3]. Various new joining
techniques were employed by researchers for joining difficult-to-join and dissimilar
materials [4-7]. Friction stir welding (FSW) pioneered and patented by "The Welding
Institute UK" in 1991 stands as a promising solution, surpassing traditional fusion
welding methods due to its advantages, including reduced heat input, thinner
intermetallic compounds (IMCs), and enhanced surface properties [8-10]. FSW has
advantages over fusion techniques for welding many metals, such as welding alloys of
aluminium, titanium, copper, etc. [11].
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In FSW, the spinning tool is gradually plunged into the workpiece until the
shoulder comes into full contact. This position is maintained until the required
temperature is reached, generated by frictional heating and plastic deformation.
In order to accomplish the necessary weld, the tool is traversed along the weld line.
The side of the rotating tool where the tangential velocity coincides with the traverse
speed (TRS) is referred to as the advancing side (AS) [12]. The retreating side (RS) refers
to the side of a rotating tool that has a vectorial sense opposite to the tangential
velocity and TRS [12]. The workpiece section located ahead of tool is known as leading
side, and the section located behind tool is known as trailing side [12]. FSW generates
welds without the melting of the base material, hence eliminating the risks of
solidification cracking, deformation, porosity, and other related issues. It necessitates no
edge preparation and generates transition junctions between dissimilar metals [12].

The primary restriction of FSW is its necessity for distinct tools corresponding to
varying workpiece thicknesses, and the resultant exit hole that remains upon the
withdrawal of the tool from the workpiece. Large forces on clamp, necessitate robust
gripping. It is primarily restricted to linear welding. Furthermore, filler joints are
unattainable using FSW [12].

Recent research has largely focused on utilising FSW to repair defects in structural
components, whereby friction stir techniques can effectively repair defects such as
pores, cracks, grooves, through holes, and the like [13]. Since its inception, extensive
research has focused on the influence of various process parameters in FSW [14,15].
These parameters govern heat transfer and material flow, thereby affecting the resulting
microstructure and weld quality [16,17]. Achieving optimal welding performance requires
careful evaluation of these parameters with respect to key thermo-mechanical measures,
namely maximum weld interface temperature (MWIT), maximum weld interface velocity
(MWIV), minimum weld interface viscosity (MWIVis), and tool-workpiece interface torque
(TWIT) [18]. The present study investigates the effect of tool rotational speed (ROS) on
MWIT, MWIV, MWIVis, and TWIT during dissimilar friction stir lap welding (DFSLW) of
aluminium alloy 6061 (AA6061) and stainless steel 304 (SS304).

Literature review

In recent years, extensive research has examined the influence of process parameters on
the performance of dissimilar friction stir welding (DFSW) of SS304 with various
aluminium alloys. Nishida et al. [19] examined development of interfacial microstructures
in dissimilar friction stir lap welding (DFSLW) between AA3003-H112 and SS304. Analysis
of the bottom surface of the exit-hole showed that there were several mixed layers with
ultrafine IMCs. The continuous thin reaction coating that was produced at the interface
was also reported to be stronger than the base aluminium alloy. Habibnia et al. [20]
researched the concept of microstructural and mechanical properties of dissimilar
friction stir butt welds (DFSBW) in AA5050-S5304. Their findings indicated that joint
quality increased with a lower tool rotational speed (ROS) and higher TRS.

Ghosh et al. [21] investigated the thermal impact on the microstructure of weld
nugget of DFSBW of AA6061 and SS304. Higher heat contribution favored increasing the
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iron content at the interface, changing IMC composition Fe;Als to more iron-rich grains in
the Fe -Al phase diagram. At intermediate ROS, which was coincident with the formation
of FesAl and FeAl, phases, maximum microhardness and tensile strength were obtained.
Balamagendiravarman et al. [22] compared the microstructure and mechanical behaviour
of DFSBW of SS304 and commercial pure aluminium. There were minimal changes in
microstructure on the steel surface in comparison to aluminium as a result of thermal and
mechanical variation. In the interface and stir zone (52), AlsFe IMCs were observed, and
the hardest point was at the SZ. The highest tensile was 78 percent of the aluminium
base metal. The same authors in a follow-up study [23] demonstrated that addition of
more ROS enhanced IMC layer thickness and facilitated the growth of FeAl,, FesAlss,
Fe,Als and FeAls. At 400 rpm, it reached the maximum joint efficiency of 90 % and
elongation of 4.5 % and the maximum hardness was obtained in the SZ at the high ROS.

In the study by Mahto et al. [24], the practicality of underwater friction stir
welding (UFSW) of AA6061 and SS304 was evaluated at different levels of ROS and
plunge depth (PD). Less heat input and faster cooling in UFSW inhibited the excessive
IMC, fine-tuned the weld microstructure and minimized defects including porosity, voids
and kissing bonds leading to greater strength in the joints. They studied interfacial
microstructure and corrosion behaviour of the DFSLW in a related study [25]. Reducing
grain size was improved by the increasing ROS and the PD because of the rapid cooling
and heating speeds. IMCs like Fe;Als and AlCrFe, were discovered and the corrosion
resistance declined with reducing grain size mainly due to pitting and intergranular
corrosion. The researchers of Chitturi et al. [26] investigated how tool tilt angle (TA) and
pin depth influence DFSLW of AA5052 and SS304. Low TAs (0° and 1.5°) were found to
have tunnel defects and micro-voids whereas defect-free joints were obtained at 2.5°
owing to enhanced mixing of the material and formation of IMC. Both sides of the weld
have hooks that improved mechanical interlocking and the SZ hardness was almost
three times greater than SS304.

Uematsu et al. [27] carried out crack propagation tests on DFSBW joint of AA6061
and SS304. The rates of fatigue crack propagation of the welds were also lower than
that of the aluminium base metal and when compared by the effective stress intensity
factor range of the fatigue crack propagation, the behavior of the fatigue crack
propagation was similar in all the samples. Chitturi et al. [28] also tested the fracture
behavior of DFSLW of AA5052 and SS304 at different TAs, ROS, TRS, and PDs. Fractures
that were mainly initiated on the aluminium side had mixed brittle-ductile failure
modes. X-ray diffraction was used to confirm the formation of AlFe based IMCs, and
hardness was found to be between 300-630 HV with different process conditions.
Jabraeili et al. [29] examined the effect of the welding parameters on DFSBW of AA2024
and SS304. Tool offset was found to be a vital parameter whereby with positive offsets
one will end up with tunnel defects because the heat input was not enough and in the
case of negative offsets thick IMC layers were produced. The finest conditions gave a
serrated interface of thin IMCs and increased strength and ductility of the joints.

Wang et al. [30] have compared the microstructure and mechanical behavior of
AA3003 and SS304 DFSBW joints. Tool offset was more significant compared to ROS on
the microstructure of the joints. Reduced ROS enhanced tensile strength and hardness
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with a constant offset, and the start of a failure was at the weld root and spread through
the SZ. The authors of Joshani et al. [31] were researching the DFSBW of AA7075, and
SS304 at various ROSs. The increment of ROS enhanced the IMC thickness to 6 ym and
diminished joint strength. Optimal tensile strength (about 72 % AA7075) was realized at
the lower ROS, whereas fracture moved to the SZ at the higher ROS. Datta et al. [32]
made comparisons between DFSBW of DAA1100, and DAA7075 and that of SS304. Joint
AA1100 -SS304 was more efficient and ductile. The reduced traverse velocity improved
strength and elongation because of the controlled amount of heat.

Kumar et al. [33] examined DFSBW of AA7075 and SS304 and stated that the
higher the ROS, the greater was the heat generation leading to thicker IMC layers and
less tensile strength. The refinement of the grains was also great, which resulted in
equiaxed recrystallized grains and IMCs like AlisFes, AlsFe,, and AlsMg; at the interface.
Ou et al. [34] have constructed the model of heat transfer in DFSBW of AA6061 and
SS304, to include the welding tool. The model determined peak temperatures with a
margin of error of 2.3 % and showed low temperature gradients and IMC thickness at
increasing TRSs. DFSBW of SS304 and AA2024-T3 was well investigated by
Mir et al. [2,10,35]. Their results pointed to better wear and corrosion resistance,
refinement of grains, and hardness in the stir zone with the best heat input and material
flow. Zhang et al. [36] were able to obtain defect free DFSBW of SS304 and AA2219
with low ROS at 200 rpm. Substantiation of thin amorphous Al Fe O layer inhibited the
Cu rich IMCs yielding high metallurgical bonding and tensile strength of 210 MPa.
Nakrani et al. [37] examined fatigue cracking characteristics in DFSBW of SS304 and
AA5083, which showed an increased rate of crack propagation at the Al-steel interface,
and brittle fractures behavior at the interface. Caetano et al. [38] investigated DFSBW of
SS304 and SS410, demonstrating that placing ferritic SS410 on the AS reduced flash
formation and voids. Increased axial force eliminated root defects, although it promoted
higher flash formation on the AS.

Overall, prior research on DFSW between aluminium alloys and stainless steel has
primarily concentrated on interfacial microstructural evolution, IMC formation, and
mechanical performance. While studies have highlighted the role of parameters such as
ROS, TRS, PD, TA, and welding environment, significant research gaps remain. In particular:
1. The effect of ROS on critical thermo-mechanical performance measures (MWIT,
MWIV, MWIVis, and TWIT) has not been systematically quantified.

2. Weld interface viscosity, a key factor governing material flow, mixing, and defect
formation, remains underexplored in dissimilar lap welds of AA6061-55304.

3. Torque variation with ROS and its correlation with weld quality in AA6061-SS304 lap
welds have not been addressed.

Most existing studies emphasise butt joints or other aluminium alloys (AA2024,
AA5052, AA7075), leaving the practically relevant AA6061-SS304 lap configuration
insufficiently studied. To address these gaps, the present work employs a physics-based
finite volume method (FVM) simulation using ANSYS® Fluent® to analyse the effect of ROS on
MWIT, MWIV, MWIVis, and TWIT in DFSLW of AA6061-5S304. This systematic investigation
provides deeper insights into heat generation, material flow, and tool-workpiece
interaction, offering a framework to minimise defects and improve joint efficiency.
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Simulation design

The simulation model utilises an AA6061 sheet and an SS304 sheet with dimensions of
200 x 75 x 3 mm?> (each sheet). They are joined in a lap arrangement with an overlap
width of 30 mm (Fig. 1). Solidworks® 2017 is used for geometric modelling, while CFD
software ANSYS® 19.3 R3 (FLUENT®) is employed for FVM numerical simulation [39].
A flat shoulder tool with a frustum conical pin is employed (Table 1).

(a)

Shoulder Side Surface (AZ31) /\ A
1 ]
AN

Shoulder Surface (AZ31)

(b)

Fig. 1. (a) Arrangement of dissimilar friction stir lap weld of AA6061 with SS304; (b) tool-workpiece
interface surfaces; (c) dimensions of tool employed

Table 1. Fixed process parameters

Process parameter Value
Diameter of flat shoulder, mm 15
Pin length, mm 3.8

Pin base diameter, mm 5.4
Pin tip diameter, mm 3.8

PD, mm 0.225

TA 1.5°
Overlap width, mm 30

The Realisable k-epsilon viscous model is employed to simulate the flow of material
in a transient state [40]. Mesh with tetrahedral elements (899766 in numbers) and 187342
nodes are utilised, with fine mesh at the interface between the tool and the workpiece, as
depicted in Fig. 2 [41]. The present work adheres to the following assumptions:
1. The process is a quasi-steady process, i.e., the rate of heat generation remains constant.
2. Material that has undergone plasticization is classified as non-Newtonian,
incompressible, and visco-plastic.
3. The material is presumed to exhibit characteristics of a non-Newtonian fluid, where
its viscosity is influenced by both temperature and strain rate.
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4. Partial slip condition exists between the tool and the workpiece.
5. Free slip condition exists on the upper, bottom, and side surfaces of the workpiece.
6. The outlet boundary assumes the value of zero pressure.

To make precise predictions about welding, it is crucial to employ realistic
boundary conditions [42,43]. Figure 3 displays the parts and boundaries imposed on the
model. The inlet boundary condition of flow is defined as follows:

U= Uperg, V=0,w =0, (1)
where the TRS is represented by u_weld, whereas the velocity intensities in the X, Y,
and Z directions are represented by u, v, and w, respectively.

-I; -
@ (b)

Fig. 2. (a) Tetrahedron cells’ mesh used in the model; (b) close up view (top) of tool-workpiece interface

(@)

Fig. 3. (a) Flow directions of materials in the model; (b) different heat loss surfaces of the model

The tool periphery velocity, which is the combined effect of tool's ROS and TRS, is
provided below:
U; = wrsind — Uye1q,
v; = wrcoso, (2)
w; = 0.
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The value of r is such thatr; < r < r3. The variables u;, v; and w; denote vectors
of velocity in the X, Y, and Z directions. The index notation "i" means a specific location
on tool's surface where the tool's combined ROS and the TRS are determined.
represents the radius of tool shoulder; r; represents the radius of pin bottom; 6 is the
angle between the horizontal direction vector from the tool axis to any point on the
cylindrical surface. In the weld direction, 8 is equal to zero.

Tool periphery velocity when tool TA (§) and contact state variable (§) are
considered, are represented by equations below [44]. Equations (3)-(5) are used to
define the momentum boundary conditions at the tool-workpiece interface, specifically
at the shoulder surface (SS), pin side surface (PSS), and pin bottom surface (PBS).

u; = (1 = 8)(wrsinb) cos & — Uyera, (3)
v; = (1 — &)wrcosh, 4)
w; = (1 — 8)(wrsind) sin &, (5)
Saaso61 = (0.31e“™/187 —0.026) (from [45]), Sss304 = 0.7 (from [46]). (6)

The viscosity (n), flow stress (o), Zener Hollomon parameter (2) and strain rate ()
are determined using the equations below [47-49]:

n= g, 7)
o =1 (g)%+<1+(§)%)2 , ®
z = zels), )
&= geijsij)g, (10)

where T represents temperature, measured in Kelvin (K), 4, 5, and n are constants that
describe the material properties, Q is an activation energy that does not depend on
temperature, R is the gas constant (8.314 J-K*-mol?).

Table 2. Material-constants and properties for AA6061 and SS304 [44,46,51-53]

Parameters AA6061 SS304

A st 241 x 108 1.62 x 10

) n 3.55 6.1

Material constants

Q, )-mol? 1.45 x 10° 446 x 10°

B, MPa! 0.0367 0.008
Material density p, kg-m™ 2700 7400
Top (h) & side (hs) heat transfer coefficient, W/m2K 80 0.0668T
Bottom (h,) heat transfer coefficient, W/m2K 150 10%0.0668T
External emissivity of workpiece top surface 0.09 0.17

Table 2 provides the material constants and properties of AA6061 [50].
Equation (7) is used to define the viscosity as a function of temperature and strain rate
for the given materials, namely AA6061 and SS304. These equations are implemented
through the use of user defined functions.

The heat created during the FSW process is distributed over many regions. The
tool's contacting surface with the workpiece is partitioned into three sections: bottom
SS, Pss, and Pgs. The SS is subdivided into two sections: shoulder with conical surface
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(Scs) and shoulder with flat surface (Ses). All these sections exhibit partial sticking-
sliding contact. Heat produced by different sources is provided underneath:
Qtotar = 6‘Qsticking -(1- 5)Qsliding- (11)
When the slip coefficient (6) is equal to zero, heat is only generated through
friction. When the value of 6 is equal to 1 (indicating a stick), all heat is produced only
through the deformation of the plastic material [54].
The assumed maximum yielding shear stress is [55]:

(o}
Tp = T%, (12)
(05) aa6061 = 1160 — 8.88T + 2.97 X 1072T2 — 3.32 x 10~°T3 (from [52]), (12a)
(05)ss304 = 796 — 1.6T + 2.25 X 1073T2 — 1.3 X 107°T3 (from [46]), (12b)
where g, represents the material’s yield stress.
The heat-flux (W/m?) in Scs section is [44,46,51,52]:
Gsee =11 ([(1—6css)rb+(6555?3511:]f2[)(rf—r23)(1+tanoc’)]). (13)
The heat-flux (W/m?) in Pss section is:
qpss = N((wr — vsind)((1 — 8pss)Tp + (Spss)uP)). (14)
The heat-flux (W/m?) in Pgs section is:
pye =11 (2(‘)7'3((1_5PBS;Tb+(5PBS)HP)), (15)

where u (0.4 is same for both material) is the coefficient of friction [46,56], P is plunge
pressure (Pa), w is ROS (rad/s), n is fraction of heat transferred to the workpiece (i.e., 0.6
and 0.4 for AA6061 and SS304, respectively [34]), and «’ is cone angle of shoulder
(o<’ = 0 for Sgs)). Plunging pressure of 12 and 109 MPa are taken for AA6061 and SS304,
respectively [46,56]. Equations (13)-(15) are used to define the thermal boundary
conditions for the SS, Pss, and Pgs, respectively.

The specific heat (Cp) equation for AA6061 is shown below [45,46]:
(Cp)ansos1 = 929 — 0.627T + 1.481 X 107372 — 4.33 x 107°T?, (16a)
(Cp)ssz0a = 276 + 0.851T — 8.51 X 107*T2 4 3.0 x 1077 T3, (16b)

The thermal conductivity (k) equation for AA6061 is shown below [45,46].
Equations (16) and (17) are used to define C, and k, respectively, as material properties
for both AA6061 and SS304:
kapc061 = 25.22 + 0.3978T + 7.358 X 107°T2 — 2.518 X 1077T3, (17a)
kgg304 = 14.3 —9.02 X 1073T + 4.52 X 107°T? — 2.49 x 1078T3, (17b)

The boundary condition for heat exchange between the top surface of the
workpiece and the environment is convective as well as radiative heat transfer [44].
The heat exchange between the bottom and side surfaces of the workpiece is conductive
(due to contacts of jigs and fixtures) and convective heat transfer, respectively. All these
heat exchanges are converted to convective form as shown below [44]:

a

ko = he(T = Tp), (18)
d

ks, = ho(T =To), (19)
d

ké = ho(T = Ty), (20)

where h¢, hy, and hg are coefficients of heat dissipation at workpiece’s top, bottom and side
surface, respectively, T, is the environmental temperature (300 K) [45]. Equations (18)-(20)
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are used to define the thermal boundary conditions for the workpiece's top surface,
bottom surface, and side surface, respectively.

Validation of the current model is done with the work by Ou et al. [34]. A 3D CFD
model was constructed to study the heat transfer in DFSBW of AA6061 with SS304 with
a frustum conical pin tool. In the present study, the above work is replicated, and upon
validation of the current methodology and procedure, additional fixed input parameters
(TA and PD) are introduced. The temperature distribution data of the model closely
corresponds to the experimental data of Ou et al. [34]. Table 3 compares the temperature
of the experimental and model. Thus, the numerical modelling method is satisfactory.

Table 3. Comparison results between experimental and modelled temperature

Points (approx.) Experimental Simulation model Error. %
temperature [34], K temperature, K ’
pl (8.99,0.5,3) 492.3 469.6 461
p2 (8.94,1,3) 475.1 455.3 416
p3 (-8.06,4,3) 4394 4294 2.27

Results and Discussion

This section examines the influence of ROS on the performance measures MWIT, MWIV,
MWIVis, and TWIT. The ROS range is selected between 200 and 2200 rpm, based on
findings from the literature. To evaluate the effect of ROS on the above performance
indicators, all other process parameters: TRS, TA and PD, are maintained constant at
100 mm/min, 1.5°, and 0.225 mm, respectively. Table 4 presents the corresponding
performance measures for the investigated ROS range of 200 to 2200 rpm. Simulation
experiments were conducted for various values of ROS as process parameters to
compute MWIT, MWIV, MWIVis, and TWIT performance measures for each. Columns 4-7
of Table 4 indicate the MWIT, MWIV, MWIVis, and TWIT obtained in each experiment,
respectively. The analysis of results is discussed below.

Table 4. Experimental design and its results

SNo. | ROS, rpm | M- workpiece | | MWIV, m/s | MWIVis, kg/(ms) | TWIT, Nm
temperature, K
1 200 533 469 0.0133 3.16E+07 16.14
2 400 691 558 0.0266 1.21E+07 16.06
3 600 809 626 0.0399 4.01E+06 15.99
4 800 890 675 0.0532 2.57E+06 15.82
5 1000 942 722 0.0666 1.45E+06 15.12
6 1200 977 756 0.0799 1.08E+06 14.74
7 1400 1000 785 0.0932 9.83E+05 14.34
8 1600 1017 808 0.1065 9.56E+05 14.04
9 1800 1014 826 0.1199 8.82E+05 13.76
10 2000 1016 829 0.1332 7.50E+05 13.49
11 2200 1018 833 0.1465 6.90E+05 13.26
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Effect of ROS on MWIT

From Fig. 4, it is observed that both MWIT and maximum workpiece temperature
increase with increasing ROS up to a certain point, after which they tend to stabilise.
At lower ROSs (200-600 rpm), a steep rise in both temperatures is noted, indicating that
heat generation is highly sensitive to ROS in this range. For instance, MWIT increases
from 469 K at 200 rpm to 626 K at 600 rpm, while the maximum workpiece temperature
rises from 533 to 809 K over the same range. This behaviour can be attributed to
enhanced frictional heat and plastic deformation as the tool speed increases [57].

1200
1000 1014 1016 1017 1018
942 77
1000 890
809 808 826 829 833
~ 800 691
g ee /85
2 533 t s 722
(]
g 600 626
£ 558
~ 400 469
MWIT
200
Maximum Workpiece Temperature
0

200 400 600 800 1000 1200 1400 1600 1800 2000 2200
ROS, rpm

Fig. 4. Effect of ROS process parameter on MWIT performance measure

Beyond ~ 1000 rpm, the temperature curves show a tendency to plateau.
The maximum workpiece temperature reaches about 1018 K at 2200 rpm, while MWIT
stabilises around 833 K. This saturation effect occurs because, at higher ROSs, the heat
dissipation rate through conduction and convection counterbalances the additional heat
input, preventing further significant temperature rise [58].

A consistent observation is that the maximum workpiece temperature remains
higher than the MWIT across all ROSs. This is expected since the bulk workpiece
accumulates heat from both frictional sliding and plastic deformation, whereas the weld
interface experiences localised heat generation that is partly dissipated into the
adjoining materials [59].

Implications for weld quality: the progressive rise in temperature with increasing
ROS enhances diffusion and reaction kinetics at the AA6061-55304 interface, promoting
IMC layer formation. However, excessive IMC growth at higher temperatures may lead
to brittle phases, reducing joint toughness [60,61].

Moderate ROS values (600-1200 rpm) provide sufficient thermal softening and
material flow without excessive IMC growth, which is favourable for achieving high-strength
welds [60,61]. At very low ROS, inadequate heat input results in poor plasticization and
insufficient bonding, while excessively high ROS (beyond ~ 1600 rpm) risks overheating,
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excessive flash formation, or void generation [60,61]. Thus, selecting an optimal ROS
range is critical for balancing heat input, material flow, and metallurgical reactions.

Effect of ROS on MWIV

Figure 5 graph presents the variation of MWIV with ROS. It is evident that MWIV increases
almost linearly with increasing ROS. At the lowest speed of 200 rpm, MWIV is only
0.0133 m/s, while at the highest speed of 2200 rpm, it reaches 0.1465 m/s, representing
more than a tenfold increase. This strong positive correlation reflects the direct
dependence of interface velocity on tool rotation, since higher ROS enhances the relative
tangential velocity between the tool and the workpiece (from Egs. (3)-(5)).
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Fig. 5. Effect of ROS process parameter on MWIV performance measure

The nearly linear trend also indicates that material flow at the weld interface
scales proportionally with tool speed, without showing saturation or instability within
the investigated range. This suggests that ROS is the dominant driver of weld interface
shear velocity, which in turn influences plastic deformation, material mixing, and
bonding efficiency [62-64]. Therefore, tool speed is sometimes referred to as ROS.

Implications for weld quality: higher MWIV at increased ROS promotes improved
plasticization and mixing of AA6061 and SS304 at the interface, which is essential for
sound metallurgical bonding [57,63]. Since frictional heating is directly linked to
interface velocity, the rising MWIV also complements the increase in weld interface and
workpiece temperatures, ensuring sufficient softening for weld formation [62,65]. While
low MWIV (at lower ROS) can result in insufficient stirring and weak bonding,
excessively high MWIV (at very high ROS) may lead to turbulent flow, uneven mixing, or
excessive flash, thereby compromising weld integrity [57,63].

Effect of ROS on MWIVis

A distinct decreasing trend is observed from Fig. 6, where MWIVis reduces rapidly with
an increase in ROS up to approximately 1200 rpm, after which the values stabilise with
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minimal further reduction. At lower rotational speeds (200-600 rpm), extremely high
viscosity values are recorded, such as 3.16E+07 kg/ms at 200 rpm and 1.21E+07 kg/ms
at 400 rpm. These high viscosities indicate inadequate heat generation, resulting in
poor material plasticization and insufficient mixing at the weld interface [63].
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Fig. 6. Effect of ROS process parameter on MWI|Vis performance measure

As the ROS increases into the intermediate range (600-1200 rpm), MWIVis
decreases sharply, reaching values around the order of 106 kg/ms. This reduction
highlights the improved thermal softening of the workpiece materials, which enhances
plastic flow and promotes effective interfacial bonding [57].

At higher ROSs (1400-2200 rpm), MWIVis values stabilise in the range of
9.83E+05 to 6.90E+05 kg/ms. This plateau suggests that beyond a certain threshold,
additional increases in ROS do not significantly improve material plasticization, as the
system achieves a thermal equilibrium. Excessively high speeds may therefore lead to
diminishing improvements in weld quality while potentially accelerating tool wear and
energy consumption [57].

Implications for weld quality: optimal joint formation is likely achieved in the
intermediate to moderately high ROS range (1200-1600 rpm), where sufficient heat is
generated to ensure effective mixing without excessive thermal input that could cause
grain coarsening, intermetallic growth, or tool wear [57,63]. ROS directly governs
interface viscosity, which in turn dictates weld strength, microstructural refinement, and
overall joint performance [57,63].

Effect of ROS on TWIT

A clear decreasing trend is observed from Fig. 7, where TWIT gradually declines from
16.14 Nm at 200 rpm to 13.26 Nm at 2200 rpm. At lower ROSs (200-800 rpm), TWIT
remains relatively high (=16 Nm), indicating that greater torque is required to overcome
the resistance to tool penetration and material flow due to limited heat generation and
higher viscosity of the workpiece [57,58]. As the ROS increases, TWIT steadily
decreases, dropping to 15.12 Nm at 1000 rpm and further to 14.04 Nm at 1600 rpm.
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This reduction corresponds to enhanced softening of the material with increasing ROS,
as higher frictional heating lowers viscosity and reduces the mechanical resistance
encountered by the tool [57,58].
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Fig. 7. Effect of ROS process parameter on TWIT performance measure

At higher ROSs (1800-2200 rpm), TWIT stabilises in the lower range of
13.76-13.26 Nm, suggesting that the system approaches thermal equilibrium where
additional increases in ROS do not substantially reduce resistance to tool rotation
(insufficient forging pressure at the weld interface, potentially leading to reduced
consolidation, defect formation, or weaker interfacial bonding may occur) [57,58].

Implications for weld quality: at lower speeds, higher torque values indicate that
the tool faces greater resistance due to insufficient heat generation and higher material
viscosity. This condition often leads to poor material flow, incomplete mixing, and
defect formation at the weld interface [57,58,63].

As the rotational speed increases, the decrease in torque reflects improved thermal
softening and reduced flow resistance, which enhances material plasticization and
promotes more uniform bonding [57,58,63]. However, excessively low torque values at
very high speeds may result in inadequate forging pressure and insufficient compaction
of plasticised material, which can compromise interfacial strength [57,58,63].

Conclusions

Numerical simulation of AA6061-S5304 DFSLW has demonstrated that tool ROS
strongly governs the weld’s thermo-mechanical behaviour:

1. MWIT and overall workpiece temperature initially rise sharply with increasing ROS
before stabilising, while MWIV shows a nearly linear increase across the studied range.
2. Conversely, MWIVis and TWIT decrease significantly as ROS increases, highlighting
the combined effects of frictional heating and improved material flow.

3. An intermediate ROS window of roughly 600-1200 rpm yields sufficient thermal
softening and interfacial mixing without excessive intermetallic compound formation or
loss of forging pressure.
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These insights provide a quantitative basis for optimising DFSLW process
parameters to produce defect-free, high-strength joints and to improve energy
efficiency in industrial applications involving aluminium-steel hybrid structures.
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ABSTRACT

The performance of CVD-coated carbide inserts (TiCN/AL,Os) in hard turning AlSI 4340 steel at cutting
speeds of 60, 95, 180, and 250 m/min, under both dry and wet conditions are investigated. The goals were
to evaluate tool wear, surface roughness, and wear mechanisms over different machining conditions.
Surface roughness Ra value was noticed, and it dropped to Ra =0.30 ym at 180 m/min but increased
at 250 m/min due to vibration, edge instability, and wear. Flank wear rose with cutting speed: 186 ym
at 60 m/min, 265 ym at 180 m/min, 542 ym at 250 m/min (dry), and 692 um (wet), exceeding ISO tool life
(VB = 300 um) due to edge breakage, flaking, and adhesion. The examination of the tool surface by SEM
and EDS revealed abrasion and slight coating delamination at low speeds, adhesion and oxidation at
intermediate speeds, and catastrophic tool failure at high speeds.
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Introduction

AlSI 4340 is a medium carbon low alloy steel, widely known for its good tensile strength.
It is commonly used in making shafts, gears, screws and heavy-duty studs. Because of its
properties, especially after hardening, it is applied in aerospace, automotive and defense
industries for critical components where toughness and reliability are very important [1]
The alloying elements like chromium, nickel and molybdenum improve their
hardenability and strength. But the same factors that give high performance also make
machining very difficult, especially when hardness is above 45 HRC (hardness Rockwell
C). Under dry or severe cutting conditions this problem gets even worse. In machining,
the main difficulties are fast tool wear, high cutting temperature, and heavy friction at
the chip-tool interface. These lead to thermal instability, dimensional inaccuracy, and
poor surface quality, which eventually affect productivity and cost [2,3]. Even with
conventional coolant, the wear cannot be fully eliminated because cutting fluid does not
always reach the chip-tool zone effectively at high speed and hardness [4]. Hardened
AlSI 4340 has a tempered martensitic microstructure that strongly resists plastic
deformation. This makes it fall under difficult-to-machine materials since machining
produces high forces and high wear, as reported by Boztepe et al. [5]. The presence of
hard carbides in tempered martensite accelerates abrasive wear and reduces tool life.
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Selvaraj [6] showed the adhesive and abrasive wear on the cutting tool at higher cutting
speeds negatively affect the surface finish of the workpiece. Darwish [7] mentioned that
tool wear is a key reason for poor surface finish, inaccuracies and shorter tool life.
Minouiz et al. [8] noted adhesion, abrasion and edge rounding as main wear mechanisms
for PVD-coated tools, while for CVD (chemical vapor deposition) coated tools built-up
edge (BUE) and chipping were dominant during continuous cutting at high speed.
Calaph et al. [9] observed that speed, feed and depth of cut have significant influence on
flank wear in CNC (computer numerical control) turning of EN8 steel.
Sramhauser et al. [10] also showed that coating thickness and structure matter a lot,
thinner Al;O3 (aluminium oxide) improved chip flow and heat transfer while TiN-coated
tools gave surface roughness of 0.76 um.

Furthermore, Bag et al. [11] studied hardened AISI 4340 and found cutting speed as the
most dominant factor (66.06 %) influencing flank wear. They reported that increasing speed
from 80 to 260 m/min caused rubbing due to high temperature and pressure, leading to
thermal softening of the cutting edge. Butt et al. [12] observed similar wear trends for turning
of 45 HRC AISI 4340 using TiCN (titanium carbonitride)/Al,Oz/TiN carbide tools at speeds
50-200 m/min and feeds 0.051-0.101 mm/rev. Kishore et al. [13] further showed that the
temperature resulting from the tool-workpiece rubbing causes larger surface wear and defects.
The tool flank rubs against the surface of material and adhesive wear, abrasion combined with
heat is produced from contact. Hurtasenko et al. [14] associated very high shear zone
temperatures with adhesive, diffusion, and brittle fracture type wear. Hassan et al. [15]
reported crater wear as the main form in machining DC53 steel hardened to 40 HRC. Likewise,
Santos et al. [16] observed adhesion-abrasion wear during dry micro-milling of AISI D2. With
development of coatings and improved tool geometry, wear has been reduced.
Ahmed et al. [17] showed that TiAIN coating increased tool life, while Jouini et al. [18] found
that AL,O3/TiCN coating improved surface quality at high speeds on AlSI 4340. Silva et al. [19]
reported that coated tools had better thermal stability, while Cakan etal.[20] noted
TiSiN+ALOs+TiN multilayers gave better results when turning AlISI D2. Rashid et al. [21]
studied hard turning of AISI 4340 with a CBN insert and obtained very low surface roughness
(0.45 um). They also concluded that lower feed improves finish but increases wear, showing
the trade-off between tool life and surface quality. More improvement was also noted with
multilayer coatings. Kumar et al. [22] reported over 15 times higher tool life in dry drilling
of AISI D2, and Hamadi et al. [23] confirmed better tool life for coated inserts while
machining AISI 4140. Dry high-speed machining is considered cost-effective and
environmentally friendly [24]. But at very high speeds, cutting force, plastic deformation
and surface damage increase, which accelerates tool wear and reduces quality [25,26].

Although many studies are done on tool wear and surface roughness separately, only
few looked at their direct relationship under dry and wet machining with coated carbide
tools at high speeds. Also, the exact wear mechanisms that affect surface finish are still not
clear. From the literature, it can be seen that little work is reported on Al;Os/TiCN
multilayer CVD-coated carbide tools in high-speed hard turning of hardened AISI 4340
steel. Since high-speed machining is important for achieving good surface finish, this gap
is critical. Therefore, the present study investigates tool wear and surface roughness of
hardened AISI 4340 steel at different cutting speeds. SEM (scanning electron microscopy)
and EDS (energy dispersive spectroscopy) analysis are used to identify the dominant wear
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mechanisms. This work contributes to better understanding of machinability of AISI 4340
steel and offers practical guidance for optimizing cutting conditions, monitoring tool wear,
and improving surface finish in hard turning.

Materials and Methods
Material and heat treatment

Commercial AISI 4340 steel rods, sourced from Peoples Steel Mills in Pakistan, were used
in this study. The material, in its as-received state, had a hardness of nearly 30 HRC.
In order to bring the hardness level suitable for hard turning, the rods were heat treated.
The treatment involved austenitizing at 850 °C for 120 min in an RJIX-45 box furnace,
then quenching in HJ-20 oil to near room temperature. and subsequently tempered at
480 °C for 120 min. The purpose of this tempering step was to relieve internal stresses,
lower brittleness, and at the same time enhance toughness while still keeping the
hardness at a high level. The final hardness, checked with an Insize Rockwell tester
(ASTM E18) (Fig. 1(b)), was found to be around 55 * 1 HRC. The chemical composition was
determined using a Spectrolab M9 spectrometer shown in Fig. 1(a), while the
microstructure was observed with a Versamet 2 metallurgical microscope. Prior to
machining tests, the outer layer of the heat-treated rods was lightly cut to remove any
surface inconsistencies. For each experimental run, a cutting length of 120 mm was used.
Every set of machining parameters was repeated three times, giving a total cutting
distance of 360 mm for each condition. The average values from the three repetitions
were taken for further analysis.

Fig. 1. Spectrometric analyses (a), hardness tester (b)

Experimental setup

Turning experiments were conducted utilizing a Goodway CGL-2 CNC lathe equipped with
a FANUC Oi-TF control system shown in Fig. 2(a). The tool-workpiece configuration is
depicted in Fig. 2(b), illustrating the hard turning of the heat-treated AISI 4340 steel. For
wet machining trials at 250 m/min, a commercial mineral based cutting oil (Arab Lube,
diluted at 1:20 with water) was applied as a conventional flood coolant, and was used
exclusively at a cutting speed of 250 m/min as depicted in Fig. 2(c) The coolant was
directed at the tool-chip interface through an external nozzle to evaluate its
effectiveness at high-speed cutting conditions. Cutting experiments were carried out at
four cutting speeds of 60, 95, 180, and 250 m/min, while the feed rate and depth of cut
were kept constant throughout the study at 0.1 mm/rev and 0.5 mm, respectively. This
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selective use was intended to compare dry and wet machining under maximum thermal
load conditions, while all other trials were conducted dry. The experimental design is
comprehensively detailed in Table 1.

Fig. 2. Experimental setup showing (a) CNC lathe, (b) tool and workpiece, hard turning,
(c) wet cutting with coolant

Table 1. Workpiece and setup specifications

Parameters Details / Specifications
Material AISI 4340 Steel
Workpiece length, mm 200
Machining length, mm 120
Workpiece diameter, mm 30
Workpiece hardness, HRC 551
Tooling Mitsubishi CVD-coated carbide inserts (CNMG 120404)
Insert coating CVD multi-layer coating of TiCN and Al,Os
Tool nose radius, mm 0.4
Tool holder PCLNR 2020K12

Goodway CGL-2 CNC Lathe with
FANUC Oi-TF control
Cutting speeds, m/min 60, 95, 180, and 250
Dry conditions (lLow to high-speed machining);
Cutting fluid for high-speed machining
Feed rate, mm/rev constant 0.1
Depth of cut, mm constant 0.5

Machine

Machining environment

Cutting tools

For the experimental machining trials, the cutting tool selected was a commercially available
CVD coated carbide insert from Mitsubishi Materials [27]. This particular insert is
characterized by a sophisticated multilayer coating system, primarily consisting of
TiCN/AL,O3 layers, which is engineered to provide enhanced wear resistance and thermal
stability during cutting. The geometry of the insert includes a defined tool nose radius of
0.4 mm, a feature critical for influencing surface finish and tool strength. A schematic
representation detailing the insert's geometry can be found in Fig. 3. For mounting, the insert
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was securely assembled onto a standard PCLNR 2020K12 style tool holder. Photographic
evidence of the actual physical insert, along with its complete assembly onto the tool
holder to show the final cutting geometry, is clearly provided in Fig. 4(a,b) respectively.

Cutting length (L) 12.7 mm
Nose radius 0.4mm o RO.4 ©
Thickness (S) 4.76 mm :
Hole diameter (D) 5.16 mm Y
/ \\ t
3 |
80% Nof | 227 ] . 476,

Fig. 4. (a) CVD-coated cutting insert; (b) insert mounted on PCLNR 2020K12 tool holder

Tool wear measurement

Flank wear (VB) was measured after each 120 mm cutting pass using a Dino-Lite Premier
AM7013MT digital microscope, and the final values reported correspond to the tool
condition after the third pass (total cutting length = 360 mm). An average flank wear
criterion of VB 2 300 um was adopted in accordance with I1SO 3685 as the reference limit
and measurement accuracy was ensured by calibrating the system with a certified stage
micrometer before and during testing. For a more in-depth investigation into the
fundamental mechanisms responsible for the wear, advanced characterization techniques

Fig. 5. Tool wear measurement and analysis setup: (a) calibration of Dino-Lite microscope;
(b) flank wear measurement on tool edge; (c) SEM/EDS analysis of worn tools
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were employed. This involved using SEM on a Jeol JSM 6380 unit, which provided high-
magnification imagery of the wear scars and crater formation. Furthermore, energy
dispersive X-ray spectroscopy (EDS) was performed with a JED-2300 detector attached to
the SEM; this allowed for elemental analysis of the worn surfaces to identify diffusion and
adhesion processes. The complete experimental arrangement used for these tool wear
measurement and subsequent analysis procedures is visually detailed in Fig. 5.

Surface roughness measurement

Arithmetic average surface roughness R. was measured in accordance with I1SO 4287/4288
standards using a calibrated Mitutoyo SJ-310 tester, with a cutoff length of 0.8 mm,
evaluation length of 4.0 mm, and probe speed of 0.5 mm/s. For each experimental condition,
three roughness measurements were taken at distinct locations on the workpiece after each
cut, and the mean value was used for analysis. The measurement setup is shown in Fig. 6.
This integrated approach allowed direct correlation between tool wear progression and
surface quality, while SEM/EDS analyses validated the underlying wear mechanisms.

05mm/s Ac0.8 x5 LS

Y =}

Fig. 6. Surface roughness measurement setup using Mitutoyo SJ-310 tester

Results and Discussion
Material characterization

The chemical composition of the heat-treated AISI 4340 steel is provided in Table 2. The
measured values are consistent with the ASTM A29 standard range for AISI 4340.
Chromium (Cr), nickel (Ni), and molybdenum (Mo) add hardness, strength, and ductility,
while carbon (C) gives wear resistance by forming a carbide. The heat treatment applied
provided a hardness level of 55 + 1 HRC (ASTM E18), confirming suitability for hard turning.

The microstructure, given in Fig. 7, was prepared according to ASTM E3 and etched
using 2 % Nital as per ASTM E407. A tempered martensitic matrix characteristic of
quenched and tempered AlSI 4340 steel was seen at a 400 xmagnification. This structure
provides high wear resistance by means of martensite and carbides, and toughness that
causes high cutting forces and thermal stresses during cutting [15]. Understanding this
microstructure is crucial for interpreting the machining behavior observed in the
experiments, as it directly influences tool wear mechanisms and surface roughness outcomes.

Table 2. Chemical composition of heat-treated AlSI 4340 steel (measured using Spectrolab M9)
Elements C Mn Cr Si Ni Mo Fe
Wt. % 0.38 0.63 0.99 0.3 2.01 0.3 Balance
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Fig. 7. Tempered martensitic microstructure of heat treated AISI 4340 steel

Surface roughness
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The surface roughness (R.) 0.931-1.069 um with the cutting speed V of 60 m/min that
corresponded to the three subsequent cuts (Fig. 8) was also characterized by a relatively
high roughness. From 95 m/min, increasing the cutting velocity the surface roughness
decreased to 0.657-0.877 um (Fig. 9). At 180 m/min, even better results were achieved,
showing R, values of 0.303-0.612 um (Fig. 10). Such a gradual decrease in R, at higher
speeds is considered to result from the shorter tool workpiece contact time and thermal
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Fig. 13. Variation of surface roughness (R.) with cutting speed for different numbers of cuts

softening of the workpiece material that enables smoother cutting. Similar trends have
been reported in previous studies [28]. Surface roughness R, was increased at 250 m/min
(the maximum cutting speed) than at 180 m/min as depicted in Fig. 11. At higher cutting
speeds, the cutting tool may suffer from extreme edge damage, such as flaking, notching
or even catastrophic wear, which results in a blunt edge [18]. This can result in uneven
cuts and differences in the texture of the surface. In addition, chatter and vibrations
introduce oscillations at the tool edge, which cause the formation of an irregular surface
pattern, and consequently an increase in the roughness [29].

Furthermore, for the highest speed of 250 m/min, surface roughness values became
slightly better when wet cutting was performed (from 0.490 to 1.069 ym) than those for
dry cutting, as presented in Fig. 12. It is noted that, despite the coolant application, R,
increased on the third cut, and the trend was different in comparison with the first cut at
this speed. The uneven roughness pattern at high speeds, even during wet machining
might be caused by vibration, instability, or sudden tool breakage and notching in the
tool’s cutting edge [30]. The general behavior is highlighted in Fig. 13, which collects R,
variation at all cutting speeds and conditions. The results show a U-shape, i.e., roughness
decreases with increasing speed up to 180 m/min where the lowest surface roughness
(R. = 0.30-0.61 ym) was achieved, and increases again at 250 m/min. In wet cutting at
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250 m/min, R, values became better than for dry cutting but increased with respect to
moderate cutting speeds (95-180 m/min). These findings confirm that moderate to high
cutting speeds (95-180 m/min) provide the optimum balance between surface finish and
machining stability, whereas excessively high speeds lead to deterioration despite the
use of coolant, due to high cutting temperature and excessive tool wear [15].

Tool wear

Figure 14 depicts the flank wear (VB) evolution through several cuts at different cutting
speeds. The wear measured from 186 uym at 60 m/min to 229 pm at 95 m/min, and
265 pm at 180 m/min. At 250 m/min, wear sharply increased to 542 pm under dry
conditions, exceeding the ISO 3685 tool life standard (V, = 300 pm). Under wet conditions
at 250 m/min, wear reached 692 um as depicted in Table 3 after final cut. Elevated
temperatures in hard turning led to coolant evaporation, which failed to cool the tool,
causing thermal softening and reduced wear resistance [31]. These results indicate that
tool wear remains moderate up to 180 m/min but becomes significant beyond that, with
catastrophic wear at 250 m/min.

Figure 15 illustrates the final flank wear value after the last cut, highlighting the
sharp increase in wear, especially under wet conditions. Figure 16 digital microscopic
pictures further illustrate wear progression at different cutting speeds, showing mild wear
at 60 and 95 m/min, moderate wear at 180 m/min, and severe adhesion and localized
chipping and indicating accelerated coating delamination with significant wear observed
at 250 m/min. Under wet cutting conditions at the same cutting speed of250 m/min, severe
edge chipping, Flaking, coating delamination and were evident, this is due to high-speed
machining of hardened steel generates high temperatures which result in failure of a tool [32].

800 Progression of Flank Wear Over Multiple Cuts
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Fig. 14. Flank wear progression (um) across first, second, and third cuts at different cutting speeds,
including wet conditions

Table 3. Flank wear of CVD-coated tool at different cutting speeds after final cut

Speed, m/min Flank wear, ym
60 186
95 229
180 265
250 542
250 (wet) 692
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Fig. 15. Flank wear (VB) after final cut at different cutting speeds under dry and wet conditions
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Fig. 16. Optical images of tool wear progression at cutting speeds: (a) 60 m/min; (b) 95 m/min;
(c) 180 m/min; (d) 250 m/min (dry); (e) 250 m/min (wet)

SEM and EDS analysis of cutting tool

The EDS analysis of the fresh CVD-coated carbide insert, shown in Fig. 17 reveals the
presence of carbon (C), oxygen (O), aluminum (Al), and titanium (Ti) supporting the multi-
layer coating structure (TiCN/ Al;,O3) on the tool. Notably no tungsten (W) was noticed on
the fresh tool surface, as the underlying substrate is fully covered by the CVD coating.
This baseline composition provides a clear reference for interpreting element
redistribution during machining.

The substantial tungsten content observed in the EDS analyses of worn tool surfaces

(10-59 wt. % in Figs. 18-22) is attributed to the substrate material (W). As seen in the
EDS analysis of the fresh insert (Fig. 17), no tungsten is detected on the unused tool due
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to complete coverage by the multi-layer CVD coating. The presence of tungsten after
cutting, particularly at higher cutting speeds, indicates local delamination of the coating,
exposing the tungsten-rich substrate. Variations in tungsten content result from
differences in coating loss severity, which increases with cutting speed, and the adhesion
of workpiece material layers. At lower cutting speeds (60 m/min), the coating remains
largely intact, while higher cutting speeds cause more significant coating damage and
greater exposure of the substrate.
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Fig. 17. EDS analysis of the fresh CVD-coated carbide insert before cutting

The wear mechanisms of the CVD-coated carbide inserts were examined by SEM
after the experiments, and EDS spot analysis on the worn areas revealed that the
dominant wear mechanisms evolved with increasing cutting speed, consistent with
previous research on hard turning [33].

At cutting speed 60 m/min SEM images Fig. 18(a)revealed coating delamination and
parallel abrasion marks on the flank, indicative of abrasive wear and formation of grooves
caused by hard metallic carbides in the steels [15]. EDS analysis (Fig. 18(b)) confirmed strong
Aland Ti peaks from the tool coating, suggesting the protective layer remained largely intact.
Minor Fe traces indicated slight workpiece material adhesion, and low Oxygen content ruled
out significant oxidation. Consequently, small scale abrasion with coating delamination
dominated at low cutting speeds in hard turning, aligning with prior research [34].

At a cutting speed of 95 m/min, Fig. 19, SEM analysis revealed the formation of a
built-up edge on the rake face, characteristic of adhesive wear during the hard
turning [35]. EDS confirmed elevated Fe, Cr, and Ni transferred from the AISI 4340
workpiece. The progression of flank wear and repeated BUE, detachment indicates cyclic
adhesion and tearing, corroborating existing research [36,37]. Although coating elements
were still detected, at lower levels than at 60 m/min, indicating that the coating was not
completely removed. Their reduced intensity indicated partial loss of the protective layer.
adhesion and abrasion occur concurrently at this intermediate speed, with elevated
temperatures accelerating material transfer.
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Fig. 22. SEM (a,b) and EDS analysis (c,d) on the worn tool at V = 250 m/min (wet)

Furthermore at 180 m/min, SEM images (Fig. 20) revealed crater formation on the
rake face, pitting, and a pronounced flank wear land. EDS spectra showed a strong Fe peak
and a distinct oxygen signal, suggesting adhesive oxidative wear. Reduced Al and Ti peaks,
along with the appearance of W, indicated coating removal and exposure of the carbide
substrate. These findings are consistent with reports of crater wear in hard turning, where
adhesion, abrasion, and oxidation dominate at higher cutting speeds [18,38].

At a cutting speed of 250 m/min, SEM examination revealed significant tool
degradation, characterized by deep cratering, edge fragmentation, and considerable plastic
deformation at the tool-chip contact zone. EDS analysis presented in Fig. 21 indicated
substantial adhesion and oxidation, as evidenced by elevated Fe and O signals, also deep
crater formation on rake face of tool is evident. EDS indicates reduced coating elements
and increased Fe and O consistent with coating loss and oxidation signify the failure of the
protective coating and exposure of the underlying substrate shows flaking. Furthermore,
SEM imaging Fig. 21 captured adhered chip fragments fused to the rake face, which are
prone to dislodgment, leading to the removal of both coating and substrate material. This
mode of wear is a recognized phenomenon in the high-speed hard turning of steels [36,39].

Interestingly, at 250 m/min (with coolant), tool wear was surprisingly more severe.
Although oxidation appeared slightly reduced, SEM images (Fig. 22) revealed catastrophic
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coating spallation, edge chipping, and substrate exposure. EDS spectra confirmed strong
Fe peaks (workpiece adhesion) and W signs the exposure of substrate. These results reveals
that conventional cutting fluids were ineffective at controlling the extremely high
temperatures in high speed hard turning, leading instead to accelerated flaking and rapid
tool failure [32,40].

Conclusions

In this work, CVD-coated carbide inserts TiCN/Al,Os were used for high-speed hard
turning of AISI 4340 steel. Tool wear, surface roughness, and the main wear mechanisms
were examined under different cutting speeds and machining environments. From the
study, the following points can be concluded:

1. Flank wear (VB) increased with cutting speed in a consistent manner. It went from
about 186 ym at 60 m/min to 265 pm at 180 m/min, and then jumped sharply to 542 pm
under dry cutting at 250 m/min. Under wet cutting at 250 m/min, tool wear reached
692 pym because of heavy flaking and fast coating delamination, which is well beyond the
ISO 3685 tool life criterion (VB = 300 ym).

2. SEM and EDS analysis confirmed that at lower cutting speeds (60-95 m/min), light
abrasive wear with mild coating delamination and small-scale abrasion were the main
modes. At medium speed (around 180 m/min), adhesion and oxidation effects became
more visible, and crater wear also appeared. At the highest tested speed (250 m/min),
catastrophic tool failure occurred with severe coating spallation, edge chipping, strong
adhesion, oxidation and exposure of the substrate at the tool edge.

3. Under flood-cooling condition, higher wear was observed at 250 m/min compared to
dry cutting. SEM/EDS revealed increased spallation and adhered workpiece material,
suggesting that coolant boiling and ineffective interface cooling may contribute to
coating failure in this condition. Further testing with alternative cooling/lubrication
strategies is required to confirm the generality of this observation.

4. The range 95 and 180 m/min is suitable cutting speed range for the machining of
AlSI 4340 steel under the present conditions. At this range, machining performance was
found to be more consistent, with improved surface finishing and long tool life compared
to both at very low and at very high speeds.

5. For future work, advanced cooling and lubrication methods such as minimum quantity
lubrication (MQL) or cryogenic cooling will be investigated, as they could help reduce
severe wear at higher speeds and increase tool life during hard turning.
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ABSTRACT

Structural integrity assessment of metal components in advanced reactor systems operating at elevated
temperatures requires calculations that account for the sequence and duration of loading throughout their
service life. Numerical simulation of such processes is performed using nonlinear inelastic material models,
whose parameters are determined based on experimental data. The development and verification of an
automated numerical algorithm for identifying the parameters of the Norton-Bailey creep law are
considered. The algorithm utilizes initial data in the form of a set of material isochronous curves at a
specific temperature. It implements an optimization procedure aimed at minimizing the discrepancy
between the normative and the computed isochronous curves. The generation of the computed isochronous
curves is performed using the Abaqus software package. It is demonstrated that the developed algorithm
enables the highly accurate identification of the constants for the Norton-Bailey law.
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Introduction

Currently, nuclear power plants are one of the primary sources of energy generation.
A major challenge associated with nuclear power is the depletion of natural resources for
fuel production. Consequently, extensive global efforts are underway to reduce their
consumption and seek alternative energy sources. Within the framework of the concept
for achieving technological leadership of the Russian Federation, the necessity of
developing highly efficient energy systems has been outlined. This includes the
development of closed nuclear fuel cycle technology and the creation of a thermonuclear
reactor capable of producing more energy than it consumes to initiate the fusion
reaction [1]. To achieve these goals, development is currently ongoing on fast-neutron
reactors with liquid metal coolant and the domestic TRT thermonuclear reactor [2-4].
A key operational feature of such facilities is high temperatures, for instance, exceeding
450 °C during normal operation and up to 900 °C in accident scenarios for the fast-
neutron reactors. Designing structures for such temperatures is complicated by the
occurrence of significant thermal deformations in the system and the necessity to account
for the long-term properties of materials.
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"The theory of plasticity was brought to life primarily by the needs of turbine
construction; subsequently, it found application in nuclear power, chemical engineering,
aviation, and rocket technology" is a quote from the fundamental work of Yu.N. Rabotnov,
"Creep of Structural Elements” [5]. Indeed, 60 years after the publication of this work, the
relevance of creep issues as applied to critical structural components remains
undiminished.

Material creep under high temperatures and significant load durations can pose
challenges in strength substantiation. In addition to the reduction in the general strength
characteristics of the material, issues such as long-term cyclic strength [6] and structural
stability under creep conditions arise [7,8].

Regulatory approaches to the strength substantiation of reactor installations [9,10]
prescribe simplified procedures within elastic formulations. For instance, accounting for
long-term material characteristics at elevated temperatures involves reducing allowable
stresses according to the material's isochronous curves; however, this approach possesses
significant conservatism. In practice, it is quite difficult to meet the criteria for long-term
static and long-term cyclic strength for structural components operating at elevated
temperatures within elastic formulations.

Nuclear industry standards [9,10] allow for the possibility of performing strength
calculations that consider nonlinear material properties (hardening, creep,
microstructure, etc.). In the realm of creep theory, a wide variety of different models
exists, each with certain advantages and disadvantages.

Deformation of a material by the creep mechanism is traditionally divided into
3 stages [5]. The first stage is interesting from the perspective of material behavior and
the mechanisms of creep initiation, where strain increases non-uniformly over time,
eventually reaching a constant rate, which marks the beginning of the second creep stage.
During the second (steady-state) stage creep strains accumulate linearly with time. The
third stage shows a rapid increase in strain, typically associated with the onset of material
failure (hence, engineers often do not consider this zone).

Two basic models are commonly used to describe secondary creep:

1. Power law (the Norton model [11]): € = Ac™, where A and n are material parameters.
The advantage of this law is its simplicity, but this is also its drawback: integrating the
relation shows that € depends linearly on time, which hinders the description of a family
of isochronous curves with a single set of parameters.

2. Modified power law (the Norton-Bailey model [12]): € = Ad™t™, where m is a material
parameter. This model is the most widespread in engineering practice due to its simplicity
from the standpoint of parameter identification [13]. It is free from the drawback of the
basic Norton model regarding linear time dependence.

To additionally account for the primary creep stage, one can use, for example, the
Darveaux model [14]. In this model, the secondary stage is described by a relation that

does not include a time component and can be used independently to describe secondary
Qo

creep using the hyperbolic sine law " = Cg, [sinh(ac’j)]“e( R(e—ez)), where Cy, and a are

material constants, Q is the activation energy, R is the universal gas constant, 6 is the

temperature, % is the absolute zero temperature in the adopted system of units.



Parameter identification of the Norton-Bailey creep model using isochronous curves 120

Accounting for the non-steady-state component allows for describing the progression of
primary creep: € = £[1 + e;Be("B&" 9], where €, and B are material parameters.

For describing tertiary creep, models enhanced with material damage parameters
can be used, for example, according to the Kachanov-Rabotnov model [15-19]. Based on
it, various models considering material damage can be formulated [20,21]. For instance,

the Othman model [22]: ¢ = —sinh(Bo), &; = C(1—wy)?%, w, = _%’

4
(1-w1)(1-w3)

: v

. & g

Wy = ;(6—1) , where w; and w, are two damage parameters. w,; accounts for the role of
u e

increasing dislocation density p during creep, w, represents damage due to void
formation in the material (cavitation), p; is the initial dislocation density, g; is the first
principal stress, g, is the effective stress,and 4, B, C, n, v, &, are material constants.

Due to the lack of a unified model, it is often challenging in practice to identify
parameters for a specific material model that is most suitable for a given problem.
Necessary data for commonly used materials can often be found, but in most cases,
difficulties may arise in searching for parameters. For example, standard [23] presents
isochronous curves for most structural steels, and standard [9] provides parameters for a
specific creep model for some of them. For certain classes of materials, work has been
done to identify parameters for various creep models. In [13], parameter identification for
the Norton-Bailey model is performed using a regression approach. The procedure for
identifying parameters for modeling tertiary creep using the Nelder-Mead method for
VZhM4 and VZhM5U alloys is described in[24]. In [25], the selection of creep and
plasticity parameters for ZhS32 alloy at elevated temperatures is carried out. In [26],
based on an experiment with multi-step loading of a specimen under creep conditions,
parameters for the Liu-Murakami [27] damage-based model (for describing all creep
stages) are fitted. The results of identification procedure using Levenberg-Marquardt
algorithm for unified models describing steady-state and transient creep in [28]. In [29],
a two-layer algorithm is proposed for the rapid identification of parameters in a
fractional-order creep model of piezoelectric actuator.

The aim of the present research is to develop an automated algorithm for
identifying creep parameters, using a family of isochronous curves at a specific
temperature as the initial data. At the first stage of development, parameter identification
for the modified Norton-Bailey model [12] is performed, as this model is widely used in
engineering practice.

Method

The parameter identification procedure is conducted in two stages. The first stage
involves the direct identification of the model parameters based on a set of isochronous
curves. The second stage entails the numerical solution of a verification problem: uniaxial
tension of a specimen, considering the implemented creep model and the identified
parameters, using the Abaqus software [30]. The results are then compared with the
original isochronous curves. The choice of Abaqus for verification is justified by its
convenience for implementing user-defined creep models, its accuracy in solving
nonlinear problems, and its recognition by the scientific community as a research tool.
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The simplest model from the parameter identification standpoint is the time-

hardening form of the Norton-Bailey law [12]:

~\N
ér = &0 (L) (o)™, (1)
where &, 05, n, m are the identifiable model parameters, €., is the creep strain rate, t is
the time, and § is the equivalent stress.

It is worth noting that the Russian standard GOST [9] recommends a truncated form
of this model (without the time component) for accounting for creep in nonlinear strength
calculations. A universal reference with parameters for this model for an arbitrary material,
across various durations and temperatures, does not exist. In Abaqus [30], it is possible to
specify separate parameter values for different temperatures; therefore, identification is
performed separately for each temperature, therefore, the identifiable parameters become
temperature-dependent, although in the classical approach, only parameters &, and o,
exhibit temperature dependence according to the Arrhenius equation. The procedure’s
workflow is conveniently demonstrated using a real material example. We consider
structural steel 12Kh18N12T/12Kh18N10T (AISI 321), used for some critical components
of reactor installations. GOST [9] provides isochronous curves for this material; for
demonstration, the curves at a temperature of 550°C are considered (Fig. 1).

p— —e— GOST,t=100,h
GOST, t =300, h
—=— GOST, t=1000, h
- —+— GOST, t=3000, h
—+— GOST, t=10000, h
o —— GOST, t=30000, h
S GOST, t=100000, h
- 100 |
o)
50-
O,

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
£, %

Fig. 1. Isochronous curves for 12Kh18N12T/12Kh18N10T (AISI 321) steel, T = 550 °C

During parameter identification, it is assumed that the loading rate in the
experimental studies was constant, with the time for the corresponding isochronous
curve taken at 2 % strain (¢ = 0.02). Then, taking the experimental time denoted on
the standard curves as 7, the following holds:

bor =20 @
Consequently,
Gg\" 0.02

S(T)n-’-1 (oio) t" = T (3)

To facilitate algorithm development, a transition is made to a direct dependence of
stress on strain:
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- 002 _p_ 1 ._]H/M
q=Uo[T€om1'tm] : 4)

The goal of the procedure is to find parameters in the last relation that ensure
coincidence with the original isochronous curves for all considered times. The parameter
search uses a global minimum search procedure based on the simplicial homology global
optimization (SHGO) method [31]. Briefly, the algorithm uses concepts from
combinatorial integral homology theory to find subdomains that are approximately
locally convex and characterizes the objective function as it runs. It solves a derivative-
free optimization problem with constraints (CDFO) [32,33] of the form:
min f(x), x € R™
gix) =0, vi=1,..,m, (5)
hj(x) =0, Vj=1,..,p,
where x is the vector of variables/parameters, f(x) is the objective function (f: R" - R),
gi(x) are inequality constraints, h;(x) are equality constraints, and x; < x < x, are the
lower and upper bounds for the parameters.

The functional is constructed individually for each problem. Since the research aim

is to find a single set of parameters describing the family of isochronous curves, a
functional combining several sub-functionals of the same order is adopted:
F = Z:;ff . — min, (6)
where index nfs = 5 indicates the number of sub-functionals to be described below. This
allows for the simultaneous control of several criterion values reflecting different
characteristics of the compared isochronous curves.

Sub-functional f; is the classical Frobenius norm [34]:
_ lr=xi|

fl - ||X|| ’ (7)

where X is the matrix of values for the approximating curves, and Y is the matrix of values
for the approximated curves.

In the procedure, all curves (approximating and approximated) are interpolated
onto the same grid of abscissa values (strains of the isochronous curves). Thus, matrices
X and Y essentially represent sets of stress value vectors for each curve.

Sub-functional f, is the relative sum of local Frobenius norms, computed for each
isochronous curve separately, after which the average norm value for the set of curves is
calculated:

_ 1 oN |?1'_Ef||

. . N; — Nt —
where N; is the number of isochronous curves, X = Zjilxj Y = Zjilyj.

Sub-functional f; is the maximum relative deviation between the approximated and
approximating curves across the entire family of curves:

f3 = max (max (%)), j €1, N]. 9)
]
Sub-functional f, is the relative Euclidean norm of the maximum relative deviations
of each curve:

_ 1 N 2 L — y]'_Ej
fa = N ijl errf, err; = max( 2 ), (10)

where err; is the relative deviation between the approximated and approximating curves.
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Sub-functional f5 is an integral criterion that evaluates the local relative deviation of

the integrals of the two curves, which are then assessed using the relative Euclidean norm:
‘Ydt- [Fxat

fom e oy nef, g = Lot -

where t is the calculation time.

The form of each sub-functional shows that their values range from 0 to 1, allowing
for a combined functional comprising quantities of similar orders of magnitude.
The procedure iteration concludes after a specified number of iterations is reached, upon
which the parameter values yielding the minimal functional value are output. The sufficiency
of iterations is checked by analyzing the convergence of the iterative process results.

After obtaining the optimal set of parameters, a numerical solution for the problem
of uniaxial tension of a specimen is performed using the finite element method.
A kinematic loading condition is applied, inducing a total strain of 2 % by the end of the
calculation.

The material is considered viscoelastic: density, elastic modulus, Poisson's ratio, and
the creep model parameters (according to the identification stage results) are specified.
An arbitrary creep model can be implemented in Abaqus using the user subroutine
CREEP [30]. For implementing simple creep models in metals, it is sufficient to define
two quantities in this subroutine: the increment of creep strain over one integration time
step and the derivative of the creep strain increment with respect to stress (the solution
Jacobian). For the considered Norton-Bailey model, these relations are:

_oome1 (AL emel e m+1y]| 98ecr _ . ~
Beer = e (L) [ (6™ = (£ - )™ D)) B2 = Aey - (/). (12)
The numerical simulation in Abaqus [30] employs an implicit time integration
scheme for the equations of geometrically and physically nonlinear viscoelasticity within

a quasi-static formulation (neglecting inertial forces).

Results and Discussion

The outcome of the identification procedure is an optimal set of parameters for the
selected creep model. Table 1 presents the parameter values identified by the procedure
for steel 12Kh18N12T/12Kh18N10T (AlISI 321) at temperatures of 500, 550, and 600 °C.
For convenience in further use of the parameters, all values are given in the Sl system.

Table 1. Parameters of the Norton-Bailey model for steel 12Kh18N12T/12Kh18N10T (AISI 321)

T, °C & oy, MPa m n

500 2.7013e-07 604.78 -0.7995 3.8593
550 2.4694e-09 338.76 -0.7076 4.3129
600 1.0412e-08 344.63 -0.6607 3.6015

The convergence of the procedure and the optimal functional value are
demonstrated in Fig. 2 for each temperature and its corresponding parameter set.
The number of iterations of the procedure is plotted on the abscissa axis, and the value
of the inverse functional, which is being minimized, is plotted on the ordinate axis.
The inverse value is used because initial perturbing values that inflate the functional
value arise during the procedure, complicating the visualization of results.
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Fig. 2. Identification procedure results at (a) 500 °C, (b) 550 °C, and (c) 600 °C

Each "vertical" set of points represents one iteration of the optimization procedure.
It is evident that in each iteration, the procedure finds a final parameter value close to
the optimal one, indicating its stability and convergence (no need for additional
refinement iterations). Moreover, this optimal value is achieved within the first few
iterations of the procedure.

The identified parameters are assigned to the user-defined creep model in Abaqus,
after which the calculation of uniaxial tension of a viscoelastic specimen is performed.
The simulation results for different loading rates yield material stress-strain diagrams,
which are subsequently compared with the standard isochronous curves. Figures 3-5
demonstrate the standard and numerical curves.
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Fig. 3. Isochronous curves for AISI321 steel, T = 500 °C
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Fig.4. Isochronous curves for AISI321 steel, T = 550 °C

175 —_‘______.--""'" — Abaqus, t=300, h
P 1ot | —— GOST,t=300,h

150 P e ‘__..--""""—d— gEet -==- Abaqus, t=1000, h

e I,/:/,f""‘__,______---""::_____ —— GOST, t=1000,h

P e T = - == Abaqus, t=3000, h

©100] KV aa P i e i —+— GOST, t=3000,h
S =" ——- Abaqus, t=10000, h

5 751 —+— GOST, t=10000, h
g~ Abaqus, t=30000, h

501 4 GOST, t = 30000, h
f - == Abaqus, t=100000, h
251 —s— GOST, t=100000, h

0

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
£, %

Fig. 5. Isochronous curves for AlSI321 steel, T = 600 °C

Good agreement between the curves is observed for all temperatures at times
exceeding 10,000 h. For shorter times, a larger discrepancy in the results is noted. For a
quantitative assessment of the adequacy of the identified parameters, an analysis of the
maximum and average deviation of the curves at different times for the three
temperatures was performed (Fig. 6). The time corresponding to the isochronous curve
required to reach 2 % strain, normalized to the maximum time value among the entire
set of curves, is plotted on the abscissa axis. The quantities are determined pointwise,
forming an array of local deviations, after which the maximum and average error values
for the entire curve are determined:

Onorm=0abq [prorn—casa] 13

Onorm

erlmax = max( |) erfmean =

Onorm
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where erty,,, and ern,.., are the maximum and average errors, respectively, 6,,orm and
Oapq are the stresses according to the standard and numerical (Abaqus) isochronous
curves, respectively.
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Fig. 6. Maximum and average deviations between standard and numerical curves for all analyzed cases

The maximum deviation between the curves does not exceed 13 %, and it is observed
for fast loading rates. For slow loading rates, a decrease in both the maximum and
average error is observed. The average error for all analysed cases does not exceed 5 %.

Discrepancies in results at short loading durations are associated with the
limitations of the Norton-Bailey model. Its modification can be implemented, for
example, by considering approaches mentioned in [27]0 or by introducing a separate set
of creep model parameters for times less than 3000 h. Table 2 presents the model
parameters for such short-term exposure. Figures 7-9 show normative and numerical
isochronous curves obtained using the identified parameters.
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Fig. 7. Isochronous curves for AISI321 steel for t < 3000 h, T = 500 °C
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Table 2. Parameters of the Norton-Bailey model for steel 12Kh18N12T/12Kh18N10T (AISI 321) for t < 3000 h

T,°C £ gy, MPa m n

500 2.4856e-09 352.28 -0.8937 6.5109

550 1.6635e-08 340.11 -0.8034 55911

600 3.5435¢-08 313.22 -0.6487 41957
Conclusions

This paper presents the results of developing an automated procedure for identifying the
parameters of an arbitrary creep model, demonstrated using the Norton-Bailey model based
on a set of isochronous curves at a constant temperature. The results are presented for
steel grade 12Kh18N12T/12Kh18N10T (AISI 321) at temperatures of 500, 550, and 600 °C.
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Good agreement is demonstrated between the standard creep curves and the
numerical curves obtained in Abaqus using the developed model with the identified
parameters. The maximum deviation between the calculated and standard curves does
not exceed 13 % for fast loading rates and 8 % for slow loading rates. On average, the
deviation between the curves does not exceed 5 % for all analyzed cases and decreases
with slower loading rates.
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ABSTRACT

The numerical simulation of composite materials brings in a challenge in the resolution of problems with
a high nonlinearity of both, material, and geometry (geometrically complex structures), with different size
scales. Some common examples such as additive manufacturing 3D, metal alloys, porous media,
polycrystalline materials and composites, a significant computing challenge is shown where all length
scales are resolved by a single finite element model. This would require many elements, and computing
the solution would be unfeasible, even using modern and near-future computing resources. The standard
way to solve this situation of scale in finite element analysis is numerical homogenization technique.
Material properties for a composite material are average, instead of simulating the full microstructure. With
homogenized material data, it only required a macroscopic simulation using significantly less
computational sources. The mechanical behavior of composites materials reinforced with natural fibers, is
studied by means of a short fiber composite numerical model. The influence that the spatial distribution
and the volumetric fraction of the cylindrical fibers have on the effective elastic properties of the numerical
model was established (Young's modulus E, Shear modulus G, Poisson’s ratio) - curves are presented
corresponding to tension test applied on fique fibers and polylactic acid-biopolymer.

KEYWORDS

representative volume element « multiparticle cell ¢ fiber-reinforced composites « composite materials
natural fibre composites

Funding. The authors would like to express their gratitude to Engineering Department of Universidad Pontificia
Bolivariana-Bucaramanga, project code: BIC-008-0822-F4M.

Citation: Guzman-Lopez RE, Gomez Suarez S, Gonzalez-Lezcano RA. The elastic properties of natural fibre reinforced
composite materials using homogenisation modeling. Materials Physics and Mechanics. 2026;54(1): 130-138.
http://dx.doi.org/10.18149/MPM.5412026_12

Introduction

The usage of methods and models to evaluate thermo-elastic properties of composite
materials has been widely investigated in the past years. Different models have been
proposed and are currently used in many engineering applications, including analytical
models [1-6], semi-empirical models [7-9], homogenization models [8,10,11] and cell
methods [12-15]. The cell models are generally constructed from a discretization by the
finite element method (FEM) of a representative volume element (RVE) of a composite
material. Obtaining RVE can generally be done using numerical algorithms [9,10] and it
must be a volume small enough from a macroscopic point of view to be treated as a
continuous point of matter and, at the same time, large enough to be considered
representative of the meso/micro-structure of the material.
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The analytical models are based on the fact that the effective mechanical properties
of the composite can be obtained by relations between the volumetric measure of the
meso/micro stress and strain fields. In the elastic regime, the analytical models represent
the stress and strain fields present in the composite material through their average values
in matrix and reinforcement. The individual contributions are quantified considering that
the average stresses and strain in each phase are related through their respective stiffness
tensors, C and Ci. The objective of the analytical models (meanfield) in elasticity is
centered by finding the stiffness tensor [C] of the elastic constitutive matrix ¢ = C: &.
Mori-Tanaka [10] developed a well-known model which is widely used for modeling different
kinds of composite materials, based on the studies of Eshelby [4] and Benveniste [11]
of tensional fields inside a particle embedded in an elastic matrix of infinite length, based
on an Equivalent inclusion method. In [16], it was suggested self-consistent formulation
in which the material is represented in such a way that all phases are embedded in an
equivalent material whose properties are the properties to be determined.
Christensen et al. [17] also proposed their generalized self-consistent formulation, in
which the particle is embedded in a matrix, and this particle-matrix composite, in turn,
is embedded in a material whose elastic constants are the unknowns of the problem.
Whitney and Riley [18] proposed analytical expressions using strain-energy balances to
obtain elastic constants in composite materials reinforced with unidirectional fibers.

FEM has been extensively used in the literature to analyze a periodic unit cell, to
determine the thermo-mechanical properties and damage mechanisms of
composites [14,18]. Bohm H. [19] studied unit cell models for describing the elastoplastic
behavior of short fiber reinforced metal matrix composites (MMCs) reinforced by randomly
oriented short fibers, providing a foundational approach for micro-scale modeling.

Zihui Xia et al. [20] presented a FEM micromechanical analysis method applied to
unidirectional and angleply laminates subject to multiaxial loading conditions,
demonstrating the application of FEM in varied reinforcement configurations.
Younes R. [21] presented a comparative study of analytical micromechanical models and
numerical models (FEM) evaluating the elastic properties of unidirectional composite
materials (glass/epoxy, carbon/epoxy, polyethylene/epoxy composite), offering critical
insight into the validity of numerical models. Srivastava V.K.[22] used numerical
homogenization tools for the evaluation of the effective material properties of the short
fiber composites, using modified random sequential adsorption algorithm (RSA) [22,23],
which is a relevant approach for generating realistic microstructures.

The homogenization method based on the finite element method (FEM) allows the
replacement of a heterogeneous medium with an equivalent homogeneous one using
information from the meso/micro scale, through the local response, on the microscopic
scale depending on the state of charge on the macro scale. In cell models, the
macroscopic stress and strain tensors associated with a particular mechanical stress
imposed on the multiparticle cell can be obtained in two ways: They may be calculated
either from the external forces acting on the faces of the cell or from the volumetric
average of the stress and strain microfields within the calculation domain [13,24-27].

The homogenization method establishes mathematical relationships between the
meso/micro fields and the macroscopic stress—strain fields by using cell-based
formulations derived from perturbation theory. In homogenization models for short-fiber
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composite materials, it is generally recommended to employ representative volume
elements (RVEs) that contain a sufficiently large number of fibers to capture the statistical
characteristics of their spatial distribution.

One common approach to determine an appropriate RVE size consists of selecting
an initial RVE and performing macroscopic simulations to assess the influence of fiber
spatial arrangement on stress and strain fields. The size of RVE is then progressively
increased to verify whether the microscopic results change significantly. If notable
variations occur, the initial RVE size is insufficient; if results remain stable, the initial RVE
can be considered representative.

In this work, the geometries and meshes of RVEs were generated using Ansys
Material Designer 2024R1, whose algorithms compute the homogenized properties of a
composite from the known properties of its constituent materials. The developed Short
Fiber Composite Model (RVE) was used to analyze the influence of model parameters —
such as fiber volume fraction (f) and fiber orientation—on the resulting homogenized
elastic properties (Young’s modulus £, shear modulus G, and Poisson’s ratio v).

Furthermore, as requested, a more detailed analysis of the key publications cited in
this section has been incorporated, highlighting their methodological contributions and
relevance to the present homogenization framework.

Methods
Characteristics of the RVE model

The micromechanical model for the composite material reinforced with fique fibers is
configured using the RVE technique. The model is characterized by several parameters
that define the geometry and distribution of fibers within the RVE. These parameters
include the fiber volume fraction, which represents the portion of the RVE occupied by
the fiber material, and the seed number used to generate random fiber orientations in
the case of randomized RVEs. The model also incorporates the orientation tensor, the
aspect ratio (defined as the ratio of fiber length to diameter), and the total number of
cylindrical fibers contained in the RVE.

As shown in Fig. 1, the RVE model of the composite material consists of short fique
fibers randomly arranged in a polylactic acid (PLA) biopolymer matrix. The cylindrical
reinforcement fibers are generated without spatial interference, and if a fiber intersects
one of the planes that defines the boundaries of the cell, it is duplicated on the opposite
face of the cell. This procedure results in a multiparticle cell with periodic geometry
(Fig. 1). The generated RVE was used to analyze the influence of the fiber volume fraction
and fiber orientation (f) on the engineering constants £, Ey, E;, Gxy, Gyz, Gz, Vay, Wz, aNd V.

The orientation is randomly assigned by tracing a symmetric orientation tensor.
The tensor A and its components Aij are now expressed consistently using italic
mathematical notation to ensure uniformity throughout the manuscript. The three
diagonal entries are: Ai1, A2, and Ass. These values indicate how closely the fibers are
aligned with the corresponding coordinate direction. In this case, multiparticle models
were generated in which the fibers are oriented parallel to the XZ plane:

Ayj =R d O (1)
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Fig. 1. Parts of the RVE: (a) composite NFCs, (b) matrix, (c) short fibers

Numerical FE modeling

The geometries and periodic meshes of the RVE were generated using Ansys Material
Designer 2024 R1. Figure 2 shows the distributed mesh-quality metric for the model,
which was discretized using 4-node tetrahedral elements. This metric is based on the
ratio between the element volume and the square root of the cube of the sum of the
squared edge lengths for 3D elements. As a general rule, the minimum acceptable value
for this mesh metric should be greater than 0.2.
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Fig. 2. The mesh-quality metric for the model RVE
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For the model shown in Fig. 2, the mesh consists of 309,319 elements and 434,508
nodes. The generation parameters used were: fiber volume fraction f= 0.1, number of
fibers N = 24, aspect ratio = 15, and orientation tensor components A:; = 0, A2; = 0.8 and
Ass = 0.2 indicating that the fibers are oriented parallel to the XZ plane.

Results

The mechanical properties of the constituent materials used in the numerical multiparticle-
cell models were obtained from tensile tests performed on the fique fibers and the PLA
matrix (Ingeo biopolymer 2003D). Figure 3 shows the stress—strain (o-€) curves
corresponding to the tensile tests conducted on both the fique fibers and the polylactide
(PLA) matrix. The o-¢ curves are plotted up to the respective tensile ultimate strenghts.
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Fig. 3. (a) Stress—strain (0-¢) curves obtained experimentally for the polylactide (PLA) matrix at 27 °C,
including the complete response up to the ultimate tensile strength and the linear fit in the elastic
region. (b) Stress-strain (o-€) curves for the fique fibers tested at 27 °C and a strain rate of 0.003 574,
showing the full mechanical response and the corresponding linear fit in the elastic region. The equations
of the fitted lines and the correlation coefficient R are included in each graph

Table 1 displays elastic modulus, the poisson’s ratio and the tensile ultimate
strength of the materials that are used in the RVE model. The geometric parameters of
diameter D, and aspect ratio (L/D) of the short fibers of the RVE model are presented in
Fig. 4. The normal distribution curves are shown, being able to set a mean value and its
standard deviation for 198 measured values. Figure 5 shows the cross section of a fiber
and the lengths of some short fibers can be observed.
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Table 1. Material properties for the constituents of the composite

Materials Elastic modulus, GPa Poisson’s ratio Tensile ultimate strength, MPa

Fique 0.943-2.800 0.300 30.000-240.000

PLA 0.995 0.360 13.900
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Fig. 4. (a) Chart distribution normal of values the fiber diameter and (b) aspect ratio

SEM HV: 10.0 kV WD: 11.37 mm
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View field: 207 ym  Date(m/dly): 03/21/23 UPB-Bucaramanga SEM MAG: 50 x Det: BSE UPB-Bucaramanga

Fig. 5. (a) Cross section of raw fique fibers, SEM image: 1000 x magnification. (b) Longitudinal image of
raw fique fibers magnified at 50

Table 2 shows the results of the FEM analysis of the elastic engineering constants
for several RVE models. The dependence of the results with respect to the fiber volume
fraction and the tensor orientation is observed, keeping the aspect ratio (L/D =~ 15)
constant. Figure 6 shows the results of the elastic modulus in the directions E,, E,, E,, and
the shear moduli Gy, Gy, G.x, as expected, they increase with the volumetric fraction, while
v is decreasing, it is also observed that the variation of the orientation of the fibers given
by the orientation tensor (A;;) are not significant (Table 2). According to the fact that the
random distribution of the fibers is parallel to the XZ plane, the results present an
isotropic behavior in the plane, while the perpendicular components present significant
differences.
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Table 2. Numerical results for elastic engineering constants
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Parameters Value #1 Value #2 | Value #3 | Value #4 | Value #5 Value #6 Value #7
F'bfer;(‘:’t‘i’::‘me 0.05145846 | 0.051468 | 0.102659 | 0.102723 | 0.193572 | 0.205736071 | 0.244535
Orientation |, 00062 | 0.299994 | 022155 | 0.3627 | 0.223056 | 0332688133 | 0.269775
tensor Ay
Orientation | ;7099938 | 0700006 | 0.77845 | 0.6373 | 0.776944 | 0.667311867 | 0.730225
tensor A;;
Number of 34 34 24 24 16 17 11
fiber
Engineering constants
E,MPa | 1048.04669 | 1050.762 | 1103.798 | 1109.172 | 1224.381 | 1230.306896 | 1281.017
E, MPa | 1069.42596 | 1065.035 | 1140.699 | 1127.192 | 1288.706 | 1274.770353 | 1349.442
E,MPa | 104752113 | 1047.6 | 1102.763 | 1103.917 | 120846 | 1223474354 | 1274172
G, MPa | 38.112641 | 388.3994 | 412.3265 | 413.9153 | 451.792 | 4652257714 | 481.4119
G, MPa | 385.002686 | 384.913 | 404.9138 | 404.6695 | 442.8969 | 448.8552857 | 467.5487
Gs, MPa | 383.727959 | 383.9225 | 402.775 | 403.0845 | 438.1448 | 445.3709344 | 461.6207
nt2 0.35082724 | 0.352427 | 0.344875 | 0.350177 | 0,328909 | 0.339509741 | 0.330379
nts 0.36139787 | 0.360252 | 0.360531 | 0,356824 | 0.361243 | 0.354052931 | 0.355162
ns 0.35626227 | 0.356909 | 0.352371 | 0.353002 | 0.349525 | 0.345615269 | 0.343473
Density
e mm-3) 313609 | 3.13E-09 | 3.13E-09 | 2.86E-09 | 2.86E-09 | 286E-09 | 2.79E-09
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Fig. 6. (a—c) Elastic moduli E,, Ey, E,

and (d-f) shear moduli Gi, Ga3, G31
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Conclusions

1. Influence of fiber volume fraction: the elastic properties of the natural fiber composites
(NFCs) increase consistently with higher fiber volume fractions. This confirms that the
reinforcing effect of fique fibers is directly proportional to their concentration within the
PLA matrix.

2. Effect of fiber orientation: for the RVEs generated in this study—where fibers were
intentionally aligned parallel to the XZ plane—significant directional dependence was
observed in the elastic moduli (E, E,, E;), shear moduli (Gx, Gy., Gx,), and Poisson ratios
(viy, Wy, Vxz). Mechanical anisotropy arises predominantly from this controlled orientation.
3. Spatial distribution of fibers: although extrusion processes typically lead to non-
uniform particle distribution due to flow-induced alignment or clustering, the numerical
results obtained here indicate low sensitivity of effective elastic properties to the
particular fiber distributions examined. This outcome may be related to the restricted set
of configurations analyzed.

4. Agreement between transverse and longitudinal moduli: for a given fiber volume
fraction, the elastic modulus showed a tendency toward similar values along the
transverse and longitudinal directions, except in the direction perpendicular to the XZ
plane, where fiber alignment dominates mechanical behavior.

5. General mechanical response of the composite: the combined effects of fiber volume
fraction, spatial distribution, and orientation determine the global stiffness of NFCs.
Among these factors, fiber orientation is shown to be the most decisive in governing
anisotropy, while fiber distribution plays a comparatively minor role within the analyzed
parameter space.
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