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Abstract
The increasing prevalence of bacterial infections and
antimicrobial resistance highlights the need for effective
and environmentally friendly antibacterial materials. In
this study, ternary ZnO/CuQO/Clay nanocomposites were
synthesized via solution combustion synthesis using
glycine as a green fuel. The effects of phase composition
and clay content on structural properties and antibacterial
performance were investigated. Thermodynamic analysis
indicated that kaolin reduced the adiabatic reaction
temperature, limiting particle growth and promoting the
formation of finer, more porous structures. FE-SEM and
EDS mapping confirmed the distribution of spherical ZnO
and CuO nanoparticles on the kaolin surface and within its
interlayers. BET analysis revealed mesopores of 3-5 nm
and increased specific surface area, particularly in samples
containing 25 wt% clay. Antibacterial evaluations against
Gram-negative Escherichia coli and Gram-positive
Staphylococcus aureus demonstrated superior activity in
nanocomposites containing 25 wt% clay and higher
ZnO/CuO proportions, achieving up to 100% bacterial
growth inhibition at relatively low concentrations. The
proposed antibacterial mechanisms included cell
membrane disruption, reactive oxygen species generation,
and metal ion release. Overall, these findings highlight the
potential of solution-combustion-synthesized
ZnO/CuO/Clay nanocomposites as multifunctional,
environmentally friendly materials for biomedical and
antibacterial applications.

Keywords:  Nanocomposite,

Solution  combustion

synthesis, Kaolin, Metal oxide, Antibacterial

1- Introduction

The rapid spread of bacterial infections and the growing
emergence of antibiotic-resistant strains pose a serious
global health challenge, significantly limiting the
effectiveness of conventional antimicrobial treatments.
Gram-positive and Gram-negative bacteria are responsible
for a wide range of infections, particularly in clinical
environments [1, 2]. Therefore, the development of novel,
efficient, and environmentally friendly antibacterial
materials has become increasingly important.

Metal oxide nanoparticles, especially zinc oxide (ZnO)
and copper oxide (CuO), have gained considerable
attention due to their strong antibacterial activity, chemical
stability, and ability to generate reactive oxygen species
(ROS) [3, 4]. ZnO is an FDA-approved material with low
toxicity, while CuO exhibits notable biological activity.
Combining these oxides in hybrid systems can enhance
antibacterial efficiency through synergistic effects [5, 6].
However, nanoparticle agglomeration and stability issues
remain major challenges.

Clay minerals such as kaolin provide an effective
solution due to their layered structure, high surface area,
biocompatibility, and low cost. Kaolin can act as a stable
support, preventing agglomeration and improving
nanoparticle dispersion [7, 8]. Solution combustion
synthesis (SCS), particularly when combined with green
fuels such as glycine, offers a rapid, low-cost, and
environmentally friendly approach for producing porous
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nanocomposites [9, 10]. Despite extensive studies on
individual oxides, reports on ternary ZnO/CuO/Clay
nanocomposites synthesized via SCS are still limited. This
study aims to address this gap.

2- Materials and Methods

Ternary ZnO/CuO/Clay nanocomposites were synthesized
using solution combustion synthesis with glycine as a
green fuel. Zinc nitrate hexahydrate and copper nitrate
trihydrate were used as metal precursors, and kaolin served
as the clay substrate. Two sets of samples containing 25 %
and 50 % kaolin were prepared with varying ZnO/CuQ
molar ratios. The precursor solutions were heated at 350
°C until spontaneous ignition occurred, producing porous
nanocomposites. The resulting powders were washed and
dried at 75 °C. Structural and morphological properties
were examined using FE-SEM and EDS elemental
mapping. Textural characteristics were evaluated by BET
analysis. Antibacterial activity against Escherichia coli

(ATCC 25922) and Staphylococcus aureus (ATCC 25923)
was assessed using the broth microdilution method.

3- Results and Discussion

Thermodynamic analysis showed that increasing kaolin
content reduced the adiabatic combustion temperature,
limiting excessive grain growth. Samples containing 25 %
kaolin exhibited higher gas evolution during combustion,
resulting in more porous structures. FE-SEM images
revealed well-dispersed ZnO and CuO nanoparticles
anchored on and between the kaolin layers, while EDS
mapping confirmed the uniform distribution of all
constituent elements. BET results indicated mesoporous
structures with average pore diameters of approximately
3-5 nm. The nanocomposites with lower kaolin content
demonstrated higher specific surface areas and pore
volumes.
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Fig 1. A comparative evaluation of the inhibition percentage as a function of the logarithm of nanoparticle concentration for
both the 1st and 2nd series of synthesized nanocomposites, in comparison with pure kaolin, against the growth of E. coli and
S. aureus
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Antibacterial ~ studies  showed that ternary
ZnO/CuO/Clay nanocomposites exhibited significantly
enhanced antibacterial activity compared to raw kaolin.
Nearly complete inhibition of E. coli and S. aureus was
achieved at low concentrations, particularly for samples
containing 25% kaolin. As shown in Figure 1, raw clay
displayed substantially weaker antibacterial performance,
whereas nanocomposites synthesized via solution
combustion showed pronounced efficacy. Among the
samples, 0.5Zn0O/0.5Clay, 0.75Zn0/0.25Clay and
0.75Cu0/0.25Clay exhibited the highest inhibition
percentages.

4-  Conclusion

Environmentally friendly ZnO/CuQ/Clay nanocomposites
were successfully synthesized via solution combustion
synthesis using glycine as a green fuel. Kaolin content
played a critical role in controlling combustion behavior,
porosity, and surface area. Nanocomposites containing 25
% kaolin exhibited optimized mesoporous structures and
superior antibacterial activity against both Gram-positive
and Gram-negative bacteria. These results demonstrate the
strong potential of ZnO/CuO/Clay nanocomposites as
efficient and sustainable antibacterial materials for
biomedical applications.

5- Reference

[1] C. Ashajyothi, K. H. Harish, N. Dubey, and R. K.
Chandrakanth, "Antibiofilm activity of biogenic
copper and zinc oxide nanoparticles-antimicrobials
collegiate against multiple drug resistant bacteria: a
nanoscale approach," Journal of Nanostructure in
Chemistry, vol. 6, no. 4, pp. 329-341, 2016. [Online].
Available: https://doi.org/10.1007/s40097-016-
0205-2

[2] P. P. Mahamuni-Badiger, P. M. Patil, M. V. Badiger,
P. R. Patel, B. S. Thorat-Gadgil, A. Pandit, and R. A.
Bohara, "Biofilm formation to inhibition: Role of
zinc oxide-based nanoparticles," Materials Science
and Engineering: C, vol. 108, p. 110319, 2020.
[Online].
Available: https://doi.org/10.1016/j.msec.2019.1103
19

[3] S. Sharma, K. Kumar, N. Thakur, S. Chauhan, and M.
S. Chauhan, "Eco-friendly Ocimum tenuiflorum
green route synthesis of CuO nanoparticles:
Characterizations on photocatalytic and antibacterial
activities,”" Journal of Environmental Chemical
Engineering, vol. 9, no. 4, p. 105395, 2021. [Online].
Available: https://doi.org/10.1016/j.jece.2021.10539
5

[4] T.T.T.Nguyen, Y. N. N. Nguyen, X. T. Tran, T. T. T.
Nguyen, and T. Van Tran, "Green synthesis of CuO,
ZnO and CuO/ZnO nanoparticles using Annona
glabra leaf extract for antioxidant, antibacterial and
photocatalytic activities," Journal of Environmental
Chemical Engineering, vol. 11, no. 5, p. 111003,
2023. [Online].
Available: https://doi.org/10.1016/j.jece.2023.11100
3

[5] S. S. Sana, D. V. Kumbhakar, A. Pasha, S. C. Pawar,
A. N. Grace, R. P. Singh, et al., "Crotalaria verrucosa
leaf extract mediated synthesis of zinc oxide
nanoparticles: assessment of antimicrobial and
anticancer activity," Molecules, vol. 25, no. 21, p.

4896, 2020. [Online].
Available: https://doi.org/10.3390/molecules252148
96

[6] R. Kaur, M. Suresh, J. Lépez-Vidrier, S. Gutsch, C.
Weiss, M. Prescher, et al., "In situ approach to
fabricate heterojunction p—n CuO-zZnO
nanostructures ~ for  efficient  photocatalytic
reactions,"” New Journal of Chemistry, vol. 44, no.
45, pp. 19742-19752, 2020. [Online].
Available: https://doi.org/10.1039/DONJ03770B

[7] O. Kabadayi, E. Altintig, and G. Ballai, "Zeolite
supported zinc oxide nanoparticles composite:

Synthesis, characterization, and photocatalytic
activity for methylene blue dye
degradation,” Desalination and Water Treatment,
vol. 319, p. 100433, 2024. [Online].
Available: https://doi.org/10.1016/j.dwt.2024.10043
3

[8] I. Ahmed and U. Javed, "Innovative PVA-kaolin-
thyme composite: synthesis, hemostatic efficiency,
and antimicrobial properties,”" Polymer Bulletin, pp.

1-20, 2025. [Online].
Available: https://doi.org/10.1007/s00289-025-
05841-0

[9] F. Siddique, S. Gonzalez-Cortes, A. Mirzaei, T. Xiao,
M. A. Rafig, and X. Zhang, "Solution combustion
synthesis: the relevant metrics for producing
advanced and nanostructured
photocatalysts," Nanoscale, vol. 14, no. 33, pp.
11806-11868, 2022. [Online].
Available: https://doi.org/10.1039/D2NR02714C

[10] Z. Yin, S. Li, X. Li, W. Shi, W. Liu, Z. Gao, etal., "A
review on the synthesis of metal oxide nanomaterials
by microwave induced solution combustion,” RSC
Advances, vol. 13, no. 5, pp. 3265-3277, 2023.
[Online].Available: https://doi.org/10.1039/D2RA07
936D



https://doi.org/10.1007/s40097-016-0205-2
https://doi.org/10.1007/s40097-016-0205-2
https://doi.org/10.1007/s40097-016-0205-2
https://doi.org/10.1007/s40097-016-0205-2
https://doi.org/10.1007/s40097-016-0205-2
https://doi.org/10.1007/s40097-016-0205-2
https://doi.org/10.1007/s40097-016-0205-2
https://doi.org/10.1007/s40097-016-0205-2
https://doi.org/10.1007/s40097-016-0205-2
https://doi.org/10.1016/j.msec.2019.110319
https://doi.org/10.1016/j.msec.2019.110319
https://doi.org/10.1016/j.msec.2019.110319
https://doi.org/10.1016/j.msec.2019.110319
https://doi.org/10.1016/j.msec.2019.110319
https://doi.org/10.1016/j.msec.2019.110319
https://doi.org/10.1016/j.msec.2019.110319
https://doi.org/10.1016/j.msec.2019.110319
https://doi.org/10.1016/j.msec.2019.110319
https://doi.org/10.1016/j.msec.2019.110319
https://doi.org/10.1016/j.jece.2021.105395
https://doi.org/10.1016/j.jece.2021.105395
https://doi.org/10.1016/j.jece.2021.105395
https://doi.org/10.1016/j.jece.2021.105395
https://doi.org/10.1016/j.jece.2021.105395
https://doi.org/10.1016/j.jece.2021.105395
https://doi.org/10.1016/j.jece.2021.105395
https://doi.org/10.1016/j.jece.2021.105395
https://doi.org/10.1016/j.jece.2021.105395
https://doi.org/10.1016/j.jece.2023.111003
https://doi.org/10.1016/j.jece.2023.111003
https://doi.org/10.1016/j.jece.2023.111003
https://doi.org/10.1016/j.jece.2023.111003
https://doi.org/10.1016/j.jece.2023.111003
https://doi.org/10.1016/j.jece.2023.111003
https://doi.org/10.1016/j.jece.2023.111003
https://doi.org/10.1016/j.jece.2023.111003
https://doi.org/10.1016/j.jece.2023.111003
https://doi.org/10.1016/j.jece.2023.111003
https://doi.org/10.3390/molecules25214896
https://doi.org/10.3390/molecules25214896
https://doi.org/10.3390/molecules25214896
https://doi.org/10.3390/molecules25214896
https://doi.org/10.3390/molecules25214896
https://doi.org/10.3390/molecules25214896
https://doi.org/10.3390/molecules25214896
https://doi.org/10.3390/molecules25214896
https://doi.org/10.3390/molecules25214896
https://doi.org/10.1039/D0NJ03770B
https://doi.org/10.1039/D0NJ03770B
https://doi.org/10.1039/D0NJ03770B
https://doi.org/10.1039/D0NJ03770B
https://doi.org/10.1039/D0NJ03770B
https://doi.org/10.1039/D0NJ03770B
https://doi.org/10.1039/D0NJ03770B
https://doi.org/10.1039/D0NJ03770B
https://doi.org/10.1016/j.dwt.2024.100433
https://doi.org/10.1016/j.dwt.2024.100433
https://doi.org/10.1016/j.dwt.2024.100433
https://doi.org/10.1016/j.dwt.2024.100433
https://doi.org/10.1016/j.dwt.2024.100433
https://doi.org/10.1016/j.dwt.2024.100433
https://doi.org/10.1016/j.dwt.2024.100433
https://doi.org/10.1016/j.dwt.2024.100433
https://doi.org/10.1016/j.dwt.2024.100433
https://doi.org/10.1007/s00289-025-05841-0
https://doi.org/10.1007/s00289-025-05841-0
https://doi.org/10.1007/s00289-025-05841-0
https://doi.org/10.1007/s00289-025-05841-0
https://doi.org/10.1007/s00289-025-05841-0
https://doi.org/10.1007/s00289-025-05841-0
https://doi.org/10.1007/s00289-025-05841-0
https://doi.org/10.1039/D2NR02714C
https://doi.org/10.1039/D2NR02714C
https://doi.org/10.1039/D2NR02714C
https://doi.org/10.1039/D2NR02714C
https://doi.org/10.1039/D2NR02714C
https://doi.org/10.1039/D2NR02714C
https://doi.org/10.1039/D2NR02714C
https://doi.org/10.1039/D2NR02714C
https://doi.org/10.1039/D2RA07936D
https://doi.org/10.1039/D2RA07936D
https://doi.org/10.1039/D2RA07936D
https://doi.org/10.1039/D2RA07936D
https://doi.org/10.1039/D2RA07936D
https://doi.org/10.1039/D2RA07936D
https://doi.org/10.1039/D2RA07936D

Setareh Khosrovan, Jalil Vahdati Khaki, Mostafa Mirjalili, Maryam Moghaddam Matin, Naeemeh Esfandiari




(1’1’—')”"0 4r‘4r“/4.’{}4j ‘_5'})}/[:4 w,(..'{.o

L D)
”' )\ 3190 3 55500 swikigs “{%

_ _
&é/’;)ﬂz;, https://jmme.um.ac.ir/ g2 8Y g8 g Tyl

T QLTS § Gl olgS swp 9 oy L/ (63 ST (S Hguols” gl (BT sl Hohws

O ol el @ pita pdis o 50 O r o ilaas O S g b D0l it o s
DOI: 10.22067/jmme.2026.97256.1232
02,5 i e Jl e b oD 5 s s LSS Sl i 4 Sl il sl 18 5 S (sle i sie e 1S O
JJ./LJJ:M MJKJM w}_«« L;J:)/JLQJ_; Jf(?:ﬂj} uj‘/}:}/‘,&w ‘Jjjj j/a)[.«i;w/ LZnO/CUO/CIay u.x:,>4.w L;LAC,.:/J}:‘AK}./[J 4Jw@j/,:f u‘*f/J" L]
S8 ol JL;L'J{.A@)}:}”@LU.@‘J,.(J//JWJJ S0 &Jf‘ﬁéfféusf%jgjtiu‘;b;ﬁjjmj Sb ldde 5 (55l il (slacend T 4
S o sl 5V ol U s 3l ST (Sl | i s S o Sl 5 e i i i STy ST sl IS L S s
b ol 95Kl sl yller S5 5 S slag MJL“.AJCEMX L,CUO 5ZNn0 (54,5 b ol i @J'JJEDS-MAP_;FE-SEM o JUT
ol /J ‘) S o) Jjb L;L«am}w‘;: u/f.é} e mf‘:xjc.é.w »f"ubb"‘/:;/j;/j (L;jufbo—f') Lﬁ‘/{;—‘}jj’ ‘;Lmu/;;brj 34 BET Cv/;f ...«Lrb;
Y glacs 5 oy ST TOL L (slodisai 5 3 Slos SLo'S. AUreUS Coten S S B CON diap S (clae 5T he oL iShats colas oLl ol
o 2 4S5 b uudgffuw;jiwwme, A ol s ol sl Ll o i o SL A, e lge 5 (55 4b 403 CUO ,ZN0O
ZnO/CuO/Clay slac., jsols ol Frorea g2 S o W] ) Aol (sla ik o5 slady Sules s ST s sl sS iy Jolo slié Sl
wlSlds 5 SEpca slas 5 sl Vo foily i jles 0033 5 0 shtodir ladilole Olgie 4 iJoloo o Sl Gig) 4ot

LUl

(S ASLAS (IS (55108 CUO ZNO Jshome 55 31l i (o35S 5L (ST (SWOO319
Solution Combustion Synthesis of Metal Oxide/Clay Nanocomposites and Investigation of Their
Structural and Antibacterial Properties

Setareh Khosrovan  Jalil Vahdati Khaki ~Mostafa Mirjalili  Maryam Moghaddam Matin  Naeemeh Esfandiari
Abstract The rapid spread of bacterial infections and the increasing emergence of drug-resistant strains have intensified
the need for the development of novel, safe, and efficient antibacterial materials. In this study, ternary ZnO/CuQO/Clay
nanocomposites were synthesized via solution combustion synthesis using glycine as a green fuel, and the effects of
different phase ratios and clay contents on their structural characteristics and antibacterial performance were
systematically investigated. Thermodynamic analyses revealed that the presence of kaolin reduced the adiabatic reaction
temperature, thereby suppressing excessive particle growth and promoting the formation of finer nanoparticles with higher
porosity. FE-SEM and EDS elemental mapping confirmed the uniform distribution of spherical ZnO and CuO
nanoparticles on the surface and within the interlayers of kaolin, leading to the formation of stable heterogeneous
structures. BET analysis demonstrated the presence of mesoporous structures with pore sizes in the range of 3-5 nm and
a significant increase in specific surface area, particularly for samples containing 25% clay. Antibacterial evaluation
against the Gram-negative Escherichia coli and Gram-positive Staphylococcus aureus indicated superior antibacterial
activity for nanocomposites with 25% clay and higher ZnO and CuO ratios, achieving up to 100% bacterial growth
inhibition even at low concentrations. Investigation of the antibacterial mechanisms suggested that mechanical disruption
of bacterial cell membranes, reactive oxygen species generation, and metal ion release play dominant roles. Overall,
ZnO/CuO/Clay nanocomposites synthesized via solution combustion synthesis exhibit high potential as multifunctional
and environmentally friendly materials for antibacterial and biomedical applications.
Keywords Nanocomposite, Solution Combustion Synthesis, ZnO, CuO, Metal Oxide, Kaolin, Antibacterial.
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Raw Clay (Kaolin) against E. coli & S. aureus
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Abstract

Nowadays, the clinical management of chronic wounds has
become increasingly necessary due to the emergence of
numerous challenges in public health, quality of life and
healthcare costs of the target society. Research confirms that
electrical stimulation accelerates the wound healing process by
enhancing cell proliferation and increasing the production of
cytokine. This therapeutic approach, which has attracted
attention due to its safety, simplicity, and cost-effectiveness, is
inspired by the endogenous electric field, which plays a vital role
in various stages of wound healing, including inflammation,
proliferation, and re-epithelialization, but its clinical use is
limited due to the need for bulky and complex external devices.
To overcome this shortcoming, advanced piezoelectric wound
dressings have been developed that convert mechanical energy
into electrical energy and provide the electrical stimulation
necessary for wound healing. This technology can increase the
effectiveness of treatment and, as a novel approach, introduces a
new generation of skin dressings. In this article, the selection of
piezoelectric materials and the main mechanism proposed in this
type of materials, as well as their application in the design of this
next generation of wound dressings, will be discussed.

Keywords Wound Dressing, Piezoelectric, Piezoelectric
Biomaterials, Electrical Stimulation, Wound Healing.

1- Introduction

Chronic wounds are a major global health challenge, often
resulting from diabetes, vascular diseases, and trauma,
which impose significant medical and socioeconomic
burdens. Electrical stimulation has been shown to
accelerate wound healing by enhancing cellular migration,
proliferation, and cytokine production. However,

traditional electrotherapy requires bulky external devices,
limiting its clinical applicability. The advent of
piezoelectric biomaterials — capable of converting
mechanical energy into electrical signals — has led to the
development of self-powered wound dressings that mimic
the endogenous electric fields naturally present in skin
repair.

2- Biological and Electro-Physiological Background
The skin, composed of the epidermis, dermis, and
hypodermis, acts as a protective and sensory barrier. In
intact skin, a trans-epithelial potential (10-60 mV) exists
due to ion channel polarization [1]. Upon injury, this
potential collapses, generating a lateral endogenous
electric field that directs cell migration toward the wound
site which is a process known as galvanotaxis (Fig. 1).
Harnessing this natural bioelectric cue via exogenous
stimulation can enhance macrophage and fibroblast
activity, collagen deposition, and angiogenesis, thereby
promoting faster healing.

3- Piezoelectric Mechanism

Piezoelectric materials generate an electric potential in
response to applied mechanical stress and vice versa. This
dual coupling is rooted in their non-centrosymmetric
crystal structures. When mechanically deformed by body
motion or cellular activity, these materials can provide
continuous local electrical stimulation, eliminating the
need for wired power sources (Fig. 2) [2].
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4- Electrical Stimulation in Wound Healing

Studies reveal that endogenous or induced electrical fields
modulate every healing phase — hemostasis,
inflammation, proliferation, and remodeling. Electrical
stimulation activates intracellular signaling pathways
(PI3K, ERK, VEGF) that enhance fibroblast proliferation,
collagen synthesis, and re-epithelialization while
minimizing scarring. Conventional stimulation systems,
however, rely on external electrodes and power supplies.
Piezoelectric-based wound dressings offer a wireless and
self-sufficient alternative that harvests biomechanical
energy to deliver therapeutic electrical cues [3].

5- Piezoelectric Materials and Smart Wound Dressings

The body naturally uses an endogenous electric field to
guide the healing process, a phenomenon called
electrotaxis (or galvanotaxis). However, traditional
external electrical stimulation devices are often bulky and
complex, limiting clinical use. Piezoelectric wound
dressings are a new generation of self-powered devices
developed to overcome this limitation. These dressings
integrate piezoelectric materials to convert mechanical
energy from the patient's activities or external sources into
a continuous supply of electrical energy.

Modern wound dressings are evolving beyond passive
protection to electroactive platforms capable of real-time
stimulation, antibacterial action, and tissue regeneration.
Piezoelectric wound dressings are categorized by their
constituent material type:

A- Ceramic-Based Piezoelectric Dressings
Ceramic materials such as barium titanate (BaTiO3), zinc

oxide (Zn0O), and sodium niobate (NaNbO3) exhibit strong
piezoelectric coefficients and mechanical stability.
BaTiO3-based composites show antibacterial properties
and enhance fibroblast proliferation and VEGF
expression. Furthermore, ZnO nanostructures incorporated
into flexible hydrogels and fibers improve cell migration
and generate voltages under small deformations. And
lastly, NaNbO3 hydrogels combine piezoelectric and
photodynamic effects, has shown to be a wound-healing
stimuli for body parts with movements (Fig. 3) [4-6].

A- Polymer-Based Piezoelectric Dressings

Polymers offer flexibility, biocompatibility, and
processability. The most studied include: Poly(vinylidene
fluoride) (PVDF) and its copolymers (e.g., PVDF-TrFE),
exhibiting high piezoelectric f-phase activity and stability.
These nanofiber and hydrogel systems promote collagen
synthesis, angiogenesis, and antibacterial action. Poly(L-
lactic acid) (PLLA), a biodegradable polymer, generates
mild piezoelectric stimulation and synergizes with BaTiO3
nanoparticles for antibacterial and scar-free healing (Fig.
4)[7,8].

B. Natural Piezoelectric Polymers

Biopolymers such as cellulose, chitosan, silk fibroin, and
collagen provide intrinsic biocompatibility and structural
resemblance to native ECM. Cellulose/ZnO electrospun
composites, for instance, serve as bio-piezoelectric
scaffolds enhancing fibroblast growth and antibacterial
performance (Fig. 5) [9, 10].
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6- Conclusion

Piezoelectric wound dressings actively promote healing by
enhancing fibroblast and keratinocyte proliferation,
controlling bacteria via ROS generation, accelerating
epithelialization and collagen organization, and reducing
inflammation and scarring. Moving forward, research
should focus on improving biocompatibility and
biodegradability, integrating wireless monitoring and
drug-delivery  functions, and establishing clinical
protocols. By combining material science with bioelectric
therapy, piezoelectric dressings offer a transformative,
self-powered approach to managing chronic and hard-to-
heal wounds.
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Engineering of Piezoelectric Wound Dressings: A Novel Approach for Accelerating Chronic Wound
Healing

Hossein Norouzi Zahra Mohammadi Shaghayegh Kohzadi

Abstract Nowadays, the clinical management of chronic wounds has become increasingly necessary due to the
emergence of numerous challenges in public health, quality of life and healthcare costs of the target society. Research
confirms that electrical stimulation accelerates the wound healing process by enhancing cell proliferation and increasing
the production of cytokine. This therapeutic approach, which has attracted attention due to its safety, simplicity, and cost-
effectiveness, is inspired by the endogenous electric field, which plays a vital role in various stages of wound healing,

including inflammation, proliferation, and re-epithelialization, but its clinical use is limited due to the need for bulky and
complex external devices. To overcome this shortcoming, advanced piezoelectric wound dressings have been developed
that convert mechanical energy into electrical energy and provide the electrical stimulation necessary for wound healing.

This technology can increase the effectiveness of treatment and, as a novel approach, introduces a new generation of skin

dressings. In this article, the selection of piezoelectric materials and the main mechanism proposed in this type of
materials, as well as their application in the design of this next generation of wound dressings, will be discussed.

Keywords Wound Dressing, Piezoelectric, Piezoelectric Biomaterials, Electrical Stimulation, Wound Healing.
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Abstract

In recent decades, the dental community has studied ceramic
restorative materials with excellent optical properties and the
ability to restore shape and function to the mechanical needs of
the anterior and posterior regions. Metal-free restorations have
gained popularity, especially for rehabilitation with superior
aesthetic results. Technological advances in the production of
ceramic materials used in dentistry have revolutionized the
production of metal-free dental restorations. Ceramic
restorations have gained popularity among clinicians over the
past two decades due to their favorable optical properties (better
adaptation to tooth structure), acceptable mechanical properties
(high fracture and wear resistance), biological properties
(biocompatibility and inertness), chemical stability (resistance to
pH and temperature changes), and thermal properties (good
thermal insulation). According to a nationwide survey, ceramics
have a lower production cost, which has led to the replacement
of conventional metal-ceramic restorations with all-ceramic
restorations in recent years.

Keywords Apatite, Aesthetics, Restorative Dentistry, Glass
Ceramic, Strength

1- Introduction

The dental ceramic materials market, a vital component of
modern dentistry, is poised for significant growth. This
growth trajectory is supported by a strong annual growth
rate. The main driving force behind this market is the
increasing demand for aesthetic dental solutions as
patients prioritize natural-looking restorative options. The
evolution of dental technologies and materials has also
contributed significantly to the upward trend of this
market. One of the major growth factors in the dental
ceramic materials market is the increasing prevalence of
dental disorders and diseases such as tooth decay and
periodontal diseases, which have necessitated the need for
treatment. With the increasing world population, the
incidence of these diseases is increasing and the demand
for dental restorations is increasing[1]. Dental ceramics
have gained popularity among patients and dentists due to

their ability to mimic the appearance of natural teeth and
provide desirable results. In addition, increasing awareness
about oral health and the importance of timely
interventions has led to an increase in dental visits, further

fueling the demand for dental ceramic materials.

2. A review of studies conducted on various types of
dental ceramic materials

Advances in dental materials science have also played a
pivotal role in driving the market. Innovations in ceramic
manufacturing technologies have led to the development
of materials with superior mechanical properties,
increasing their suitability for a wide range of dental
applications. The introduction of computer-aided design
systems has revolutionized the fabrication of dental
restorations, enabling the provision of precise and
customized solutions that are aligned with the individual
needs of the patient[2]. These technological advancements
have not only improved the quality of dental restorations,
but also reduced chairside time, thereby increasing
efficiency in dental offices and laboratories. In addition,
rising disposable income levels in emerging economies
have facilitated greater access to advanced dental care,
significantly contributing to market growth. With the rapid
urbanization and improvement in healthcare infrastructure,
especially in the Asia-Pacific and Latin America regions,
more people are seeking advanced treatment options,
including ceramic-based dental restorations[3]. This has
led to a wider customer base and increased market
penetration in regions that were previously underserved by
modern dental practices[4].
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Fig 1. Image of artificial teeth made with the natural
gradient of human tooth color.

These factors, coupled with strategic initiatives by market
players to expand their geographical footprint, are
expected to drive sustainable growth in the dental ceramic
materials market[5]. Despite promising opportunities, the
dental ceramic materials market also faces certain threats
and challenges that could hinder its growth. One notable
limitation is the high cost of ceramic restorations, which
could limit their accessibility for some patients. While
advances in technology have improved the efficiency of
manufacturing processes, the initial investment required
for ceramic materials and equipment remains a barrier for
some dental practices. In addition, the market faces
competition from alternative materials, such as composite
resins and metals, that may offer cost advantages or
specific benefits in specific applications. Addressing these
challenges will be crucial for market players to maintain
and expand their position in the industry[6].

3- Glass ceramic

Apatite glass-ceramic is another type of material used for
dental restorative materials as a fluorine-containing
coating in which fluorapatite (Cas(P0O,)5F) is crystallized.
Also, in order to adjust the wear behavior to natural teeth
and to improve optical properties such as translucency,
various types of ceramic restorations are coated with a
glass-ceramic containing apatite, which is usually

available in all classic tooth shades. Researchers fabricated
restorations with a needle-shaped apatite microstructure,
similar to natural teeth[7].

Fig 2. 3D computer visualization of apatite crystal growth in
apatite glass-ceramics for dental applications.

4- Opportunities and Threats

The dental ceramic materials market offers numerous
opportunities driven by technological advancements and
changing patient expectations. One of the major
opportunities is the ongoing development of new ceramic
formulations and manufacturing technologies that enhance
the properties and applications of these materials.
Innovations such as hybrid ceramics and improved
CAD/CAM systems are expected to expand the scope of
ceramic restorations and meet a wider range of patient
needs and preferences. As research continues to expand the
frontiers of materials science, the market is poised to
benefit from the introduction of advanced products that
offer superior performance and aesthetics[8].

Another promising opportunity is the increasing
demand for cosmetic dentistry procedures, especially
among the younger population. The desire for a beautiful
smile and the increasing influence of social media on
personal perceptions have increased interest in cosmetic
treatments, creating a robust market for ceramic-based
restorations. This trend is increasing day by day with a
significant increase in income. With the increasing number
of beauty seekers, the demand for ceramic veneers,
crowns, and other aesthetic solutions is expected to
experience significant growth[9].

Despite the promising opportunities, the dental ceramic
materials market also faces certain threats and challenges
that could hinder its growth. One of the significant
constraints is the high cost of ceramic restorations, which
could limit their accessibility for some patients. While
advances in technology have improved the efficiency of
manufacturing processes, the initial investment required
for ceramic materials and equipment remains a barrier for
some dental practices. In addition, the market faces
competition from alternative materials, such as composite
resins and metals, which may offer cost advantages or
specific benefits in specific applications. Addressing these
challenges will be crucial for market players to maintain
and expand their position in the industry[10].

5- Conclusion

Modern dentistry has experienced a transformative
transformation with the integration of CAD/CAM
technology, which has significantly impacted the selection
and application of all-ceramic materials. This manuscript
highlights the fundamental shift from traditional to digital
approaches for clinicians with the aim of improving patient
outcomes. This study emphasizes the necessity of selecting
materials that provide exceptional strength and durability,
while also considering the aesthetic factors, such as color
stability and translucency, that are essential to achieving
esthetics. CAD/CAM technology enables clinicians to
have precise control over design and fabrication, thereby
optimizing appointments, improving patient comfort, and
promoting interdisciplinary collaboration. This guide
serves as a practical resource for clinicians navigating the
complexities of all-ceramic material selection in
contemporary digital dentistry, helping them achieve
reliable and long-lasting restorative treatments. In
practical application, the selection of prosthetic materials
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should be guided by a comprehensive assessment of the
clinical scenario, including the biomechanical demands of
the restoration, the patient’s aesthetic expectations, and the
long-term stability of the selected material and cement
system. For anterior restorations, highly translucent
ceramics such as feldspathic porcelain and lithium
disilicate are preferred due to their optical properties, while
their need for adequate support and careful occlusal
management is also considered. In posterior areas or for
load-bearing restorations, high-strength materials (such as
zirconia, zirconia-reinforced lithium silicate) demonstrate
greater durability and fracture resistance, resulting in
increased use of these materials. Hybrid ceramics offer a
versatile option that balances flexibility and moderate
strength for a variety of applications. The long-term
success of these restorations is highly dependent on the
selection and appropriate use of resin cements.
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An overview of some ceramics used in restorative dentistry

Parisa Rastgoo Oskoui Mohammad Rezvani

Abstract In recent decades, the dental community has studied ceramic restorative materials with excellent optical
properties and the ability to restore shape and function to the mechanical needs of the anterior and posterior regions.
Metal-free restorations have gained popularity, especially for rehabilitation with superior aesthetic results.
Technological advances in the production of ceramic materials used in dentistry have revolutionized the production of
metal-free dental restorations. Ceramic restorations have gained popularity among clinicians over the past two decades
due to their favorable optical properties (better adaptation to tooth structure), acceptable mechanical properties (high
fracture and wear resistance), biological properties (biocompatibility and inertness), chemical stability (resistance to
pH and temperature changes), and thermal properties (good thermal insulation). According to a nationwide survey,
ceramics have a lower production cost, which has led to the replacement of conventional metal-ceramic restorations
with all-ceramic restorations in recent years.

Key words Apatite, Aesthetics, Restorative Dentistry, Glass Ceramic, Strength
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Abstract

Aluminum alloy sheets produced by twin-roll casting was
investigated. The sheets were cold rolled to 43% thickness
reduction and annealed at temperatures ranging from 300 to 600
°C. Eddy current testing was employed as a non-destructive
technique to monitor recovery and recrystallization processes.
The results showed that increasing annealing temperature
accelerated  recrystallization, improved  microstructural
homogeneity, and promoted a more uniform distribution of Al—
Fe-Si intermetallic particles. Kinetic analysis based on the
JMAK model confirmed an increase in the Avrami exponent and
nucleation rate at higher temperatures. Annealing at 600 °C
produced a more homogeneous microstructure with equiaxed
grains, finer intermetallic particles, and enhanced ductility,
making it the optimum annealing condition for the investigated
alloy.

Keywords: AA8011 Aluminum Alloy, Annealing, Al-Fe—Si
Intermetallics, Cold Rolling, Eddy Current Testing, Twin-Roll
Casting, IMAK Model, Recrystallization

1- Introduction

Twin-roll casting (TRC) is an advanced manufacturing
process for aluminum sheet production that combines
solidification and rolling into a single step. Compared with
conventional direct-chill casting followed by hot rolling,
this technology significantly reduces energy consumption,
production costs, equipment requirements, and processing
time. AA8011 aluminum alloy is widely used in packaging
and foil industries because of its excellent formability,
corrosion resistance, and low density. After cold rolling,
the alloy develops elongated grains and a high dislocation
density, providing the stored energy required for recovery
and recrystallization processes. The present study aims to
investigate the effects of annealing temperature on
microstructural evolution, recrystallization  kinetics,
intermetallic  particle distribution, and mechanical
properties of twin-roll cast AA8011 alloy. In addition, the

capability of eddy current testing as a non-destructive
technique for monitoring microstructural changes was
evaluated [1-6].

2- Experimental Procedure

AAB8011 aluminum alloy sheets with the chemical
composition given in Table ) T (were produced by twin-
roll casting and subsequently cold rolled to a final
thickness of 4.5 mm, corresponding to a 43% thickness
reduction. The samples were annealed at temperatures
between 300 and 600 °C for various holding times. Tensile
tests were conducted according to ASTM EB8, and Vickers
microhardness measurements were used to evaluate the
recrystallized  volume  fraction. Microstructural
characterization was performed using polarized optical
microscopy, scanning electron microscopy (SEM), and
energy-dispersive spectroscopy (EDS). Grain size and
intermetallic particle distributions were quantified using
ImageJ software. In addition, eddy current testing was
employed as a non-destructive technique to monitor
recovery and recrystallization processes during annealing

[71.

Table 1. Chemical Composition of the Continuously Cast
AA8011 Aluminum Alloy (wt.%0)

Element 8011 Alloy (Used) Standard [8]
Al Balance Balance
Si 0.722 0.4-0.8
Fe 0.933 0.6-1.0
Cu 0.001 0-0.1
Mn 0.005 0-0.1
Mg 0.005 0-0.1
Zn 0.007 0-0.1
Ti 0.025 0-0.05
Cr 0.001 0-0.1
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3- Results and Discussion

3.1. Effect of Annealing Temperature on
Recrystallization Kinetics and Microstructural Evolution
of AA8011

As shown in Fig. 1. and 2, increasing the annealing
temperature accelerated the recrystallization process in the
AAB8011 alloy. The first recrystallized grains appeared at
approximately 400 °C, indicating the onset of
recrystallization. Further increasing the temperature to 550
and 600 °C resulted in a higher recrystallized volume
fraction and the formation of a more homogeneous
equiaxed grain  structure. Comparison of the
microstructures annealed at 400 and 600 °C for different
holding times revealed that the recrystallization start time
decreased from about 30 min to approximately 4 min,
while recrystallization was nearly completed after about
40 min at all investigated temperatures. These results
indicate that annealing at 600 °C provides the optimum
condition for achieving a uniform microstructure in the
AAB8011 alloy [9], [10].

Fig 1. Microstructures of the cold-rolled AA8011 alloy
sheet (4.5 mm thickness) annealed at 400 °C for different
holding times: (a) 1, (b) 5, (c) 10, (d) 15, (e) 30, (f) 40, (g) 60,
(h) 120, (i) 180, and (j) 360 min.

Fig 2. Macrostructure of the cold-rolled AA8011 alloy
sheet with a thickness of 4.5 mm annealed at 600 °C for
different holding times: (a) 1 min, (b) 3 min, (c) 4 min, (d) 8
min, (€) 15 min, and (f) 30 min.

3.2. Recrystallization Kinetics and Mechanical

Fig. 3. illustrates the variation of the recrystallized fraction
as a function of annealing time at temperatures between
450 and 600 °C. The obtained sigmoidal (S-shaped) curves
are characteristic of static recrystallization and exhibit an
incubation period before the onset of recrystallization.
Increasing the annealing temperature reduced the
recrystallization start time and accelerated the overall
recrystallization process [11]. The recrystallization
kinetics were analyzed using the JMAK model. The results
showed that the Avrami exponent (n) increased with
annealing temperature and ranged between 1 and 2,
indicating restricted grain growth and a limited
contribution of continuous nucleation. These findings are
consistent with previous studies on aluminum alloys and
suggest that the higher n value at 600 °C is associated with
enhanced nucleation activity, faster grain growth, and a
more homogeneous microstructure [11], [12].
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Fig 3. Recrystallized fraction as a function of annealing time
for the 43% cold-rolled AA8011 alloy sheet with a thickness
of 4.5 mm, annealed at different temperatures.
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Anisotropy was evaluated based on the measured stress
and strain values obtained at different annealing
temperatures. The anisotropy index was calculated using
Equation (1), and the corresponding results are presented
in TABLE II. The results indicate that increasing the
annealing temperature reduced the anisotropy index, with
the minimum value obtained at 600 °C. This behavior
reflects the weakening of the rolling texture, completion of
recrystallization, and the development of a more
homogeneous microstructure at higher annealing
temperatures [13]. Although a reduction in strength was
observed at 600 °C due to grain growth and the decrease
in dislocation density, the resulting microstructure
exhibited the highest degree of uniformity. Complete
recrystallization, a more homogeneous grain distribution,
and improved dispersion of intermetallic particles
contributed to the reduction of anisotropy and enhanced
deformation behavior. Therefore, despite the slight
decrease in strength, increasing the annealing temperature
improved the ductility and formability of the AA8011
alloy.

IPA = (2X max — X mid — X min)/ (2X max) Q)

Table 2. Variation of Anisotropy Indices of 8011 Aluminum
Alloy Sheet with Temperature

Tensile Strength Elongation
Temperature . .
C) Anisotropy Index | Anisotropy Index
(%) (%)
400 6.9 12.7
450 4.0 10.1
500 4.0 75
550 34 5.9
600 3.0 3.3

4-  Conclusion

Annealing temperature has a significant influence on the
microstructural evolution and mechanical behavior of
twin-roll cast AA8011 aluminum alloy. Recrystallization
initiated at approximately 400 °C and became substantially
faster with increasing temperature. Annealing at 600 °C
produced a more homogeneous microstructure
characterized by equiaxed grains and a refined distribution
of Al-Fe-Si intermetallic particles. Although a slight
reduction in strength was observed, ductility improved
considerably due to the completion of recrystallization and
the reduction of microstructural heterogeneities. The
JMAK analysis, microstructural characterization, and
eddy current measurements consistently indicated that 600
°C provides the optimum annealing condition for
achieving a favorable balance between microstructure and
mechanical properties in AA8011 alloy.
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Investigation of Recrystallization Kinetics, Microstructural Evolution, and Mechanical Properties of
Twin-Roll Cast AA8011 Aluminum Alloy Sheet during Annealing

Mohamad Talebi Ali Reza Eivani Saeed Shabestari

Abstract In this study, the effect of annealing treatment on the microstructure and mechanical properties of cold-rolled
AA8011 aluminum alloy sheets produced by twin-roll casting was investigated. After cold rolling with a 43% reduction
in thickness, the samples were annealed at temperatures ranging from 300 to 600 °C. An eddy current test was employed
as a non-destructive method to monitor recovery and recrystallization processes. The results showed that annealing
temperature plays a key role in the evolution of microstructure, grain size, and distribution of intermetallic particles.
Kinetic analysis based on the JMAK model indicated that the Avrami exponent increases with temperature, leading to
accelerated nucleation. At 600 °C, a more uniform microstructure with finer grains and more spherical intermetallic
particles was obtained. These changes were accompanied by improved mechanical properties, and 600 °C was identified
as the optimum annealing temperature.

Keywords AA8011 aluminum alloy, Annealing, Recrystallization, IMAK model, Eddy current, Microstructure.
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Abstract

In this work, the producing of IN617 welding rods using a power
plant scrap component is explained. The mechanical properties
and microstructure of the obtained welds has been investigated.
Rolling and cutting methods have been used to produce the
welding rods. The results show that the fracture strength of the
welds (880 MPa) is comparable to the fracture strength of welds
made using commercial welding rods (863 MPa). Also,
microstructural studies show that the microstructure of the weld
zone is similar to the microstructure of the weld zone obtained
using commercial welding rods and includes Ti(C, N) particles,
MB6C carbides (rich in molybdenum), and M23C6 carbides (rich
in chromium). Given that IN617 welding rods are imported from
abroad and are not produced domestically, the method introduced
in this research can be considered as a cost-effective method for
producing these welding rods domestical.

Keywords: Welding, Gas tungsten arc welding, Welding rods,
Superalloy, Inconel 617.

1- Introduction

Nickel-based welding filler rods are very common in TIG
welding [1-3]. These fillers are mostly used for the
welding of nickel- or cobalt-base superalloys [4-6]. Due to
the increasing price of nickel, the price of nickel-based
welding filler rods has noticeably increased recently which
can noticeably affect the cost of final products. To
overcome this problem, one could come up with the idea
of using scrap components for production of welding filler
rods. Therefore, an attempt has been made in this work for
producing nickel-based welding filler rods by using scrap
components. A scrap mixing chamber of a gas turbine
which was in service for more than 200000 hours was used
in this work for producing IN617 filler rods.

2- Materials and Methods
A 100000-hour operated scrap mixing chamber of a

Siemens VV94.2 gas turbine is selected in this work for the

experiments. To investigate if the mixing chamber can be
used for producing welding filler rods, three aspects of the
sample cut from the mixing chamber were evaluated: 1)
the oxidation layer, 2) the chemical composition, and 3)
the mechanical properties. From the oxidation layer point
of view, it was concluded that the plate could be used for
producing welding filler rods because the oxidation layer
could be easily removed. The chemical composition of the
plate was investigated and the results show that the
chemical composition is in accordance to the chemical
composition of IN617 filler rods determined in standard
AWS A5.14/ A5.14M [7]. Tensile mechanical properties
of the plate were also evaluated to investigate if the plate
could be used for producing welding filler rods. The
mechanical test results show that the elongation (EL) and
reduction of area (RA) of the sample made from operated
plate are lower in comparison with the EL and RA of the
sample made from a new IN617 plate. However, it seems
that the amount of the EL and RA are still enough for
producing welding filler rods.

For producing welding filler rods, in the first step (after
removing the oxidation layer) the plate was hot rolled to
the thickness of 1.5 mm. In the next step, first the thin
oxide layer of the rolled plate was removed by sand
blasting and then the rolled plate was cut to rods with the
width of 1.5 mm and thickness of 1.5 mm. Filler rods with
any desired thickness and width could be produced by the
method introduced in this work. The minimum thickness
of the filler rods is determined by the capacity of the rolling
machine and the maximum thickness of the filler rods is
determined by the capacity of the cutter.

To evaluate the properties of the produced welding
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filler rods, they were used for producing weldments. In this
regard, three V-shape grooves were cut on IN617 plates
and they were filled with the filler rods. One of the grooves
was filled with commercial IN617 filler rods, and the two
others were filled by produced filler rods. Similar welding
conditions were used for welding the grooves. Images
from the welded grooves are shown in Fig. 1.

Fig 1. Weldments and the schematic of the tensile
samples cut from the weldments

3- Results and discussion

To evaluate the mechanical properties of the weldments,
standard dog bone tensile samples with gage length of 16
mm and gage diameter of 4 mm were cut along the length
of the weldments. The tensile tests were performed at room
temperature and the results are shown in Table 1. The
recommended tensile properties by specification AWS
Ab5.14/A5.14M are also shown in Table 1. As it can be
seen, the mechanical properties of the weldments made by

the produced filler is comparable by the mechanical
properties of the weldments made by commercial IN617
filler. Moreover, it can be seen that the mechanical
properties of the weldments made from produced filler is
higher than the recommendations in specification AWS
A5.14/A5.14M. These results indicate that the quality of
the filler rods produced in this work is comparable with the
quality of commercial filler rods. The microstructures of
the weldments were also examined. The results show that
the microstructures of both weldments are similar
composing from carbides (TiC, MoC, Cr23Cs) and nitrides
(TiN) according to the EDX analysis. Similar results are
reported in other works as well [8-10].Therefore, it may be
concluded that the produced filler rods has a quality which
is comparable to commercial filler rods.

Table 1. Tensile mechanical properties of the
weldments

YS UTS EL RA
(MPa) | (MPa) | (%) | (%)
Produced filler 599 787 34 27
Produced filler 623 889 42 45

Commercial 573 863 | 37 | 44
filler

AWS
A5.14/A5.14M

- 620 - -

4-  Conclusions

By recycling the scrap mixing chamber of a Siemens
V94.2 gas turbine, IN617 welding filler rods are produced
in this work. Simple and affordable rolling and cutting
techniques are used for producing the filler rods. The
results indicate that the properties of the produced filler
rods is in accordance to the standard specifications.
Moreover, the results show that the properties of the
weldments made by produced filler rods are comparable to
the properties of the weldments produced by commercial
filler rods. The method which is used in this work for
recycling the scrap gas turbine mixing chamber can be
used for recycling other metallic scrap components as well.
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Production of Nickel-Based Welding Filler Rods by Using a Scrap Gas Turbine Component
Ali Shafiei Aida Karimi Saeid Khani

Abstract In this work, the producing of IN617 welding rods using a power plant scrap component is explained. The
mechanical properties and microstructure of the obtained welds has been investigated. Rolling and cutting methods have
been used to produce the welding rods. The results show that the fracture strength of the welds (880 MPa) is comparable
to the fracture strength of welds made using commercial welding rods (863 MPa). Also, microstructural studies show
that the microstructure of the weld zone is similar to the microstructure of the weld zone obtained using commercial
welding rods and includes Ti(C, N) particles, MsC carbides (rich in molybdenum), and M13Cs carbides (rich in
chromium). Given that IN617 welding rods are imported from abroad and are not produced domestically, the method
introduced in this research can be considered as a cost-effective method for producing these welding rods domestical.

Keywords Welding, Gas tungsten arc welding, Welding rods, Superalloy, Inconel 617.
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Abstract

Oil and gas transmission pipelines operating in corrosive
environments are susceptible to severe failures caused by stress
corrosion cracking (SCC) and hydrogen embrittlement (HE).
This reaserch investigates the effect of hydrogen uptake on the
corrosion behavior of X70 and X80 pipeline steels using a novel
approach. Based on this, hydrogen anodic oxidation,
potentiodynamic polarization, and slow strain rate testing
(SSRT) tests were conducted to determine the resistance to SCC
and HE. The results indicate that hydrogen absorption in X80
(2.2 £0.1 mol/m3) is significantly higher than that in X70 (0.86
+ 0.01 mol/m3) at a charging current density of -10 mA/cmz2. In
addition, the SCC cross-sectional sensitivity index was
determined to be 51.5% for X80, whereas this parameter was
calculated to be only 1% for X70. The analyses reveal that the
tougher microstructure of X70 exhibits superior resistance to
hydrogen ingress and SCC crack propagation, while X80 shows
a higher sensitivity to brittle fracture. These findings confirm the
superiority of X70 alloy for applications in hydrogen-rich
environments.

Corrosion

Keywords: Hydrogen Embrittlement, Stress

Cracking, Slow Strain Rate Testing

1- Introduction

Pipelines are among the most efficient and economical
systems for the long-distance transportation of natural gas
and petroleum products [1]. However, their safe operation
and reliable monitoring remain critical concerns,
especially in gas transmission lines where failure may lead
to severe damage or explosion [2]. These pipelines are
commonly buried in soil and protected against corrosion
by external coatings and cathodic protection systems.
Despite these measures, coating disbondment, mechanical
damage, pressure fluctuations, and improper cathodic
protection can allow moisture and corrosive species to
reach the steel surface, creating favorable conditions for

environmentally assisted cracking [3]. Among the most
important forms of such degradation are stress corrosion
cracking (SCC) and hydrogen-related cracking, both of
which have caused serious failures in pipeline steels [4].

The susceptibility of pipeline steels to these damage
mechanisms is strongly influenced by steel grade,
microstructure, strength level, and service environment.
Previous observations have shown that hydrogen
embrittlement (HE) in pipeline steels cannot be explained
by a single mechanism, and that crack initiation and
propagation depend on complex interactions between
hydrogen uptake, localized deformation, electrochemical
conditions, and metallurgical features [5]. In particular,
modern high-strength pipeline steels such as X70 and X80,
which are increasingly used in oil and gas transmission
systems, may exhibit distinct responses to hydrogen-
assisted degradation under mechanical loading. Although
corrosion and mechanical behavior have often been
studied separately, a comprehensive understanding of the
role of absorbed hydrogen in the SCC behavior of these
steels under simulated service conditions is still limited.
Therefore, this study investigates the effect of hydrogen on
the SCC behavior of X70 and X80 steels through
electrochemical testing, slow strain rate testing (SSRT),
and microstructural and fracture surface analyses.

2- Materials and Experimental Procedures

X70 and X80 pipeline steels were used in this study. Their
chemical compositions are presented in the Table 1. The
steels were supplied as new pipe sections manufactured by
the roll-bending process and had not been exposed to
welding, coating, service conditions, or hydrogen charging
before testing. For microstructural examination, samples
were cut from the longitudinal, radial, and circumferential
directions. The specimens were ground, polished, and
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etched with 2% nital. The microstructure, inclusion
distribution, phase fraction, and ferrite grain size were
evaluated using optical microscopy and image analysis.
Fracture surfaces after SSRT were also examined by
scanning electron microscopy.

Hydrogen charging was performed electrochemically in
sulfuric acid solution at room temperature, using the steel
specimen as the cathode and a platinum electrode as the
anode. After charging under selected current densities and
times, the reversible absorbed hydrogen was evaluated by
anodic oxidation in alkaline solution using a three-
electrode  electrochemical  cell.  Potentiodynamic
polarization tests were carried out in NS4 solution to
investigate the corrosion behavior of the steels under near-
neutral pH conditions. Two scan rates were used to
simulate the electrochemical behavior of the crack wall
and crack tip regions. Before each electrochemical test, the
solution was deaerated with nitrogen. SSRTs were
conducted in NS4 solution at a constant low strain rate.
The results obtained in solution were compared with those
measured in air in terms of elongation, reduction in area,
and fracture morphology in order to assess the
susceptibility of X70 and X80 steels to stress corrosion
cracking.

Table 1. Chemical composition of samples

Sample Chemical Composition (Yewt)
P "Fe [ Cu [Ti+Nb+V [ Si [Mo ][ Mn [ C
X70 Bal. | 0.21 0.12 025 ] 0.1 ] 144 | 0.04
X80 Bal. | 0.01 0.04 0.21 | 0.3 | 1.83 | 0.05
3- Results

A. Microstructure
Metallographic observations of X70 and X80 steels in the

Fig 1. Microstructure of X70 steel in the a) axial, ¢) circumferential, an

S 20pm LY
e S

rolling, circumferential, and radial directions are shown in
Fig.1. The X70 steel exhibited elongated polygonal ferrite
with minor secondary phases, likely bainite and
martensite, together with some acicular ferrite, indicating
non-equilibrium  cooling during thermomechanical
processing [6]. Its finer ferrite grain size suggests a tougher
and more hydrogen-resistant microstructure [7]. In
contrast, X80 showed polygonal ferrite, bainite, limited
pearlite, and acicular ferrite, consistent with more
equilibrium cooling conditions. The higher bainite content,
presence of pearlite, coarser grain size, and lower
microstructural uniformity of X80 suggest greater
susceptibility to HE and SCC than X70.

B. Hydrogen Anodic Oxidation Test

Hydrogen uptake was evaluated by the anodic oxidation
method to clarify the effect of microstructure on HE
susceptibility. Initially, hydrogen charging was carried out
at a constant current density for different charging times in
order to determine the saturation condition. The results in
Fig.2a show that the absorbed hydrogen increased rapidly
at short times and then gradually approached a relatively
steady state, indicating that available diffusion and
trapping sites became progressively filled. Based on this
trend, 7 h was selected as the charging time for subsequent
experiments. The effect of current density was then
examined under this condition. As presented in Fig.2b, the
absorbed hydrogen content increased with increasing
current density and was consistently higher in X80 than in
X70. This behavior is attributed to the less uniform
microstructure and greater fraction of hydrogen-favorable
phases in X80, suggesting lower resistance to hydrogen-
related degradation.

o

d e) radial directions, and microstructure of X80 steel

in the b) axial, d) circumferential, and f) radial directions.
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Fig 3. Stress-strain curves obtained from the SSRT for a) X70 and b) X80 samples in NS4 solution under different conditions

C. Slow Strain Rate Testing (SSRT)

Slow strain rate tensile testing was used to assess the
mechanical response of X70 and X80 pipeline steels under
simulated service conditions, including air, NS4 solution,
and different levels of hydrogen charging. The stress-strain
curves obtained in NS4 are shown in Fig.3a and Fig.3b. In
general, both steels exhibited lower tensile and vyield
strengths under slow strain rate conditions than under
conventional tensile loading, reflecting the effect of
reduced strain rate on deformation behavior. The corrosive
environment  further degraded the mechanical
performance, particularly for X80, which showed clear
reductions in tensile strength, yield strength, ductility, and
fracture strain. This behavior indicates that the interaction
between applied stress and corrosion reactions accelerated
crack development and reduced the load required for
failure.

X70 showed a different trend, as exposure to the solution
reduced strain but led to some increase in strength. This
behavior may be associated with limited hydrogen ingress
during testing, where low hydrogen concentrations can
temporarily increase strength before embrittlement
becomes dominant [8]. A similar but weaker effect was
also observed in X80 at low charging levels, whereas

higher hydrogen charging caused a clear deterioration in
mechanical properties in both steels. In all charged
conditions, toughness and ductility decreased relative to
uncharged samples, confirming the embrittling role of
hydrogen. Overall, the SCC sensitivity indices indicated
that X80 was more susceptible than X70. This higher
susceptibility is consistent with its higher strength level,
greater hydrogen uptake, coarser grain size, and less
uniform microstructure.
D. Fractography

Fractography of X70 showed ductile fracture with dimples
in air, while hydrogen charging refined the dimples,
indicating the involvement of the HELP mechanism and
localized plastic deformation. With increasing hydrogen
content, cleavage regions became more evident,
suggesting a transition toward mixed ductile-cleavage
fracture and the activation of the HEDE mechanism [9]. At
higher charging levels, cleavage fracture dominated and
plastic deformation became limited, showing severe
embrittlement. X80 exhibited a similar trend, but cleavage
areas were more dominant, especially at higher hydrogen
levels, confirming its greater HE and higher susceptibility
to SCC.
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4- Conclusions

This study evaluated the SCC sensitivity of X70 and
X80 steels under the combined effect of HE. X70, with a
finer and more uniform polygonal ferrite microstructure,
absorbed less hydrogen than X80, which had a coarser and
less uniform ferrite-pearlite-bainite structure. The SCC
susceptibility index based on reduction in area was only
1% for X70, compared with 51.5% for X80, indicating
much higher vulnerability in X80. Fractographic
observations also showed that increasing hydrogen
changed the fracture mechanism from HELP to HEDE,
with cleavage fracture becoming dominant, especially in
X80. Overall, X70 was found to be the more suitable steel
for hydrogen-damaging corrosive environments.
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Study of Stress Corrosion Cracking Resistance and Hydrogen Embrittlement of X70 and X80 Steels
with a Novel Approach

Ehsan Allahyari Ali Davoodi Seyed Abdolkarim Sajjadi

Abstract Oil and gas transmission pipelines operating in corrosive environments are susceptible to severe failures
caused by stress corrosion cracking (SCC) and hydrogen embrittlement (HE). This reaserch investigates the effect of
hydrogen uptake on the corrosion behavior of X70 and X80 pipeline steels using a novel approach. Based on this,
hydrogen anodic oxidation, potentiodynamic polarization, and slow strain rate testing (SSRT) tests were conducted to
determine the resistance to SCC and HE. The results indicate that hydrogen absorption in X80 (2.2 + 0.1 mol/m?3) is
significantly higher than that in X70 (0.86 + 0.01 mol/m®) at a charging current density of -10 mA/cm2. In addition, the
SCC cross-sectional sensitivity index was determined to be 51.5% for X80, whereas this parameter was calculated to be
only 1% for X70. The analyses reveal that the tougher microstructure of X70 exhibits superior resistance to hydrogen
ingress and SCC crack propagation, while X80 shows a higher sensitivity to brittle fracture. These findings confirm the
superiority of X70 alloy for applications in hydrogen-rich environments.

Keywords Stress Corrosion Cracking, Hydrogen Embrittlement, Slow Strain Rate Testing.
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Abstract

Acute respiratory diseases, including influenza, remain major
global health challenges due to the increasing resistance to
antiviral drugs. In this study, to investigate the interaction
behavior of herbal compounds, the interactions of two saffron-
derived bioactive compounds, Picrocrocin and Safranal, with
influenza neuraminidase were examined using molecular
dynamics simulations. All simulations were performed under
physiological conditions. SASA, RDF, RMSD, gyration radius
and electrostatic potentioal were done. The results of RMSD
analysis indicated that picrocrocin induced pronounced
structural changes in the protein. RDF analysis demonstrated
that safranal remained closer to the neuraminidase surface
(approximately 0.8 nm), in comparison to picrocrocin. In
addition, SASA analysis showed an increased surface
hydrophilicity of the protein in the presence of safranal. These
findings provide molecular-level insight into the interactions of
saffron-derived bioactive compounds with viral proteins. The
results showed that these bioactive compounds can be effective
in interacting with influenza virus and they can be used as
influenza virus neuraminidase inhibitor.

Herbal
Influenza

Keywords:  Molecular Dynamics  Simulation,
Compounds, Protein-Ligand Interaction,
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1- Introduction

Influenza A virus is still considered one of the important
viral infections worldwide, mainly because of its
continuous genetic changes and the emergence of
resistance against common antiviral drugs [1]. Although
vaccination and antiviral medications have reduced the
severity of influenza infection, the effectiveness of these
approaches can be limited by viral mutations, drug
resistance, and the need for regular updates in treatment
strategies [2]. Among the viral proteins involved in
influenza infection, neuraminidase plays a key role in the
release and spread of newly formed virus particles from

infected host cells. For this reason, neuraminidase has long
been regarded as an important target for antiviral drug
development [3].

In recent years, natural compounds have received
increasing attention as possible alternatives or agents in
antiviral studies. These compounds are often considered
valuable because of their biological activity, structural
diversity, and relatively lower toxicity compared with
many synthetic drugs [4,5]. Saffron (Crocus sativus L.) is
one of the well-known medicinal plants that contains
several bioactive compounds, including crocin, crocetin,
picrocrocin, and safranal [6,7]. Previous studies have
reported different biological effects for saffron-derived
compounds, such as antioxidant, anti-inflammatory,
immunomodulatory, and antiviral activities. However, the
molecular details of their interaction with viral proteins
still need further investigation [8].

In this study, the interaction of two major saffron
bioactive compounds, picrocrocin and safranal, with
influenza neuraminidase was investigated using molecular
dynamics simulation. The aim was to evaluate how these
compounds affect the structural behavior and stability of
the protein at the molecular level.

2- Materials and Methods

In this study, molecular dynamics simulations were used
to investigate the interaction of saffron-derived bioactive
compounds with influenza neuraminidase. Three separate
systems were prepared for comparison: neuraminidase in
water as the reference system, neuraminidase in the
presence of picrocrocin, and neuraminidase in the presence
of safranal. These systems are shown in Fig. 1. All
simulations were performed using the GROMACS
software package under physiological conditions. The
GROMOS96 54a7 force field was applied, and the systems
were solvated using the SPC water model.
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Fig 1. Simulation boxes containing (a) neuraminidase in water, (b) neuraminidase in the presence of picrocrocin, and (c)
neuraminidase in the presence of safranal.

The simulation temperature was set to 310 K to
represent physiological temperature. After energy
minimization using the steepest descent algorithm, the
systems were equilibrated under NVT and NPT
ensembles. Finally, production molecular dynamics
simulations were carried out for 50 ns.

3- Results and Discussion

To evaluate the behavior of the systems, several analyses
were performed, including root-mean-square deviation
(RMSD), root-mean-square fluctuation (RMSF), radial
distribution function (RDF), solvent-accessible surface
area (SASA), radius of gyration, electrostatic interaction
energy, and hydrogen bonding. Together, these analyses
were used to examine the structural changes of
neuraminidase and its interaction with the saffron-derived
compounds.

A. RMSD

The RMSD results, shown in Fig. 2(a), indicated that both
picrocrocin and safranal affected the structural behavior of
neuraminidase compared with the reference protein
system. However, the changes caused by picrocrocin were
more noticeable, suggesting that this compound had a
stronger effect on the conformational behavior of the
protein. This observation was also supported by the RMSF
results, where the fluctuations of some protein regions in
the presence of picrocrocin were different from those of
the reference system. These findings indicate that
picrocrocin can influence the local flexibility of
neuraminidase more effectively than safranal.

B. RDF

The RDF analysis was used to examine the distribution of
the compounds around the protein. According to the
results, safranal was found at a slightly shorter distance
from the protein surface, with the highest distribution
observed at around 0.8 nm. Picrocrocin showed its
maximum distribution at approximately 0.9 nm. This
means that safranal remained closer to the protein surface
during the simulation.

C. Radius of Gyration
The radius of gyration results, presented in Fig. 2(b),

showed that picrocrocin caused more stable changes in the
compactness of the protein structure. In the presence of
picrocrocin, neuraminidase showed a more noticeable
structural compaction compared with the reference system
and the safranal-containing system. This behavior suggests
that picrocrocin has a greater influence on the overall
folding and structural arrangement of the protein.

D. SASA

The SASA analysis, shown in Fig. 2(c), indicated that
safranal increased the solvent-accessible surface area of
the protein, suggesting an increase in the hydrophilic
character of the protein surface. In contrast, picrocrocin
did not cause a remarkable change in the solvent-
accessible surface area compared with the reference
system. This difference can be related to the different
chemical structures and interaction patterns of these two
saffron compounds.

E. Electrostatic Interaction

Figure axis Electrostatic interaction analysis, presented in
Fig. 2(d), revealed that the interaction between picrocrocin
and neuraminidase was stronger than that of safranal. The
deeper potential well observed for the picrocrocin-
containing system, with an interaction energy of about
—320.8 kJ/mol, indicates a stronger electrostatic
interaction between this compound and the protein.
Hydrogen bond analysis also supported this result.
Picrocrocin formed a higher number of hydrogen bonds
with neuraminidase compared with safranal. This can be
explained by the chemical structure of picrocrocin, which
contains more hydrogen bond donor and acceptor groups.
These groups can help picrocrocin establish more stable
interactions with the protein.
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4-  Conclusion

The molecular-level interactions of two major saffron
bioactive compounds, picrocrocin and safranal, with
influenza neuraminidase were examined using molecular
dynamics simulation. The results of this study show that
both picrocrocin and safranal can interact with influenza
neuraminidase and may affect its structural behavior.
However, picrocrocin showed a stronger and more stable
interaction with the protein based on RMSD, RMSF,
radius of gyration, electrostatic interaction energy, and
hydrogen bond analyses. Safranal, on the other hand,
remained closer to the protein surface and increased the
hydrophilicity of the protein surface, as indicated by RDF
and SASA results. These findings provide useful
molecular-level insight into the possible interaction of
saffron-derived compounds with influenza neuraminidase.
The results suggest that saffron bioactive compounds,
especially picrocrocin, may have potential as natural
antiviral candidates targeting neuraminidase. However,
further computational and experimental studies, such as
molecular docking, binding free energy calculations, and
biological assays, are needed to confirm their inhibitory
activity and evaluate their practical application in antiviral
drug development.
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Investigation of the Interaction Between Saffron-Derived Bioactives and Influenza Virus
Neuraminidase Using Molecular Dynamics Simulation

Maryam Bendokht Sepideh Amjad-Iranagh

Abstract Acute respiratory diseases, including influenza, remain major global health challenges due to the increasing
resistance to antiviral drugs. In this study, to investigate the interaction behavior of herbal compounds, the interactions
of two saffron-derived bioactive compounds, Picrocrocin and Safranal, with influenza neuraminidase were examined
using molecular dynamics simulations. All simulations were performed under physiological conditions. SASA, RDF,
RMSD, gyration radius and electrostatic potentioal were done. The results of RMSD analysis indicated that picrocrocin
induced pronounced structural changes in the protein. RDF analysis demonstrated that safranal remained closer to the
neuraminidase surface (approximately 0.8 nm), in comparison to picrocrocin. In addition, SASA analysis showed an
increased surface hydrophilicity of the protein in the presence of safranal. These findings provide molecular-level insight
into the interactions of saffron-derived bioactive compounds with viral proteins. The results showed that these bioactive
compounds can be effective in interacting with influenza virus and they can be used as influenza virus neuraminidase
inhibitor.

Keywords Molecular Dynamics Simulation, Herbal Compounds, Protein-Ligand Interaction, Influenza Neuraminidase,
Influenza Virus.
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