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Preface 
7th International Conference on Processing and Characterization of Materials (ICPCM 2025) 
was held at the Metallurgical and Materials (MM) Engineering Department of the National 
Institute of Technology Rourkela. The two-day international forum was held on 12–13 
December 2025 and was dedicated to materials science and engineering. The conference marks 
the 7th edition of the ICPCM series, which has been conducted annually since 2011 and is am 
adaptation of the 15th National Conference on Processing and Characterization of Materials 
(NCPCM). The event was convened by Prof. Syed Nasimul Alam. 
The inaugural session was attended by distinguished guests, including Chief Guest Prof. Lukas 
Bichler from the University of British Columbia, and Guests of Honour Shri Alok Verma, 
Director-in-Charge, SAIL-Rourkela Steel Plant, and Prof. Rajesh Prasad from IIT Delhi. Prof. 
Ashok Kumar Turuk, Dean (Academics), and Prof. Debasis Chaira (HoD, MM Department) 
were also present on the dais. This year’s edition attracted around 60 participants from across 
the globe, comprising researchers, academicians, and industry professionals. 
The event received an overwhelming response from participants around the world. The speaker 
lineup featured experts from the University of Leoben (Austria), the University of British 
Columbia (Canada), various IITs and NITs, VIT-AP University, and the Defence Metallurgical 
Research Laboratory (DMRL), Hyderabad. Industry specialists from TATA Steel, and other 
organizations were contributing to deliberations on emerging industrial applications of advanced 
materials. ICPCM 2025 served as a comprehensive platform for presenting research in mineral 
beneficiation, non-ferrous metallurgy, advanced steels, composites, additive manufacturing, 
high-entropy alloys, smart materials, corrosion and surface engineering, materials for energy 
storage, and the use of AI/ML in materials engineering. The two-day event included oral and 
poster presentations, interactive technical sessions, and the popular metallography contest.  
The conference was supported by the Anusandhan National Research Foundation (ANRF), 
TEXMiN IIT (ISM) Dhanbad (as the Technical Partner), AMETEK Pvt. Ltd, LABINDIA 
Instruments Pvt. Ltd., Sarvesh Refractories Pvt. Ltd., and Aimil Ltd.  
The present volume of the proceedings published by Materials Research Forum LLC compiles 
the research papers contributed by the participants of the conference. The proceedings consist of 
selected peer-reviewed papers contributed by participant of ICPCM-2025. 
Thanking you! 
Dr. Syed Nasimul Alam 
Convener, 
ICPCM-2025 
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An overview of iron ore assimilation during particle sintering 
B Sai PRAKASH1,a*, Sriniwas DVARPUDI1,b 

1Research & Development, Agglomeration Research Group, Tata Steel, Jamshedpur, India 
831007 

asaiprakashbph@gmail.com, bsriniwas.dvarpudi@tatasteel.com 

Keywords: Ore Assimilation, Sintering, Assimilation Theories, Assimilation Quantification 

Abstract. Sinter is a precursor input to blast furnace with specific strength, reducibility and 
chemistry requirements. Assimilation is the primary reaction at the beginning of the sintering 
process which plays a key role in the obtained sinter properties for blast furnace requirements. The 
various theories of assimilation in combination with quantification methods were delved into. 
1.Introduction 
Sinter is a raw precursor input to blast furnace with specific requirements such as fixed variation 
in chemical composition and size range, with significant tumbler strength and reducibility and 
minimal reduction degradation index [1]. 

Sintering is a process that can be beset by many issues that include dynamicity in the nature of 
raw material, dealing with effects of high alumina (typically >2.5–3.5 wt.% depending on ore type) 
[2-11], excessive sinter return fines, moisture [12,13], and weather changes affecting sintering, 
regime shifts, and lastly environmental sustainability[14,15]. The common thread amongst all 
these issues is understanding the role of assimilation in the sintering of iron ore. 

Assimilation is a precursor reaction to the start of the sintering process. Thus, understanding 
how it influences the reactions through thermodynamic and kinetic studies helps in improving the 
decisions required for the choice of raw material to be used based on its physicochemical attributes 
and hence, the techno-economics of the sintering process. 

It's important to quantify assimilation to understand how it can be improved further. 
Characterization studies give an insight into the possible mechanisms at play during assimilation. 
As the science and theory behind assimilation is developed and with the help of quantification and 
characterization studies, newer technologies to improve assimilation behavior come to the fore. 

Some of the salient features of the assimilation process are that its complementary nature of 
blending allows us to produce composite properties in the sinter. The process of assimilation 
indicates a complex interdependence between raw material, process and properties. Lastly, it's a 
solid-state reaction (often 3-phase) which requires conducive conditions to propagate the 
assimilation process. The process is explained in greater depth in the following section. 
2.Assimilation process: 
From studies [16] based on sintering as a process, it essentially is a thermal reaction between coke 
particles, fluxing agents, and iron ore particles as seen in Figure 1. The entire process proceeds 
stage-wise with the formation of the initial melt subsequently followed by assimilation of large 
size particles. It’s a contact-based reaction between them preferably with porous ores because the 
melt penetrates deeper leading to improved assimilation. Section 2.1 will help to understand the 
consequences of this mechanism on the sintering process. 

While Nyembwe’s work [16] explains the process of assimilation, a clear demarcation to 
defining assimilation behavior can help. Also, knowing if assimilation behavior can also include 
the penetrating ability of the liquid and the ability to coalesce is something that needs to be 
explored in Nyembwe’s work[16]. 
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2.1 Importance of assimilation/relevance to sintering: 
As per Debrincat and Loo's work [17], when the iron ore has poor assimilation characteristics, it 
will melt and thus bond poorly leading to lower sinter strength and lower reducibility of the sinter. 
On the other hand, a high assimilation characteristic could mean a decrease in the bed permeability 
[18] in turn affecting the sinter properties such as yield. Hence optimal assimilation characteristics 
would enable desired sinter properties. Section 3 would enable us to justify various theories for 
the above experimental observations. 

While the author’s definitions of assimilation characteristic[17,18] seem useful as an indicator 
for assimilation it need not necessarily imply that good assimilation leads to good sinter properties 
because there are other phenomena preceding melt formation, for e.g melt flow, governed by 
fluidity which can also influence sinter properties. 

 
Figure 1: Schematic of the assimilation phenomenon taking place during sintering 

(Redrawn[19]) 
3.Theories of Assimilation:  
There are numerous approaches to understand, model, and interpret assimilation. Some of them 
are mentioned below: 
3.1. Diffusion model: 
A theory has been proposed that the primary melt is formed as the nucleus particles start to 
assimilate [19]. As the diffusion of calcium ions away from the iron-rich melt is akin to the 
dissolution of charged species in a melt, a diffusion model has been proposed . The rate of 
dissolution is expressed as follows: 

         𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑   =   K.Ar.Δcn             (1) 

where m is the net mass of assimilated solid, t is the time, K is a proportionality constant. The rate 
of dissolution is governed by the solid-melt interfacial area Ar which is perpendicular to the 
direction of diffusion, temperature, Δc the concentration gradient which is governed by the 
chemical constitution of the melt. The values of the constant n are governed by the nature of the 
process. For diffusion, n is unity and is greater than unity for dissolution. 

Application:When pisolite ore calcines it becomes very porous as goethite transforms into fine 
hematite crystallites.Goethitic ores assimilate much more readily than hematite ores because melts 
are very mobile and easily penetrate into porous ores, which therefore have a very high reaction 
surface area. Sintering temperature influences both the assimilation reaction rate and the diffusion 
rate of species. The degree of superheat, which is the difference between the sintering temperature 
and the liquidus temperature of the primary melt, has been shown to have a significant effect on 
the viscosity of the melt. Therefore, changes to sintering temperature or primary melt composition 
will alter assimilation also through changes in melt viscosity.As sintering is carried out close to 
the liquidus temperature of the melt, relatively small changes in sintering temperature can have a 
very significant influence on melt fluidity[20,21]. 
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Theory: 
Assimilation is governed by mass transfer of ionic species (primarily Ca²⁺) across the solid–liquid 
interface, analogous to dissolution processes in melts. The rate of assimilation is controlled by 
diffusion through a boundary layer formed at the interface. Temperature plays a critical role by 
influencing both the diffusion coefficient and the viscosity of the melt, thereby affecting mass 
transfer rates. This framework is particularly relevant in the early stages of assimilation where 
concentration gradients drive the transfer of species. 
 
Model: 
Based on this theoretical framework, the diffusion-controlled assimilation process can be 
expressed as (1) 
3.2 Sinter-block densification: 
An analytical approach [22] to understanding the assimilation phenomenon is the usage of 
polygonal lines to indicate how porous the ores are through the symbolism of lines which are 
broken to the degree the ore is porous. This approach is used to map how the block strength varies 
as a function of the volume of melt formed. `The ‘block model’ helps to study heterogeneity in 
sinter which is seldom explored because it’s chaotic.The author’s work[22] is commendable due 
to it’s ability to predict the strength distribution from melt volume,but the model assumes melt 
volume as the prime contributor towards sinter strength which is not always applicable. 
 
Theory: 
Assimilation contributes to sinter strength through progressive densification driven by melt 
formation and pore filling. As melt is generated and infiltrates the porous structure of the ore bed, 
it enhances bonding between particles and reduces overall porosity. The degree of densification 
directly influences the mechanical integrity of the sinter. 
 
Model: 
The corresponding model represents the sinter structure as an assembly of polygonal blocks, where 
strength is expressed as a function of melt volume fraction, pore closure, and connectivity between 
particles. This structural representation enables visualization of heterogeneity within the sinter 
matrix and provides a basis for correlating melt formation with strength development. 
3.3 Iron-rich depolymerized silica melt : 
A similarity has been observed in the way iron oxides melt and solidify for both metallurgical 
phenomena in the industries as well as igneous rock formation deep under the earth. Industrial 
sinter is depolymerized silica melts rich in iron and vice-versa for igneous rocks. The similarity 
lies in thermodynamics taking precedence for both the phenomenon during melting and 
solidification. As a result, the factors responsible for the assimilation of a nucleus particle in a melt 
for an industrial sinter play a similar role as that between liquid magma and rock.The author’s 
work[23] is remarkable because the chemical data could be of use to geologists and metallurgists, 
however an assumption that assimilation is always an endothermic reaction needs to be re-
assessed. 
 
Theory: 
Assimilation is governed by thermodynamic interactions within a depolymerized silicate melt 
system enriched with iron oxides, drawing parallels with igneous processes. The structure of the 
melt is controlled by the degree of polymerization of the silicate network, which in turn affects its 
fluidity and reactivity. The presence of basic oxides alters this structure and facilitates assimilation. 
Model: 
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The model is based on minimization of Gibbs free energy, where melt behavior is determined by 
its chemical composition and phase equilibria. The incorporation of oxides such as CaO and FeO 
leads to depolymerization of the silicate network, thereby increasing melt fluidity and enhancing 
assimilation. This model provides a thermodynamic basis for understanding melt behavior during 
sintering. 

3.4 Latent heat approach : 
The model[24] constitutes the thermodynamics of melt formation and assimilation, ruling out 
kinetics due to complexity arising from the interaction between temperature, composition and 
interfacial area. It assumes that the latent heat of solidification and melting are not similar despite 
the processes looking reversible and hence the concept of melt fraction plays an important role. 
The formulation used to determine melt-fraction seems to be derived from the lever rule for phases, 
used in binary phase diagrams.While the model used by the author[24] is very robust in itself due 
to various sub-models, it tends to overlook the edge effects associated with the sintering 
phenomenon by virtue of the dimensions of the sinter bed/sinter pot and the geometrical limitations 
it imposes. 
 
Theory: 
Assimilation is governed by energy balance and phase transformation thermodynamics during 
heating. The formation of melt and its subsequent interaction with solid particles depend on the 
thermal history and energy input to the system. The transformation from solid to liquid phases 
plays a crucial role in determining assimilation behavior. 
 
Model: 
The model evaluates melt fraction using phase diagram relationships and latent heat 
considerations. The extent of assimilation is linked to temperature evolution and the energy 
required for phase transformations. This provides a thermodynamic framework to estimate melt 
formation and its role in assimilation. 
 
A comparison of all the models is done in Table 1. 

Table I: A comparative study of models used to understand assimilation of sinter 

Name of theory Governing 
principle 

Advantage Disadvantage 

Diffusion 
model[19] 

Diffusion of 
calcium ions 
away from the 
iron-rich melt is 
akin to the 
dissolution of 
charged species 
in a melt 

Brings 
predictability to a 
heterogeneously 
chaotic process 
such as sintering. 
It’s also easier to 
co-relate sintering 
time with ore 
charecteristics 

Environment 
surrounding 
each particle is 
different and 
cannot be 
predicted. So the 
model is more 
useful in a 
controlled 
environment 
than industrial 
applications. 
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Sinter-block 
densification[22] 

Use of polygonal 
lines to represent 
the heterogeneity 
of ore particles 

Helps to map the 
surface 
heterogeneity.This 
is unique because 
most models 
assume 
homogeneity to 
reduce modelling 
complications. 

Model assumes 
melt volume as 
the prime 
contributor 
towards sinter 
strength which 
is not always 
applicable.Sinter 
strength arises 
from competing 
factors in raw 
material and 
processing 
parameters. 

Iron-rich 
depolymerized 
silica melt[23] 

Thermodynamics 
of melting and 
solidification for 
igneous melts 
and melts of 
industrial sinter 

Makes 
comparative 
studies easier. 
Also, certain 
anomalies in each 
of the fields can 
be compared and 
studied. 

Model assumes 
that assimilation 
is always 
endothermic. 

 Latent heat 
approach[24] 

Thermodynamics 
of melt and 
assimilation 
using latent heat 
data 

Robust model 
with various sub-
models. This 
enables constant 
improvement of 
the sub-models 
and reduces the 
complexity of the 
model. 

It overlooks the 
edge effect.The 
edge effects 
become 
predominant 
while scaling 
laboratory pot 
tests to 
industrial 
applications. 

 

The comparative analysis presented in Table I indicates that the existing models capture 
different facets of the assimilation phenomenon, with each model emphasizing a specific 
governing mechanism. The diffusion model primarily addresses the kinetics of assimilation 
through mass transfer considerations, making it suitable for understanding the rate-controlling 
steps during early-stage reactions. In contrast, the sinter-block densification model focuses on the 
structural evolution of the sinter matrix, linking melt formation to strength development and 
heterogeneity within the bed. 

Thermodynamic approaches, such as the depolymerized iron-rich melt model and the latent 
heat-based model, provide insight into melt formation and phase equilibria, highlighting the role 
of chemical composition and energy balance in governing assimilation. However, these models 
are often limited in capturing transient and non-equilibrium conditions typical of industrial 
sintering processes. 

A key observation from this comparison is that no single model comprehensively describes 
assimilation, as the phenomenon is governed by a complex interplay of kinetics, thermodynamics, 
and structural evolution. Therefore, an integrated approach combining diffusion-driven kinetics, 
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thermodynamic melt formation, and structural densification is essential for a more realistic 
representation of assimilation behavior in industrial sintering. 

While all of the above theories capture assimilation qualitatively, quantification is essential in 
order to optimize processes.   
4.Conclusions 
The present review leads to the following key conclusions: 
1. Assimilation is a critical early-stage reaction governing sinter quality and process efficiency. 
2. High alumina ores adversely affect assimilation through changes in melt properties and fluidity.  
3. Diffusion models effectively describe kinetic aspects but are limited under industrial variability. 
4. Thermodynamic models provide insight into melt formation but often neglect kinetics and scale 
effects.  
5. No single model fully explains assimilation; integrated thermo-kinetic approaches are required.  
6. Future work should focus on combining modeling with advanced characterization techniques 
for better predictability. 
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Abstract:Structure-property-processing remains an integral feature of metallurgical and material 
science design engineering. Agentic AI uses advanced large language models to access online 
literature to give estimates of properties based on composition , thus having a deep impact on 
performance estimation.Initial trials have revealed two such success cases. This has brought down 
the cost of trials, lab experiment costs and KPIs improvement of parameters such as service 
temperarure to the tune of 1.2 Cr 
Introduction 
Thermal conductivity estimation is a huge black-box in the refractory industry due to the expensive 
and complex nature of high temperature experiments to establish it. An effort was made to use 
LLMs(Large Language Models) to access online literature to build a relationship between 
chemistry, grain size and thermal conductivity. In Tata Steel, third parties typically have different 
refractory grades for certain applications. So this model, helps in assessing the thermal 
conductivity of those refractories. 

Recent literature indicates a strong shift toward artificial intelligence and agentic frameworks 
for materials design, enabling autonomous decision-making, adaptive optimization, and 
accelerated discovery pipelines in refractory and high-temperature materials research [1–4]. 
Machine learning models have been extensively applied for predicting thermo-mechanical 
properties, wear, corrosion resistance, and phase stability of refractory ceramics and refractory 
high-entropy alloys, demonstrating significant accuracy improvements over traditional empirical 
approaches [5–10]. Data-driven and multi-objective optimization strategies, including neural 
networks, ensemble learning, and physics-informed AI, have further enhanced compositional 
design and performance targeting under extreme service conditions [11–16]. More recent studies 
highlight the emergence of agentic and multi-agent AI systems, integrating large language models 
with materials databases and simulations, marking a transition toward autonomous and self-driving 
refractory design workflows [17–20] 
Framework: 
The framework was construed as a combination of computational thermodynamics and 1st 
principle models to constitute the composition-property-performance framework for refractories 
in this case. The objective was two-fold: a) Given the composition , what would be the performance 
of a refractory b) Given the performance what could be the combination of refractories that can be 
used.(Fig.1.) A typical detailed prompt to get a narrowed down answer is shared (Fig.2.) and how 
the input/output response for an answer looks like is shared as well(Fig.3.). 
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Fig.1: Framework for refractory simulator 

 
Fig.2: A typical LLM based prompt for user input 

 
Fig.3: A typical LLM based input/output with relevant literature sources 
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Findings: 
Various trials with respect to web grounding, temperature and model settings were tried and the 
results are shared (Fig.4.) 

 
Fig.4: Trials and observations on different model settings 

 
In addition to that an analysis on knowledge retrieval bias was done as a qualitative(semi-

quantitative) estimate (Fig.5.) with regards to knowledge density on certain aspects of refractory 
literature. 

 
Fig.5: Knowledge retrieval bias : Qualitative estimate of data quality  

  



Processing and Characterization of Materials – ICPCM 2025 Materials Research Forum LLC 
Materials Research Proceedings 65 (2026) 8-14   https://doi.org/10.21741/9781644904138-2 

 

 
11 

The study involved multiple controlled trials to understand the behaviour of the agentic AI 
framework under varying configurations of web retrieval and model parameters. The objective of 
this phase was not to validate accuracy, but to identify the operational characteristics and 
sensitivities of the system. 

A series of experiments were conducted by varying LLM parameters such as temperature, 
prompt structure, and retrieval depth (Fig. 4). It was observed that: 
Temperature sensitivity: 
Lower temperature settings produced more deterministic and consistent outputs, whereas higher 
temperature values increased variability in predictions. However, higher temperatures 
occasionally enabled broader exploration of literature, improving contextual richness. 
Prompt structure dependency: 
Well-defined prompts with explicit constraints (composition ranges, temperature conditions, 
property definitions) significantly improved the relevance and precision of retrieved information. 
Generic prompts led to scattered and less reliable outputs. 
Retrieval depth influence: 
Increasing the number of retrieved sources improved the diversity of information but also 
introduced noise. An optimal balance between retrieval depth and filtering was necessary to ensure 
meaningful outputs. 

In addition, a qualitative (semi-quantitative) assessment of knowledge retrieval bias was carried 
out (Fig. 5). It was found that: 

A)Refractory systems with high literature density (e.g., commonly used alumina-based 
systems) yielded more consistent and narrow prediction ranges. 

B)Less-documented compositions resulted in wider prediction bands, indicating lower 
confidence due to sparse data availability. 

These findings highlight that the performance of agentic AI systems in materials science is 
strongly dependent on prompt engineering, parameter tuning, and underlying knowledge 
distribution. 
Results 
A retrieval search was done on 2 different bricks . The LLMs predicted range consisted of the 
actual values (Fig.6) .To augment accuracy , in future 2 measures were undertaken a) A preloaded 
dataset with machine learning model capabilities to predict thermal conductivity b) A 4 tiered web 
retrieval structure to give accurate readings(Fig.7.). 

 

Fig.6: Actual vs predicted values 
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Fig.7: A 4-tiered web retrieval search for accurate thermal conductivity estimate 

To evaluate the effectiveness of the proposed agentic AI framework, retrieval-based predictions 
were carried out on two industrial refractory brick compositions. The objective was to assess 
whether large language models (LLMs), supported by structured web grounding, could reliably 
estimate thermal conductivity values within a realistic operating range. 

The predicted thermal conductivity values obtained from the LLM-based system were 
compared against experimentally measured values (Fig.6). It was observed that, in both cases, the 
predicted ranges successfully encompassed the actual measured values. This indicates that the 
framework is capable of generating bounded and practically relevant estimates, even in the 
absence of explicit experimental input. Such performance is particularly significant given the 
inherent variability in refractory materials due to differences in grain size distribution, porosity, 
and phase composition. 

A key observation from the trials was that model configuration parameters, including 
temperature settings and retrieval depth, had a notable impact on prediction consistency. Lower 
temperature settings resulted in more deterministic and reproducible outputs, whereas higher 
temperatures introduced variability but occasionally improved the breadth of retrieved knowledge. 
This highlights the need for controlled tuning of LLM parameters depending on whether precision 
or exploratory insight is prioritized. 

Further, the study identified the presence of knowledge retrieval bias, as illustrated (Fig.5). 
Certain refractory systems and compositions exhibited higher representation in available literature, 
leading to denser and more reliable predictions. Conversely, less-documented compositions 
resulted in wider prediction ranges, reflecting lower confidence. This semi-quantitative assessment 
underscores the importance of data availability and distribution in influencing LLM-driven 
materials prediction. 

 
To address these limitations and improve predictive accuracy, two key enhancements were 
proposed: 

1)Integration of a Preloaded Dataset with Machine Learning Models 
A curated dataset of refractory compositions and corresponding thermal properties can be used 

to train supervised machine learning models. This hybrid approach combines the contextual 
reasoning of LLMs with the numerical precision of data-driven models, thereby reducing 
uncertainty in predictions. 
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2)Implementation of a Four-Tier Web Retrieval Architecture 
A structured retrieval pipeline was developed (Fig.7), consisting of: 
A)Primary literature sources 
B)Secondary aggregated databases 
C)Domain-specific repositories 
D)Filtered high-confidence references 

 
This multi-layered approach ensures that retrieved information is both relevant and reliable, 
improving the robustness of the final prediction. 

Overall, the results demonstrate that the proposed agentic AI framework can serve as a 
practical decision-support tool for estimating thermal conductivity in refractory materials. While 
the current approach provides reliable range-based predictions, ongoing improvements in data 
integration and retrieval strategies are expected to enhance accuracy further and enable more 
precise composition-property mapping. 
Way forward 
Linkage of thermal conductivity to performance occurs through analysis of thickness loss vs 
temperature , to estimate either of them based on sensors availability leading to improvement in 
campaign life and other key performance indicators (Fig.8.) An estimated benefit of 2.1 cr for 
steel, trough and DRI kiln refractories has been estimated. The potential benefit on a daily basis is 
also shared(Table 1.). 

 
Fig.7: Structure-property-performance linkage 

Table1: Estimate of the profit of establishment of the technology 

Feature What it means Profit to the Company 

Fast & Accurate Thermal 
Conductivity Prediction 

From only compositional input Saves 2–6 weeks of lab 
testing per material 

Low-Risk Refractory Design & 
Selection 

Suggests best refractory for e.g. 
specific DRI zone (shaft, bustle, 
transition, discharge)  

Helps prevent furnace 
shutdowns (₹50 lakhs–₹2 
crores/day loss) 
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Abstract. Tata Steel, Meramandali faces severe clogging issues due to which tube change at the 
nozzle occurs at a frequency of 2 heats. A need for prior intimation to the operator of clogging in 
IF grade heats (Interstitial free) was required. An anomaly detection system was developed which 
consisted of exponentially weighted moving average coupled with moving average-standard 
deviation resulting in 98% accuracy due to composite signal processing arising from dual 
thresholding causing a benefit of 1.43 Cr due to increase in tube change frequency from 2 heats to 
3 heats 
1. Introduction 
Nozzle clogging in continuous casting is a persistent and critical issue affecting process stability, 
productivity, and product quality in steel manufacturing. The problem is particularly severe in the 
casting of interstitial-free (IF) steels, where the interaction between inclusions, steel chemistry, 
and thermal conditions promotes deposition within the submerged entry nozzle (SEN). Progressive 
clogging leads to flow restriction, unstable mold conditions, and frequent operational interventions 
such as nozzle flushing or tube changes. 

In industrial practice, clogging is typically inferred indirectly through process signals such as 
stopper rod position and casting speed. An increase in stopper opening under stable casting 
conditions often indicates growing flow resistance due to clogging. However, these signals are 
inherently noisy and influenced by multiple interacting factors, including control system 
adjustments, superheat variations, and transient disturbances. As a result, distinguishing true 
clogging behavior from normal process variability remains a significant challenge. 

Extensive research has been conducted on SEN clogging mechanisms, including mathematical 
modeling, inclusion chemistry analysis, and computational fluid dynamics studies. More recently, 
data-driven and machine learning approaches have been explored for clogging prediction. While 
these studies provide valuable insights, most of them are either offline in nature, 
computationally intensive, or lack interpretability for real-time industrial deployment. In 
addition, many approaches do not adequately address the challenge of signal noise and transient 
fluctuations, leading to unreliable or excessive alarm generation. 

Another important limitation in current industrial practice is the lack of a quantifiable and 
reliable framework for evaluating flushing effectiveness. Flushing is widely used as a 
mitigation strategy; however, its success depends on dynamic process conditions and operator 
judgment. Without a robust detection system, flushing actions are often reactive rather than 
proactive, resulting in suboptimal tundish utilization and increased operational cost. 
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Research Gap: 
There is a need for a real-time, robust, and interpretable anomaly detection framework that can: 

A)Accurately detect early-stage clogging under noisy industrial conditions 
B)Differentiate between transient (micro-level) fluctuations and sustained (macro-level) 

clogging trends 
C)Provide reliable and actionable alarms aligned with operator decision-making 
D)Enable quantification and improvement of flushing effectiveness 

 
Objective of the Study: 
In this work, a composite anomaly detection model is developed by integrating exponentially 
weighted moving average (EWMA) with volatility-based adaptive thresholding. The model 
operates on real-time process signals and incorporates domain-specific constraints such as casting 
speed stability to improve detection reliability. The primary objective is to provide early and 
accurate clogging indications, thereby enabling proactive flushing actions and improving tundish 
performance. 

The proposed approach is implemented and validated in an industrial continuous casting 
environment at Tata Steel, Meramandali. The effectiveness of the model is evaluated in terms of 
detection accuracy, alarm quality, and operational impact, particularly the increase in heats per 
tundish from 2 to 3. 
 
2. Data analysis on parameters 
SHAP analysis(shapley values) is done for feature importance on parameters used.(Fig.1) 

 
Fig.1 : Feature importance of 2 critical parameters 

Superheat (median) is most important .The absolute superheat run at matters more than anything 
else. The model is keying on the setpoint level, not just its noise. Likely effect is that too low leads 
to clogging risk and “burst-like” flush events (high peak density but short-lived). Adequate/high 
leads to smoother flow, fewer peaks. So the action is to revisit the superheat target by grade. 
Tighten target windows by grade. Std and var refer to standard deviation and variance. 
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3.Methodology: Formulation of the Clogging Detection Model 
3.1 Data Acquisition and Temporal Resolution 
Let S(t) denote the stopper rod position and V(t) the casting speed, sampled at discrete time instants 
tk with a fixed interval Δt = 6 s. For each heat h, the model operates independently and maintains 
a rolling buffer of the most recent N = 1000 samples. An initial historical backfill of 60 minutes is 
used to establish sufficient temporal context prior to online evaluation. 
3.2 EWMA Smoothing of Stopper Position 
The raw stopper position signal is smoothed using an exponentially weighted moving average 
(EWMA): 
S̄(tk) = α S(tk) + (1 − α) S̄(tk−1), where α = 0.1. 
3.3 EWMA Slope as the Primary Trend Indicator 
The temporal trend of the smoothed stopper position is evaluated using a first-order discrete 
difference: 
ΔS̄(tk) = S̄(tk) − S̄(tk−1). 
3.4 Volatility-Based Regime Classification 
Stopper position volatility is quantified using a rolling standard deviation over a window of W = 
50 samples. A stable regime is defined when σ ≤ 1.0, otherwise the regime is classified as volatile. 
3.5 Adaptive EWMA Slope Thresholds 
Regime-dependent thresholds are applied: 
Rstable = 0.005 for stable regime, 
Rvolatile = 0.5 for volatile regime. 
A rising trend is identified when ΔS̄(tk) > R. 
3.6 Casting Speed Stability Gating 
Casting speed stability is evaluated using: 
ΔV(tk) ≤ 0.002, 
|V(tk) − V(tk-30)| ≤ 0.005, 
σ(v) ≤ 0.0015. 
If any condition is violated, trend evaluation is suspended. 
3.7 Consecutive Trend Accumulation and Alarm Logic 
A counter C(tk) tracks consecutive valid rising trends. A clogging alarm is generated when C = 2, 
and a flushing alarm when C = 4. 
Conceptual Interpretation 
The clogging detection model is formulated as a deterministic, rule-based framework derived 
from real-time operational signals in continuous casting. Similar process-based approaches for 
submerged entry nozzle (SEN) clogging detection have been widely reported in the literature [1–
3]. The use of stopper rod position and casting speed as primary indicators is well established in 
both experimental and industrial studies [4–7]. 

Stopper position signals are smoothed using an exponentially weighted moving average 
(EWMA), a technique commonly applied in industrial process monitoring to enhance signal 
robustness [8,9]. Trend-based evaluation using EWMA slopes has been shown to be effective for 
early anomaly detection in continuous processes [10,11]. 

To improve detection reliability, the model incorporates volatility-based regime classification 
and adaptive thresholds, concepts consistent with earlier studies on SEN clogging under transient 
and noisy operating conditions [12–14]. Casting speed stability is explicitly enforced to decouple 
control-induced stopper movements from clogging-related trends, following principles reported in 
prior casting control and clogging-detection literature [15–17]. 
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Finally, the use of consecutive trend persistence for alarm generation aligns with established 
practices in industrial alarm management and process diagnostics, ensuring suppression of 
spurious alarms while retaining early detection capability [18–20]. 
4. Results 
An anomaly detection system was developed which consisted of exponentially weighted moving 
average coupled with moving average-standard deviation resulting in 98% accuracy due to 
composite signal processing arising from dual thresholding. (Fig.2 and Fig.3). In Figure 2, the 
model was capturing micro and macro clogging and only macro clogging in Figure 3.  

 
 Fig.2. Before scenario : Macro and micro clogging captured (hence many alarms) 

 
Fig.3. After scenario : Macro clogging captured(only 3 alarms) 
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The developed anomaly detection system integrates exponentially weighted moving average 
(EWMA) with volatility-based thresholding to identify clogging events under real-time casting 
conditions. The model was validated using historical plant data across multiple heats, covering a 
range of steady-state and transient operating regimes. 

The system achieved an overall detection accuracy of 98%, demonstrating high reliability in 
identifying clogging events while minimizing false alarms. This performance is attributed to the 
composite signal-processing framework, where EWMA-based trend detection is coupled with 
volatility-driven adaptive thresholds to enhance robustness under noisy industrial conditions. The 
model also exhibited strong classification performance, with precision and recall both exceeding 
95%, indicating minimal false positives and missed detections across varying casting conditions. 
A key outcome of the proposed approach is its ability to differentiate between micro-level 
fluctuations and macro-level clogging trends, which is critical for practical deployment. 

Figure 2 illustrates the baseline detection behavior, where both micro and macro variations in 
stopper position contribute to alarm generation. These micro-level fluctuations are primarily 
driven by inherent process noise, control system adjustments, and short-term thermal variations. 
As a result, a large number of alarms are generated, many of which do not correspond to actual 
clogging progression. This reduces operator confidence and may lead to alarm fatigue. 

In contrast, Figure 3 demonstrates the refined detection output after incorporating volatility-
based regime classification and adaptive thresholding. In this case, only sustained and significant 
trends associated with macro clogging are detected. The number of alarms is reduced to three, all 
of which correspond to genuine clogging events requiring operator intervention. This highlights 
the model’s ability to filter out noise while preserving sensitivity to critical events. 
The improvement can be directly attributed to three key mechanisms: 

A) EWMA smoothing, which reduces high-frequency noise in stopper position signals 
(EWMA : Exponentially weighted moving average) 

B) Regime-based threshold adaptation, which dynamically adjusts sensitivity under stable 
and volatile conditions 

C) Consecutive trend accumulation, which ensures that only persistent deviations trigger 
alarms 

Together, these mechanisms enable the system to achieve a balance between early detection 
and alarm reliability, which is essential in continuous casting environments. 

From a process perspective, the model effectively captures the underlying physical 
phenomenon of clogging, where gradual flow restriction leads to sustained increases in stopper 
position under stable casting speed conditions. By explicitly incorporating casting speed stability 
as a gating condition, the model avoids false detections arising from control-induced variations. 

Operational implementation of the model resulted in a significant improvement in tundish 
performance. The average tube change frequency increased from 2 heats to 3 heats, representing 
a 50% improvement in tundish life. This directly translates to reduced operational interruptions, 
improved casting continuity, and enhanced process efficiency. 

In addition, the system enables proactive decision-making by providing early-stage clogging 
indications. Operators can initiate flushing actions before severe clogging occurs, thereby 
preventing unplanned stoppages and maintaining stable casting conditions. 

Overall, the proposed framework demonstrates that combining signal-processing techniques 
with domain-specific constraints can yield a practical, interpretable, and high-performance 
solution for real-time clogging detection in industrial continuous casting processes. 
Conclusions 
A robust anomaly detection framework for nozzle clogging was developed using EWMA-based 
trend analysis and adaptive thresholding. The model achieved 98% accuracy with precision and 
recall exceeding 95%, effectively distinguishing true clogging events from noise. Its 
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implementation enabled proactive flushing, increasing tube life from 2 to 3 heats (≈50% 
improvement) and delivering measurable operational benefits. The approach provides a practical 
and interpretable solution for real-time industrial application. A benefit of 1.43 Cr due to increase 
in tube change frequency from 2 heats to 3 heats resulting in more heats per tundish. 
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Abstract. The study investigated the material properties of White Cement (WC) composites 
reinforced with Coconut Fibre (CF) (5%, 10%, 15%, 20% by weight) and Polyvinylidene fluoride 
(PVDF) (5%, 10% by weight) for prospective application in acoustic and transducer insulation. 
The composites were prepared by direct mixing of white cement, water, and coconut fibre (stirred, 
molded, and cured for 24 hours) and by dissolving PVDF in Dimethylformamide (DMF) by means 
of a magnetic stirrer before mixing with white cement. Coconut fibre enhances the toughness and 
crack resistance of cement. Studies indicate that increased coconut fibre concentration improves 
acoustic absorption. However, high concentrations (>10%) may lead to reduced workability and 
lower mechanical strength due to fiber agglomeration and weak inter-transition zones. PVDF acts 
as a piezoelectric component, which is valuable for transducers. Integration PVDF with white 
cement allows for the growth of smart, flexible piezo-composites with fine acoustic impedance 
matching. The stress and strain graphs  by UTM (Universal testing machine) likely show enhanced 
post-cracking ductility and toughness with coconut fiber, whereas PVDF composites show 
improved flexibility. The addition of fiber generally increases the toughness but may slightly 
decrease the overall surface hardness compared to pure cement. SEM (scanning electron 
microscope) analysis would typically disclose the bonding between the coconut fiber and cement 
matrix (showing good adhesion or voids) and the distribution of PVDF in the matrix.  
Introduction 
Research on the mechanical and piezoelectric characteristics of composites involving 
Polyvinylidene Fluoride (PVDF), white cement, and natural reinforcements like coconut fibre aims 
to enhance the strength and performance of active transducers. PVDF,  is having high piezoelectric 
coefficients, low dielectric loss, and flexibility. PVDF with cement form 0-3 type 
composite. Adding coconut fibre to cement-based composites improves their mechanical strength, 
specifically enhancing toughness, ductility, and impact resistance. It gives better performance in 
harsh conditions. 

The intent of current work is to study about mechanical characteristic of piezoelectric material 
viz. Polyvinylidene Fluoride (PVDF) composite with white cement. Reinforcement restrict post 
ductility of composite[1]. Reinforcement restricts the post-yield ductility of composites primarily 
through mechanisms that enhance strength and stiffness at the expense of deformation capacity 
such as matrix constraint, high load transfer to brittle reinforcements, and strain localization. It has 
been  studied mechanical characteristic of white cement and coconut fibre composite with the 
intention to seek out the possibilities of strength improvement of piezoelectric material due to 
addition of coconut fibre. Coconut fibre with different proportion is being mixed [2].Fibre retard 
development of cracks in composite[3]. So that it can be used in harsh and hostile conditions. 
Impact resistance is being increased[4].There are several transduction phenomenon which are 
being used to make a transducer but it is always recommended to use a transducers which are 
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active in nature since these transducers do not need any external power source for their working. 
Impact resistance increases due to addition of coconut coir fibre with cement [5,6].Coconut coir is 
environmentally free and inexpensive [7].Mechanical strength varies with size and shape of 
fibre[8].Fly ash improve the strength of cement[9,10].Coconut fibre is strong, flexible and durable 
strands[11,12]. Coconut and jute fibre improves impact resistance of cement [13]. One of the 
potential alternatives is the incorporation of natural fibers into the cement matrix, replacing 
synthetic fibers and steel. These fibers can reduce production costs by enhancing the tenacity, 
lightness, mechanical strength, impact resistance, and biodegradability of cement-based 
composites. The matrix distributes part of the load to the fibers during loading before any cracks 
appear [14].Due to above mentioned reason it has been focused on piezoelectric material because 
piezoelectricity is an active phenomenon. Due to ability to withstand curing process of cement, 
PVDF-Cement composite is being used to create smart ,self-powered sensors embedded directly 
into structure. The coconut coir fibre-cement composite is being used as ecofriendly construction 
material, which improve crack resistance in cement. It is mainly used in acoustic insulation and 
low cost green building construction. 
Methodology 
It has been concerned about mechanical characteristics of composite of Polyvinylidene fluoride 
and white cement and composite of coconut fibre and white cement. So, to know about mechanical 
characteristics of these material sample has been made in cylindrical shape and tested these sample 
on Universal testing machine and Rockwell hardness tester. Sample of coconut fibre and white 
cement has been prepared by mixing the coconut fibre and white cement properly in a small 
container then 40% water added. After adding water the sample has been mixed with the help of a 
stirrer, after mixing the sample poured in the mould for aging. After 24 hours the sample has been 
taken from the mould and tested these sample on Universal testing machine and Rockwell hardness 
tester. Sample of PVDF and white cement composite prepared with the help of magnetic stirrer 
and ultrasonic vibrator . 

Three gram Polyvinylidene fluoride were dissolved in 40ml Dimethylformamide (DMF) 
solvent with the help of ultrasonic vibrator and magnetic stirrer. The whole mixing process took 
47 minute on ultrasonic vibrator and 30 minute on magnetic stirrer. After dissolving PVDF in 
DMF solvent it has been added this solution to 27g white cement and stirred it properly for several 
minute to mix it properly, then poured the material into moulds to make two sample of similar 
kind. Then it was left the sample for 72 hours for binding and forming a solid composite of PVDF 
and White cement. Another 1.5g Polyvinylidene fluoride were dissolved in 40ml 
Dimethylformamide (DMF) solvent with the help of same equipment. This time the whole mixing 
process took 50 minute on ultrasonic vibrator and 12 minute on magnetic stirrer. After dissolving 
PVDF in DMF it use this solution in 28.5g white cement and mixed it properly with the help of 
stirrer, then poured the sample in mould and left it for 72 hours. For the purpose of evaluation of 
strength it is made a sample of pure white cement. For 5% sample it took 2.5g coconut fibre and 
47.5g white cement and mixed it in dry state for better dispersion of coconut fibre in white cement. 
Then it has been added 20ml of water and again stirred the sample properly after mixing the sample 
properly poured the material into the mould and left for 22 hours. After 22 hours samples were 
ready for testing. It was repeated the process for 10%, 15% and 20% samples. 
Results and Discussion 
In figure1. with addition of PVDF compressive strength of composite were reduced but brittleness 
were completely eliminated. For detection of compressive strength universal testing machine 
(UTM ) is being used. In the result 5% PVDF composite has least compressive strength which 
means there is effect of concentration of solution of PVDF and DMF. Curves of 5% and 10% 
samples are most near to elastic plastic with strain hardening. As it can be  observed that stress 
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increased very rapidly with slight increment of strain. It can be concluded from result that 
brittleness of material is removed because there is no fracture in sample having PVDF content. 

 
Figure 1.Comparison among 0%, 5% and 10% PVDF in white cement composite 

In figure2. The addition of coir fibre initially reduces the compressive strength of white cement, 
with the impact being more harsh at lower value. At 20%  the compressive strength increases 
again, signifying that high amounts of coir fibre have a less harmful effect on strength compared 
to small amounts. The composite performance shifts from brittle to ductile as the coir fibre content 
increases. While 0%, 5%, and 10% samples show a distinct fracture point (brittle failure), the 15% 
and 20% samples lack a specific fracture point, indicating that increased fiber content reduces 
brittleness and can almost eliminate it. The stress-strain curves for the 15% and 20% samples are 
closer to an elasto-plastic material with strain hardening. The sudden increase in stress after 
1.2mm/mm of strain in these samples confirms that the addition of higher amounts of coir fibre 
induces strain hardening. With 10% coir clustering of fibers tends to occur, resulting in a weak 
zone and increased porosity.With15% coir  high concentrations hinder proper compaction of the 
cement mix. With 20% coir despite higher strength than intermediate samples, this high dosage 
leads to increased porosity. 
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Figure 2. comparison of 0%, 5%, 10%, 15% and 20% coir Fibre and White cement composites 

In figure3.hardness of pure white cement is more than composite of PVDF and White cement 
,which means addition of PVDF in White cement reduces its hardness. Hardness is being measured 
using Rockwell hardness tester. With 10% PVDF porosity decreases with increase in hardness. It 
has been found that hardness is less for 10% PVDF as compared to pure white cement. Hardness 
test is crucial material ability to withstand structural loads without fracture during its use as sensor. 

 
Figure 3. Comparison of hardness of PVDF and White cement composite 
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From figure4. Based on the analysis of coir fiber-reinforced cement composites, the addition of 
natural fibers generally reduces the hardness of the matrix due to increased porosity. The 10% 
sample exhibits the least hardness, because the high volume of fiber requires additional water to 
maintain workability, resulting in increased voids (capillary pores) upon curing. Excess water and 
increased fiber content avert proper densification of the matrix, creating more voids, which 
appreciably lowers the compressive and surface hardness properties. While coir fibers can improve 
impact strength and ductility, they frequently decrease compressive strength and hardness 
compared to pure cement paste, particularly when the fiber content is high (e.g., above 1.5–2.5%. 

 
Figure 4. Comparison of hardness of Coir fibre and White cement composites 

Figure5.(a) shows SEM for pure PVDF sample[15-17].SEM is used to measure morphology 
for fracture  surface of composite. In figure5.(c) 10% sample grain and grain boundaries are less 
visible and shows small grain ,grain boundaries. In figure 5(b) 5% sample grain and grain 
boundaries are clearly visible i.e. prominent grain and grain boundaries. Cement grains are settled 
down in PVDF due to high density of cement. The cement grains slow down within the PVDF 
matrix due to the high density of the cement compared to the polymer matrix. This interpretation 
implies that increasing the cement content (from 5% to 10%) changes the fracture morphology 
from a distinct grain structure to a more indistinct/packed structure due to the filler distribution. 
Scanning Electron Microscopy (SEM) is essential for PVDF-reinforced white cement composites 
to visualize filler dispersion, interfacial bonding, and pore filling, directly impacting piezoelectric 
performance and acoustic impedance. It validates microstructural integrity, crucial for optimizing 
transducer sensitivity and detecting voids that degrade acoustic applications. 
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Figure 5.(a). SEM result of pure PVDF 

 
Figure 5.(b).SEM result of pure 5% PVDF in white cement 

 
Figure 5.(c).SEM result of pure 10% PVDF in white cement 

Conclusions 
Based on the study described, the exploration of Polyvinylidene fluoride (PVDF)/white cement 
and coconut fiber/white cement composites for transducers and structural health monitoring 
(SHM) sensors indicates a transaction between sustainability and mechanical strength. Both 
composite types (PVDF/white cement and coconut fiber/white cement) showed a reduction in 
compressive strength compared to pure white cement. Contrary to general strength reduction, 
within the coconut fiber and white cement composites, higher amounts of coconut fiber resulted 
in higher compressive strength compared to samples with lower fiber amounts. The hardness of 
all composites was reduced upon the addition of either PVDF or coconut fiber. Scanning Electron 
Microscopy (SEM) was used to analyze the bond quality and distribution of PVDF fibers within 
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the composite matrix. Coconut fiber introduces environmental sustainability to the sensors. While 
strength decreases, the inclusion of organic fibers like coconut can improve toughness, whereas 
PVDF is known for its excellent piezoelectric properties in sensor applications. 
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Abstract. This study focuses on the surface modification of hemp fibres through alkali-based 
chemical treatment using sodium hydroxide (NaOH), potassium hydroxide (KOH), and sodium 
bicarbonate (NaHCO3). The influence of chemical treatments on the flexural, short beam shear, 
and thermo-mechanical behaviour of hemp fibre-reinforced epoxy composites was systematically 
investigated. The chemical treatment improved the interfacial adhesion between the fibre and the 
epoxy matrix, as later underscored by the enhanced flexural and short-beam shear performance. 
The flexural strength of composites fabricated using NaOH-treated, KOH-treated, and NaHCO3-
treated hemp fibres is higher by ~4%, ~15%, and ~26%, respectively, than untreated hemp/epoxy 
composites. Similarly, the flexural modulus of composites fabricated using NaOH-treated, KOH-
treated, and NaHCO3-treated hemp fibres increased by 16%, 18%, and ~32%, respectively. When 
compared to untreated hemp/epoxy, the interlaminar shear strength of composites fabricated using 
NaOH-treated, KOH-treated, and NaHCO3-treated hemp fibres was higher by ~12%, ~18%, and 
~29%, respectively. Topography of the hemp fibre observed during scanning electron microscopy 
revealed rougher hemp fibres surfaces free of impurities. The FTIR analysis further confirmed the 
removal of hemi-cellulose. 
Introduction 
Lignocellulosic fibres have gained popularity in recent decades as reinforcements in both 
thermoplastics and thermosets due to their promising properties, such as low density, wide 
availability, biodegradability, recyclability, and high polymer wettability. Furthermore, in contrast 
to synthetic fibres like glass, carbon, and Kevlar, these fibres are renewable and have a CO2-neutral 
life cycle. Ligno-cellulosic fibres can be collected from several parts of the plant, but they are most 
obtained from the leaves (date palm, banana, sisal, etc.) or the bast. Bast fibres, particularly flax, 
hemp, and kenaf, are regarded as the most promising due to their characteristics and availability. 
They have similar morphologies and can have similar functions in the composite. Hemp fibre 
primarily consists of cellulose, hemicellulose, lignin, and pectin. The physical characteristics of 
the fibre mainly depend on these contents. Cellulose is the most rigid and strongest organic 
component of the hemp fibre [1]. Hemp fibre’s high tensile strength, stiffness, high aspect ratio 
(length/diameter ratio), and lower density make it ideal for reinforcement in composite structures. 
However, similar to other natural fibres, they have drawbacks such as uneven and rough surfaces, 
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variable properties, and low resistance to water absorption and degradation [2]. As the matrix is 
hydrophobic, the hydrophilic nature of hemp fibre, due to the presence of wax and pectin, limit an 
efficient reaction with the epoxy thermoset, preventing the reinforcement and matrix from bonding 
more effectively[3]. As a result of this  weak interface, the mechanical characteristics of 
hemp/epoxy composites were reduced [4], [5]. So, the surface of hemp fibres is modified through 
various chemical treatments like alkali, silanization, benzoylation, and acetylation. These 
treatments decrease the fibres' affinity for water and lower the cellulose crystalline index, which 
enhances their compatibility with the polymer matrix, mechanical properties, and dimensional 
stability. Alkaline treatment (or mercerization) is one of the most commonly used low-cost 
alternatives compared with other treatments, such as acetylation and silanization. This treatment 
transforms hemp fibre morphology through a controlled chemical process where solution breaks 
the fibre bundles into smaller fibrils by dissolving hemicellulose and lignin. Several factors 
influence the effectiveness of alkaline treatment, with the type and concentration of the alkaline 
chemical being the most critical.  
Materials 
The hemp fabrics and epoxy resin were used respectively as the reinforcing and matrix 
components. Plain-woven hemp fabrics were sourced from Go Green Products, Chennai. The 
epoxy resin, Diglycidyl ether of bisphenol-A, was procured from Atul Industries, Gujarat, along 
with the curing agent, Triethylene tetramine. To pre-treat the hemp fabrics' surface, Sodium 
Hydroxide (NaOH), Potassium Hydroxide, and Sodium bicarbonate (NaHCO3) pellets, of molarity 
40M, were sourced from “Merck Life Science Pvt Ltd, Mumbai. 
Surface Treatment of Hemp fabrics 
Surface treatment of hemp fabrics was done using a 5% (w/w) solution of NaOH, where water and 
ethanol were mixed in an 80:20 volumetric proportion. The solution was agitated at room 
temperature for 1 hour. Later, hemp fibre fabrics were immersed in a previously prepared 5% 
NaOH solution. After immersion of the hemp fabrics in NaOH solution, they were left undisturbed 
for 3 hours. The soaked hemp fabrics were washed several times with tap water to remove any 
residual NaOH groups on the fibre surfaces. Drying of the treated samples was done first by 
keeping them in air at room temperature for a total of 12 hours. Later, they were dried in a hot-air 
oven at 100°C for a total of 6 hours. After complete evaporation of water content in samples, they 
were packaged in plastic bags that are afloat in nature. This was done to avoid absorbing moisture 
present in atmospheric conditions.  

 
Fig 1. Schematic illustrating the alkaline treatment process of hemp fibres. 
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The same procedure was repeated with other chemicals, KOH and NaHCO3. Figure 1 illustrates the alkaline treatment 
process followed for hemp fibres. The NFRP composites fabricated using untreated, NaOH-treated, KOH-treated, and 
NaHCO3-treated hemp fibres were mentioned as UTHE, NaOH HE, KOH HE, NaHCO3 HE, respectively. 

Experimental characterization 
Using universal testing machine (Make& model: Instron 5967), the flexural test were conducted 
according to the ASTM standard D7264, and short beam shear (SBS) tests were conducted by 
adhering to the ASTM standard D2344 for all treated and untreated hemp/epoxy composites. A 
Fourier-transform infrared spectrometer (Make & model: Shimadzu IR P-21) was employed to 
examine the chemical changes in hemp fibre after chemical treatment. Topography and 
fractography were conducted for both treated, untreated fibres, and composites respectively using 
a field emission scanning electron microscope (Make & model: FEI Novanano SEM 450). 
Results and discussion 
Figure 2 depicts the peak intensity and corresponding groups of infrared spectra from hemp fibres 
treated with NaOH, KOH, and NaHCO3. The O-H stretching band assigned to 3325 cm-1 for 
untreated fibres showed a slight shift and a large difference in intensity for treated fibres. This 
demonstrates a reduction in hydrogen bonding in cellulose hydroxyl groups, which results in a 
decrease in hydrophilic behavior. The absence or drop in intensity of the primary hemicellulose 
(1724 cm-1) showed a decrease in non-cellulosic content. 

 
Fig 2. FTIR spectra of untreated and alkali-treated hemp fibre fabrics 

Effect of Alkaline treatment on flexural properties 
Fig. 3 illustrates the variation in flexural properties across different surface-treated NFRP 
composites. The flexural stress versus strain curves for untreated hemp, 5% NaOH, 5% KOH, and 
5% NaHCO3-treated hemp/epoxy composites is shown in Fig. 3(a). The flexural strength of the 
NaHCO3 HE was found to be higher than that of the other composites. The flexural strength and 
modulus of composites fabricated using NaHCO3-treated hemp fibres are higher by ~26% and 
~32%, respectively, than untreated hemp/epoxy composites. This results from the removal of 
hemicellulose and surface impurities, such as wax, and might significantly increase surface 
roughness compared to other treatments. The microfibrils became more efficient at densely 
reorienting, leading to closer packing of the cellulose chains and improved fibre strength and 
flexural properties. According to Das et al. [6], alkaline and sodium bicarbonate treatment 
increased flexural strength by 18% and 33%, respectively, for 9% concentrated solutions. While 
NaOH treatment caused fibre degradation, NaHCO3 treatment eliminated the hemicellulose and 
wax from the fibre. 
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Fig 3. (a) Flexural stress-strain relationship (b) Flexural strength of different composites (c) 

Flexural modulus of different composites. 
Effect of Alkaline treatment on ILSS properties 
Fig. 4 illustrates the variation in interlaminar shear properties across different surface treated 
NFRP composites. The interlaminar shear strength of the 5% NaHCO3 treated sample was found 
to be higher than that of the other hemp/epoxy composites. The interlaminar shear strength of 
composites fabricated using NaHCO3-treated hemp fibres is significantly higher by ~29%, than 
untreated hemp/epoxy composites. The ILSS of NaHCO3 HE composites was higher than NaOH 
HE and KOH HE composites by ~14% and ~8%, respectively. The sodium bicarbonate treatment 
has been removed the cementing layer, hence improving the ILSS of hemp-epoxy composites. 
This improvement can be attributed to an increase in the amount of contact surface between the 
fibre and matrix, which facilitated mechanical interlocking. FTIR analysis revealed that the sodium 
bicarbonate treatment eliminated non-cellulosic elements from fibres. 
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Fig 4. ILSS of untreated and different alkali treated hemp fibre/ epoxy composites 
Fractography 
This observation clearly suggests that NaHCO3 treatment effectively removes the hemicellulose 
and lignin coatings from the cellulose surfaces of hemp fibres. The rough surface of hemp fibre 
after treatment with NaHCO3 is shown in Fig 5 (a). The surface treatment with NaOH and KOH 
helps to partially remove the hemicellulose and lignin contentThe 5% NaHCO3 NFRE composite, 
as shown in Fig. 5(b), exhibits strong fibre/matrix interfacial adhesion. . The river lines shown in 
Fig 5(c), which are a commonly observed features in epoxy-based composites, were found in 
almost all treated and untreated composites. This indicates the brittle failure of hemp/epoxy 
composites. 
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Fig 5. SEM micrograph of (a) NaHCO3 treated hemp fibre surface and (b) a region with good 

interfacial bonding in NaHCO3 HE composite, and (c) fractured surface of NaHCO3 HE 
composite depicting river lines 

Conclusion 
Hemp fibres’ surface treatment with NaOH, KOH, and NaHCO3 removed the hemicellulose and 
lignin contents from the hemp fibres surfaces and improved mechanical performance of hemp 
fibre/epoxy composites. Among the considered alkaline treatments, the hemp/epoxy composites 
fabricated using the hemp fibres treated with 5wt% NaHCO3 exhibited superior flexural and ILSS. 
The NaHCO3 HE composites demonstrate a notable ~26% improvement in flexural strength and 
a ~32% increase in flexural modulus. Furthermore, the ILSS, a critical metric for assessing fibre-
matrix adhesion, enhanced by ~ 29%. These increments are primarily attributed to the effective 
removal of surface impurities and the partial fibrillation of the natural fibres, which increases the 
effective surface area and facilitates superior mechanical interlocking within the polymer matrix. 
To further advance the mechanical performance of hemp/epoxy composites beyond alkaline pre-
treatments, nanofillers modification or a polymer sizing can be explored. 
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Abstract. This study explores NaOH-activated pine needle biochar (NaOH-PNB) for RhB 
removal from wastewater. Pine needles were pyrolyzed at 500°C, treated with 2 M NaOH, and re-
pyrolyzed at 800°C to improve surface properties. The material showed a mesoporous structure 
suitable for adsorption. Maximum removal was achieved in 5 h, with PSO kinetics and a capacity 
of 4.08mg.g-1. The process was spontaneous and endothermic, driven by electrostatic interactions 
and hydrogen bonding. The adsorbent was reusable for up to 3 cycles using ethanol. NaOH-PNB 
showed better performance than other bio-adsorbents, supporting sustainable wastewater 
treatment. 
1. Introduction 
Water pollution management is a significant global issue, primarily due to human activities 
contaminating aquatic environments, which threatens public health and water quality. Addressing 
this requires the development of effective and economical materials. Synthetic dyes like 
Rhodamine B (RhB), used in industries such as textiles, are major pollutants in wastewater, posing 
health risks and environmental harm. Various treatment methods exist, but processes of adsorption 
are gaining popularity due to their economic viability and efficiency in removing dyes without by-
products. While activated carbon is a common adsorbent, its high-cost limits usage. Biochar, 
produced from biomass pyrolysis, has emerged as a sustainable and efficient alternative for 
wastewater treatment, capable of adsorbing a variety of contaminants due to its porous structure 
and functional groups[1]. Pine trees, with around 130 species, are found globally, particularly in 
the Himalayan ecosystem of Uttarakhand, India, which features over 340,000 hectares of pine 
forests producing around 2.06 million tonnes of pine needles annually. While highly flammable 
and contributing to environmental degradation, pine needles can be converted into biosorbents 
through thermochemical methods, promoting a sustainable bioeconomy. Specifically, NaOH-
activated pine needles can efficiently remove the harmful dye Rhodamine B (RhB) from 
wastewater. This study aims to synthesize and assess NaOH-activated pine needle biochar (NaOH-
PNB) for RhB remediation, evaluating factors like contact time(kinetics), initial dye 
concentration(isothermal), temperature(thermodynamics), adsorbent dosage, and pH, while also 
exploring the adsorption mechanism and options for reuse. 
2. Methodology and Materials Used 
2.1 Materials and Reagents Employed: Pine needles were sourced from Raigad district, 
Maharashtra, India. The biomass was subjected to drying at 100 °C for 24 h, followed by grinding 
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to obtain a fine powder, and stored in airtight containers. Rhodamine B was obtained from Sisco 
Research Laboratories, NaOH from Sigma Aldrich in Bangalore, glacial acetic acid and 
hydrochloric acid from Loba Chemie, and pure ethanol from Zenith Bio-Chemical Industries. 
2.2 Fabrication of NaOH-Activated Biochar from Pine Needles: To produce Pine Needle Biochar 
(PNB), 10 grams of dried biomass were pyrolyzed in a stainless-steel furnace under inert 
conditions. The biochar was ground, mixed with 2M NaOH for 24 h, then filtered and dried at 
105°C. A second pyrolysis occurred in nitrogen at 800°C for 2 hours. Multi-step pyrolysis 
separates carbonization and activation, specific surface area is enhanced compared to single-step 
pyrolysis. This expanded internal structure yields superior physicochemical properties and 
substantially higher adsorption capacity, making it highly effective for dye removal. The final 
product, NaOH-PNB, was rinsed and dried for 24 h(Fig.1). 

 
Figure 1: Process flow schematic depicting the synthesis procedures for (a) PNB and (b) NaOH-

PNB adsorbents 
NaOH-PNB was characterized using FTIR, Raman, XRD, SEM-EDX, BET-BJH, and XPS to 
analyze structure, morphology, surface area, and chemical states. For adsorption, 20 mg of 
adsorbent was added to 20 mL of 15 ppm RhB (pH 4.76) and studied up to 420 min, with 
concentration measured at 554 nm. Effects of dosage, time, pH, temperature, and concentration 
were evaluated in triplicate. Adsorption capacity and removal efficiency were calculated using 
standard equations.[2]. 
qe = (𝐶𝐶0− 𝐶𝐶𝑒𝑒).𝑉𝑉

𝑚𝑚
                                 (1)                                R = (𝐶𝐶0− 𝐶𝐶𝑒𝑒) ×100

𝐶𝐶0
                                   (2) 

Where, Co= The dye’s initial concentration in[mg.L-1], qe= the amount of RhB taken up by the 
NaOH-PNB adsorbent at equilibrium in [mg.g-1], Ce= Concentration of RhB at the equilibrium 
stage in[mg.L-1], V = Volume of dye solution(RhB) in [L], m= biochar weight in [g], R = removal 
efficiency of dye in %. 
2.3 Kinetics, isotherms, and thermodynamics of RhB adsorption: RhB adsorption kinetics were 
analyzed using PFO, PSO, IPD, and Elovich models. Isotherms were studied using Langmuir, 
Freundlich, Temkin, Halsey, D-R, and Sips models to evaluate capacity and interactions. The D-
R model showed E < 8 kJ.mol-1, indicating physisorption. 
2.4 Regeneration Studies: Three adsorption-desorption cycles were performed to assess 
reusability. Regeneration was done using ethanol for 6 h, and RhB removal was measured by UV-
Vis analysis of the supernatant. 
3. Analysis of Experimental Findings 
3.1 Characterization of NaOH-PNB: FTIR spectra of NaOH-PNB before adsorption showed peaks 
at 2978(C-H), 1695(C=O), 1450(C=C), 1186(C-C), 1077(C-O), 958(C=O), 870(aromatic C-H), 
and 473 and 414[cm-1](Si-O-Si). Peak shifts from 2978 to 3019, 958 to 981, 870 to 840, and 473 
to 444[cm-1] indicate structural modifications after adsorption. Retention of peaks at 1695and ~444 
confirms the presence of C=O and Si-O-Si groups post adsorption. These shifts and new peaks 
confirm RhB uptake onto NaOH-PNB, mainly governed by π-π interactions between dye 
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molecules and biochar aromatic structure. After RhB adsorption, new peaks appeared at 3450(N-
H), 1563(C=N), 653(C-H), along with 981, 840[cm-1](C=O, C-H)[3] These shifts and new peaks 
confirm RhB uptake onto NaOH-PNB, mainly governed by π-π interactions, n-π interactions and 
electrostatic interactions. π-π interactions occur between the aromatic π-electron system of the 
RhB dye and the π electrons present in the aromatic domains of the biochar structure. Fig. 2b 
shows XRD peaks at 22.8° and 35.7° for cellulose I, 29.2° for carbon, 20-28° for amorphous 
graphite, and 43.1° for turbostratic carbon. Peak intensity decreased after adsorption, indicating 
reduced crystallinity. Raman(Fig. 2c) shows D(1353 cm-1) and G(1588 cm-1) bands, with 
ID/IG=0.852 and La=22.59[nm], indicating defects and partial graphitization. SEM (Fig. 2d) shows 
increased roughness and pores after activation, with a cracked surface after RhB adsorption, 
confirming dye uptake[4]. EDX(Fig.2e,f) shows C(69.02%), O(23.72%), and Na(5.52%), with C 
increasing to 82.51% and O decreasing to 13.55% after adsorption. N2 isotherm (Fig. 2g,h) 
confirms mesoporosity, with BET area 5.923 [m2/g] and pore size 3.841[nm]. XPS (Fig. 2i,j) 
shows C 1s(69.34%), O 1s(13.05%), Cl 2p(8.6%), Na 1s(8.45%), and Mg 1s(0.57%), confirming 
oxygen functional groups. 
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Fig 2: (a)FTIR, (b)XRD, (c)Raman (before RhB adsorption), (d)SEM, (e,f)EDX, (g,h)BET-BJH, 

and (I,j)XPS analyses of NaOH-activated pine needle biochar (NaOH-PNB) before (BA) and 
after (AA) RhB adsorption 

3.2 Adsorption Studies of RhB Using NaOH-Derived Pine Needle Biochar 
3.2.1 Influence of Contact Time and Kinetic Analysis: RhB adsorption on NaOH-PNB (Fig. 3a) 
was rapid initially (15-300 min) and reached equilibrium at 300 min. The PSO model(R2=0.9956) 
best fit the data, with qe=6.25[mg.g-1](exp: 6.28[mg.g-1]), indicating chemisorption. 
IPD(R2=0.8924) and Elovich(R2=0.9771) showed secondary effects, while PFO(R2=0.9049) 
confirmed poorer fitting. 
3.2.2 Influence of Initial RhB Concentration and Isotherm Studies: RhB adsorption (0.14-15[mg.L-

1]) increased capacity to 3.65[mg.g-1], while removal efficiency decreased from ~80% to 24.33%. 
Langmuir fit best (R2=0.9947), with qm=4.8309[mg.g-1] and KL=0.67 L[mg-1], indicating 
monolayer adsorption[5]. Temkin(R2=0.936, E = 3837.1[J.mol-1]) and D-R(R2=0.978, 
E=4.0825[kJ.mol-1]) confirmed physisorption. Freundlich(R2=0.986), Halsey (R2=0.986), and 
Sips(R2=0.991) showed favorable adsorption with RL=0-1. 
3.2.3 Influence of Adsorbent Dosage: Increasing NaOH-PNB dosage (0.5-5[g/L], Fig. 3e) raised 
removal efficiency from 35.25% to 66.48%. However, adsorption capacity decreased at higher 
doses due to particle aggregation and reduced effective surface area. 
3.2.4 Influence of Temperature and Thermodynamics: Increasing temperature (25-45°C, Fig. 3f) 
raised removal from 51.94% to 63.70% and capacity from 7.79 to 9.55[mg/g], indicating an 
endothermic process. Thermodynamics(Fig. 3g) showed negative ∆G°(spontaneous) and positive 
∆H° and ∆S°, indicating endothermic adsorption with increased disorder. 
3.2.5 Influence of Solution pH: RhB adsorption was highest at low pH and decreased from 36.28% 
to 27.04% over pH 2-12(Fig. 3h). Higher adsorption at acidic pH is due to dominant chemisorption, 
while at higher pH mixed interactions occur. Above pKa 3.7, RhB forms zwitterions and dimers, 
limiting pore access[6]. 
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3.2.6 Adsorption Mechanism: RhB uptake occurs via π–π, electrostatic, and n–π interactions, along 
with pore filling. Its size is smaller than the pore diameter (3.841 nm), allowing easy diffusion and 
trapping in NaOH-PNB (Fig. 4a). 

 

 
Fig.3: (a)Effects of contact time, (b)adsorption kinetics (PSO), (c)initial RhB concentration, 

(d)adsorption isotherms (Langmuir), (e)adsorbent dosage, (f)temperature, (g)thermodynamics, 
and (h)solution pH on RhB adsorption by NaOH-activated pine needle biochar (NaOH-PNB). 

 
Fig.4: (a)RhB adsorption mechanism on NaOH-PNB and (b)adsorbent regeneration 

performance. 
3.3 Desorption and Regeneration Studies 
Regeneration studies using 0.1 N ethanol over three adsorption-desorption cycles (Fig.4b) showed 
a slight decrease in removal efficiency from 67.31% to 63.72%. This reduction is attributed to 
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partial structural changes and loss of active sites; however, NaOH-PNB retained good reusability, 
confirming its practical applicability[7]. 
Conclusion 
NaOH-PNB from pine needles was developed as an eco-friendly adsorbent for RhB removal. Two-
stage activation improved structure and performance, with optimal removal at pH 2-4.76 and up 
to 45°C. Adsorption followed PSO kinetics and Langmuir isotherm, with a capacity of 4.08[mg/g] 
and endothermic behavior. The material was reusable and supports sustainable wastewater 
treatment, though scale-up and real wastewater studies are needed. 
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Abstract. In this study, the response to strain-controlled (SC) cyclic deformation behavior of 
nickel nanowire (NW) containing a void is investigated. The void is located at the center of the 
NW internally (coordinates of the center of the void (x, y, z) = 500 Å, 50Å, 50Å, radius = 15 Å). 
At first, the NW is subjected to uniaxial tensile deformation at a constant strain rate of 109 s-1 and 
at a temperature of 300 K to determine the mechanical properties. Peak stress = 13.1 GPa, yield 
strain = 0.162, and fracture strain = 0.193 are observed in the NW. Based on the tensile test results, 
the NW is then subjected to compression-tension cycles in the elastic strain amplitude range of 
0.06−0.12 at a temperature of 300 K. The microstructural analysis during the tensile deformation 
shows that plastic deformation is localized near the void. The void acts as a source of dislocations. 
The expansion of the void takes place by the continuous emission of dislocations with the progress 
of deformation. Collapse of the void occurs at a strain of e = 0.186, followed by the failure of the 
NW. The SC cyclic behavior stress-strain cycles show an increase in the width of the loops with 
increasing cycles due to cyclic softening. Fracture of the NW is not observed even after 1000 
cycles of cyclic deformation. The microstructural features during SC cyclic deformation reveal the 
formation of dislocation loops at the void surface and deformation bands on the NW surface. 
1. Introduction 
Nanowires (NWs) have superior optical, electrical, magnetic, and mechanical properties, which 
make them suitable for different nanoscale devices [1–3]. The mechanical behavior and underlying 
mechanism are vital for device applications [4]. Although several in-situ experiments have 
revealed the strength and fracture behavior of NWs [5–7], the tests suffer from drawbacks [8]. So, 
alternate methods like molecular dynamics (MD) simulations have been used to gain insight into 
the nanoscale properties [8,9]. There is a vast amount of literature reported using MD simulations 
on the mechanical response of metallic NWs by considering different NW sizes, strain rates, 
defects, and temperatures [10,11].  

Understanding the response to cyclic loading is also important in view of the applications [12–
14]. The in-situ fatigue tests report that failure of nickel NWs occurs after 375 cycles [12]. The 
MD fatigue studies on pre-cracked Al nano-chips report failure after 13 cycles [13]. The 
microstructural analysis reveals the formation of nano-voids, dislocation cells, and persistent slip 
bands on the nano-chips [13]. Investigations on the failure due to fatigue in nanoscale nickel single 
crystal reveal that fatigue crack growth rate is not dependent on the crystallographic orientation 
[14]. Chen et al. [15] report that nickel base single crystal superalloy exhibits excellent fatigue 
mechanical properties.  

It can be seen from the above literature, and to the author’s knowledge, very few fatigue failure 
studies are reported at the nanoscale [15,16]. Defects such as cracks and voids, which act as stress 
concentrators, lower the material’s mechanical performance and can form during manufacturing 
[17]. On the other hand, the effect of internal defects on fatigue behavior is seldom reported in 
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nickel NWs. Moreover, MD has proven to be a vital computational tool for investigating the 
properties at the nanoscale [11]. So, in the present study, the author investigates the role of a void 
on the fatigue behavior and microstructural evolution during strain-controlled (SC) cyclic 
deformation in nickel NW.        
2. Simulation details 
2.1 Methodology and interatomic potentials 
The MD simulations of uniaxial tensile and SC cyclic deformation tests of defect nickel NW are 
carried out on the LAMMPS platform [18]. The forces between the atoms are estimated using the 
embedded atom method (EAM) potential [19]. Researchers have used the potential for plastic 
deformation studies and estimation of physical properties [20].  
2.2 Models and deformation parameters 
The model nickel NW used for the present study has the dimensions of 100 Å (x-axis [100]) × 
1000 Å (y-axis [010]) × 100 Å (z-axis [001]), respectively. Internal single void (diameter: 30 Å; 
the position of the void (500 Å (y-axis); 50 Å (x-axis); 50 Å (z-axis)) is introduced in the NW by 
deleting atoms (Fig. 1a). After the initial construction of the NW relaxation is done using conjugate 
gradient method [21,22]. Thereafter, equilibration is performed at 300 K  temperature using the 
Nose-Hoover thermostat [23]. The NW is subjected to a tensile test along the y-direction [0 1 0] 
(periodic boundary (y-axis) and non-periodic (x- [1 0 0 ] and z- [0 0 1]axes)) at a constant strain 
rate (109 s-1) and temperature (300 K). Thereafter, cyclic strain is applied at constant strain 
amplitudes of 0.06, 0.08, and 0.12 along the y-axis (periodic boundary (y-axis) and non-periodic 
(x- and z-axes)). NVT integrator (N = number of atoms, V = Volume, and T = temperature are 
constant) and integration timestep of 1fs is used in all the above simulations. The temperature is 
maintained at 300 K during cyclic tests using a Nose-Hoover thermostat [23]. The compression-
tension cycle corresponding to a strain amplitude of 0.06 is shown in Fig. 1b. 
2.3 Visualization tool and analysis  
Simulation tool OVITO [24] is used for identifying the deformation mechanisms and lattice 
order/disorder in the nickel NW during tensile and cyclic deformations. The dislocation extraction 
algorithm (DXA) modifier [25] is used to identify dislocations generated during plastic 
deformation. The strain localization is studied using the atomic shear strain analysis tool, which 
uses von Mises shear strain expression [26]. Virial stress [27] is used for stress calculations and 
engineering strain for the estimation of strain [22]. Several MD simulation studies on 
nanocrystalline materials report the use of the above tools for identifying crystal defects [28], 
deformation mechanisms [29], and strain localization [26] during deformation.  
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Fig. 1: (A) Atomic snapshots of nickel NWs having void (sectional view (X-Z plane)); (b) Typical 

compression-tension strain cycle (arrows indicate the direction of strain) used in the present 
investigation. 

3. Results and Discussion 
3.1 Stress-strain curves: tensile behavior 
Fig. 2 shows the stress-strain response of nickel NW with the void. The microstructural changes 
occurring in the NW with a void are captured at specific strains. The NWs show linear elastic 
behavior up to a maximum stress, and thereafter due to yielding, a sharp drop in the stress is 
observed. Similar stress-strain behavior is reported in the studies on metallic NWs [30]. The peak 
stress values are found to be 13.1 GPa (e = 0.162) in the NW. The values in the parentheses indicate 
yield strains. The yield strength in the range of 8 GPa−12 GPa has been reported for perfect nickel 
NWs (strain rate range: 108 s-1−1012 s-1;  temperature: 300 K) [21]. The present study results are 
different compared to the literature, which could be due to the size effect and also the interatomic 
potential. DXA analysis has been carried out in NW with a void to investigate the deformation 
mechanisms. The DXA analysis at strain e = 0 shows no sign of dislocations in the NW, indicating 
it is pristine. The void surface gets slightly distorted (e = 0.16). Shockley partial dislocation loop 
(zoomed region; Burgers vector: 1/6 [2-11]) emanates from the void surface (e = 0.162), which 
results in a drop in stress. The void surface is the source of dislocation due to high stress 
concentration [16]. Thereafter, more Shockley partials emanate from the void surface, resulting in 
void growth and volume fraction with increasing strain (e = 0.166−e = 0.168). The stress 
continually decreases due to a burst of dislocations [31]. Ahn et al. [32] demonstrated that 
dislocation loops emit from the void surface and are energetically favorable in face-centered cubic 
metals. Pohjonen et al. [33] and Traiviratana et al. [34] also report nucleation of dislocations from 
the void surface and void growth using MD simulation studies in Cu. Furthermore, Bobyley et al. 
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[35] have shown that the initiation of dislocation semi-loops is energetically favorable and depends 
on the grain size and magnitude of stress in nanocrystalline materials. In the present study, apart 
from Shockley partials, few perfect dislocations (Burgers vector: 1/2<110>; blue color) and strain 
rod (Burgers vector: 1/6<110>; pink color) dislocations can also be seen (e = 0.172; e = 0.186). 
The NW defect mesh (Fig. 1c) snapshot captured at the strain of e = 0.174 shows localized 
deformation at the void site, and final fracture at strain e = 0.193. Liu et al. [36] also report neck 
formation before fracture in the MD studies on the superplastic behavior of Au NWs.  

 
Fig. 2: Stress-strain response of nickel NWcontaining void (strain rate of 109 s-1; temperature: 

300 K). The DXA analysis and defect mesh snapshots of the void NW are shown at different 
strains till fracture. Shockley partial (green color), perfect dislocation (blue color), and stair rod 

dislocation (pink color).  
3.2 Cyclic stress-strain curves (compression-tension cycle) and microstructural evolution 
Fig. 3 shows the cyclic stress-strain curves (hysteresis loops) obtained at the 1st, 100th, and 1000th 
cycles (strain amplitudes: 0.06, 0.08, and 0.12) in the NW with void. The strains used in the cyclic 
deformation correspond to elastic deformation (Fig. 2). The cyclic stress-strain curves show 
asymmetric behavior at all the strain amplitudes. The compressive peak stress (~7GPa) is greater 
than the tensile peak stress (~6 GPa) for all the cycles during compression followed by the tensile 
cycle. Wang et al. [37] also report asymmetric stress-strain hysteresis loops in single crystal nickel 
superalloy subjected to low cycle fatigue which is correlated to the dislocation microstructures. 
Further, Jabbari et al. [38] report that the asymmetric stress-strain behavior changed to symmetric 
in the studies of AZ31B magnesium alloy as the temperature increased from 100 °C to  200 °C 
[38].  

The width of the hysteresis loops increases as the strain cycles increase due to the cyclic 
softening. The microstructural analysis can explain the reason behind the softening process, which 
will be discussed in the following paragraph. Akbarian and Dehgani [13] also report cyclic 
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softening behavior in pre-cracked aluminum nano-chips during strain cycling (tension-
compression cycles). Further, they report an increase in fatigue life during the tension-compression 
cycle (13 cycles) than the tension-tension cycle (4 cycles) due to the de-voiding process and 
formation of the dislocation substructure. In the present study, fracture of the NWs is not observed 
because the strain amplitudes are low. The difference in the compressive and tensile peak stress 
values for the different defect NWs is slight. This is also the same with increasing the amplitude 
and cycles. A similar behavior has been reported in the fatigue studies of defect aluminum nano-
chips [13]. 

 
Fig. 3: Plot of hysteresis loops at different strain amplitudes and cycles: (a) 1st cycle, (b) 100th 

cycle, and (c) 1000th cycle. 
The microstructural changes in NW subjected to a strain amplitude of 0.06 are shown in Fig. 4. 

After the 1st cycle (Fig. 4a) there is no significant surface deformation, which is evident from the 
color contour. However, at the void site, the emission of Shockley partial dislocation loop can be 
seen. The Burgers vector of the dislocation is identified as 1/6 [-2-1-1]. At the 100th cycle (Fig. 
4b), the NW surface seems to show deformed regions and also the void is no more spherical. With 
further increasing the cycles to 1000 (Fig. 4c), more deformed regions (deformation bands) are 
observed on the NW surface, and also multiple dislocation loops are emitted from the void surface 
contributing to the plastic strain of the NW. The bands are observed to be parallel to the slip lines 
and hence are of DBI type [39]. Burque et al. [40] also report the formation of deformation bands 
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on the surface of nickel single crystal ([111]
− −

orientation). The void gets distorted due to dislocation 
emission from the surface. The authors report that similar deformation features are observed even 
at higher strain amplitudes (not shown in the present study).  

 
Fig. 4: Microstructural evolution at strain amplitude of 0.06 and at different cycles: a) 1st ; b) 

100th; and c) 1000th. 
3.3 Peak stress and plastic strain variation 
Fig. 5a shows the variation of peak compressive (C) and tensile (T) stresses at different cycles and 
strain amplitudes. In Fig. 5a (strain amplitude: 0.06), the stress gradually decreases till the 1000th 
cycle in the compression cycle, whereas in the tensile cycle, there is a slight increase in the stress 
till the 10th cycle. Thereafter, a decrease in stress is observed till the 100th cycle. Upon further 
increase in the cycles, the stress remains almost constant till the 1000th cycle. The decrease in stress 
can be attributed to the plastic deformation by slip, causing softening of the NW. At strain 
amplitudes of 0.08 and 0.12, similar softening behavior is observed in the NW. It has been reported 
that strain-hardening behavior is observed in aluminum alloy [41]. In the cyclic deformation 
studies on metallic glasses, hardening is observed at low loads while softening at high loads [42]. 
Furthermore, Sha et al. [43] report that shear bands cause softening in Cu-Zr metallic glasses. Fig. 
5b shows the plastic strain variation with increasing cycles at different strain amplitudes. The 
plastic strain (εp) is determined from the hysteresis loop, and the calculations have been done using 
a methodology similar to that adopted in the studies of Jian et al. [42]. In the NW, the plastic strain 
increases with the number of cycles at all the strain amplitudes. However, a plateau is observed 
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after 100 cycles (strain amplitude: 0.12) and ten cycles (strain amplitude: 0.06 and 0.18), which 
could be due to a decrease in the glissile dislocations. The softening behavior is attributed to the 
plastic deformation by slip that has resulted in an increase in the plastic strain. The sources for 
dislocation nucleation is the void site as well as the NW surface edges. The cyclic softening 
behavior is also reported in nanoscale single crystal copper[44].  

 
Fig. 5: (a) Peak stress variation with the number of cycles at different strain amplitudes; (b) 

Plastic strain variation with number of cycles at different strain amplitudes. 
Conclusions 
The following are the conclusions from the studies on the SC fatigue behavior and microstructural 
evolution in nickel NW containing a void. 

a) The tensile test results show that NWs yield by dislocation slip caused by Shockley 
partial dislocation emission from the defect sites. The plastic deformation continues by 
the emission of dislocations from the surface edges. The plastic deformation is heavily 
localized at the defect site. Prior to fracture, necking is observed in the NW. 

b) The SC cyclic tests reveal that the hysteresis loops show asymmetric stress-strain 
behavior. The hysteresis loops width increases, and the peak stress magnitudes decrease 
due to cyclic softening. Similar to that observed in tensile results, the defects act as a 
source of dislocations during cyclic deformation to initiate plastic deformation. Also, 
the formation of slip lines and slip bands is seen on the surface of the NWs.  

Summary 
The authors investigate the response to cyclic deformation behavior of nickel NW containing a 
void using MD simulations. The study reveals that the void acts as a source of dislocations and 
contributes to cyclic softening behavior. Under the present conditions, it is observed that failure of 
the NW is not observed even after 1000 cycles of cyclic deformation.   
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Abstract. Ferrite–martensite dual-phase (FMDP) steel sheets processed by cold rolling followed 
by intercritical annealing and quenching were subjected to high-cycle fatigue (HCF) testing to 
investigate fatigue-induced microstructural evolution. Fatigue tests were conducted at stress 
amplitudes of 485–580 MPa, and the resulting microstructural changes were examined using SEM 
and EBSD. The specimen tested at 485 MPa, corresponding to the endurance limit, exhibited a 
stable microstructure with negligible plastic strain localization. In contrast, higher stress 
amplitudes led to the formation of persistent slip bands, microcrack initiation at ferrite–martensite 
interfaces, grain refinement, and significant increases in crystallographic misorientation. EBSD-
based GOS, LAM, and KAM analyses revealed enhanced dislocation accumulation and localized 
plastic deformation at higher stress levels, correlating well with accelerated fatigue damage and 
premature failure. 
Introduction 
The automotive industry increasingly uses thin-gauge Advanced High-Strength Steel (AHSS) 
sheets to reduce vehicle weight, CO₂ emissions, and cost while improving fuel efficiency and 
safety [1]. Since the 1970s, AHSS has evolved through three generations with enhanced strength, 
ductility, and fatigue resistance [1]. First-generation AHSS improved strength at low cost but 
exhibited limited damage tolerance due to ferrite–martensite decohesion and martensite cracking 
[1,2]. Second-generation AHSS offered superior strength–ductility balance but suffered from 
segregation, poor weldability, complex processing, and high alloying costs [2]. These limitations 
led to the development of third-generation AHSS, which provides improved mechanical 
performance at reduced cost [1,2,3]. Among these, ferrite–martensite dual-phase (FMDP) steels 
are particularly attractive due to their high strength, good ductility, continuous yielding behaviour, 
and superior fatigue resistance [4]. 

FMDP steels primarily consist of ferrite and martensite, with minor retained austenite and 
bainite depending on processing [4]. Strength is governed by martensite fraction, ferrite grain 
refinement [3], and ferrite dislocation density [5], while ductility is enhanced through optimized 
martensite morphology [5], ferrite grain refinement [3], CSL-type ferrite–martensite interfaces 
formed via K–S transformation [4,5], texture weakening, and TRIP-assisted deformation from 
stabilized retained austenite [6]; formability is further improved by increasing normal anisotropy 
and reducing planar anisotropy through tailored TMP routes [4,5]. Notably, Ashrafi et al. achieved 
734 MPa UTS with 42% ductility in 0.18 wt.% C DP steel via IA&Q [7], while Singh et al. reported 
544 MPa strength with uniform and fracture ductility of 32% and 49%, respectively, in 0.05 wt.% 
C DP steel processed by CR+Q&P, attributed to ~33% island-type martensite, fine ferrite grains, 
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high dislocation density, increased geometrically necessary boundaries, and enhanced CSL 
boundary fractions [4]. 

FMDP steel sheets are widely used in thin-gauge automotive components such as B-pillars, roof 
and door panels, side panels, cowl panels, and floor panels [1]. These components experience 
severe dynamic loading during service, which can induce microstructural degradation and 
premature failure, making high-cycle fatigue (HCF) assessment essential [8]. Previous studies 
show that fatigue performance strongly depends on martensite fraction and morphology: fatigue 
life increases up to ~30% martensite but deteriorates at higher fractions due to ferrite–martensite 
decohesion and martensite cracking [9], with inferior cyclic performance reported at Vₘ ≈ 0.60 
compared to Vₘ ≈ 0.45 [10], and superior endurance in fibrous martensite over network 
morphology [11]. Despite these findings, quantitative understanding of microstructural evolution 
during HCF in ferritic–martensitic DP steel sheets remains limited. In this study, lean-alloy (~0.05 
wt.% C) FMDP steel sheets were developed and subjected to HCF testing, with quantitative 
microstructural and texture evolution analysed using SEM and EBSD to correlate fatigue 
endurance with microstructural changes. 

 
Fig. 1 (a) SEM microstructure, (b) inverse pole figure map (IPF), (c) grain size distribution, and 

(d) pole figure of the low carbon micro-alloyed dual phase steel 
Experimental procedure 
A hot-rolled low-carbon micro-alloyed steel sheet (0.05C–1.3Mn–0.6Cr–0.4Si), ~6.7 mm thick) 
with an initial ferrite–0.45 bainite microstructure was developed. The austenite formation 
temperatures were Ac₁ = 680 °C and Ac₃ = 880 °C, measured using a BAHR DIL 805 A/D 
dilatometer. The sheet was normalized at 920 °C for 5 min, followed by ~84% cold rolling (von 
Mises strain ~2.1) in five passes. Intercritical annealing was performed at 790 ± 20 °C for 5 min, 
followed by water quenching at ~200 °C/s to obtain a ferrite–0.25 martensite dual-phase 
microstructure. High-cycle fatigue (HCF) specimens were prepared according to ASTM E466 and 
tested at room temperature (25 °C) using an Instron Electropulse E10000 machine at a stress ratio 
of R = 0 and a frequency of 30 Hz. Fatigue tests were conducted at stress amplitudes of 485 MPa 
(specimen A) 520 MPa (specimen B), 550 MPa (specimen C), and 580 MPa (specimen D). Post-
fatigue quantitative microstructural analyses were subsequently performed. Microstructural 
characterization was carried out using secondary electron imaging and EBSD on a Zeiss Sigma 
300 VP field-emission SEM. For SE imaging, RD–TD sections were polished and etched with 1% 
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Nital for 15 s. EBSD samples were mirror-polished using SiC papers (up to 4000 grit), diamond 
suspension (~1 µm), and colloidal silica (0.03 µm), followed by electropolishing in a 1:4 perchloric 
acid–ethanol solution using a Struers Electropol 5 at 20 kV for 20 s. SEM images were analyzed 
using ImageJ, while EBSD data were processed using TSL-OIM software. 

 
Fig. 2 SEM microstructures of the specimens tested at (a) 485, (b) 520, (c) 550 MPa, and (d) 580 

MPa stress amplitude 
Results and Analysis 
The SEM image, inverse pole figure (IPF) map, grain size distribution, and pole figure of the DP 
steel sheet are shown in Fig. 1(a–d), respectively. The initial microstructure consists of ~25% 
island-type martensite uniformly distributed within the ferrite matrix (Fig. 1a), where ferrite 
appears darker and martensite slightly brighter in SEM images. The average ferrite grain size and 
martensite island size were ~8 µm and ~2 µm, respectively, while the EBSD-derived grain size 
distribution ranged from 2 to 25 µm with a mean of ~8 µm (Fig. 1c). The IPF map (Fig. 1b) shows 
grain orientations based on the standard crystallographic color key, though ferrite and martensite 
could not be distinctly resolved. The pole figure (Fig. 1d) reveals a strong γ-fibre texture (111)∥ND 
with an intensity of ~3.6 MRD. SEM microstructures of specimens A–D after HCF testing are 
shown in Fig. 2(a–d). The martensite morphology remained unchanged across all stress 
amplitudes; however, specimens B, C, and D tested at 520, 550, and 580 MPa exhibited 
microcracks along ferrite–martensite interfaces accompanied by persistent slip bands (PSBs) in 
ferrite grains (Fig. 2b–d). Microcracks and PSBs are indicated by red and yellow arrows, 
respectively. The EBSD-derived area fraction grain size distributions considering RHAGBs (15°–
65°) are presented in Fig. 3. A progressive shift of the distribution toward smaller grain sizes from 
specimen A to D indicates grain refinement with increasing stress amplitude. Figure 4 shows the 
grain orientation spread (GOS), local average misorientation (LAM), and kernel average 
misorientation (KAM) maps for the initial material and specimens A–D tested at 485, 520, 550, 
and 580 MPa. The initial material exhibited low average GOS, LAM, and KAM values of 0.57°, 
0.49°, and 0.30°, respectively (Fig. 4a). These values slightly decreased at 485 MPa but increased 
markedly at higher stress amplitudes, reaching average GOS values of 3.5°, 3.7°, and 4.2°, LAM 
values of 0.92°, 1.01°, and 1.23°, and KAM values of 0.75°, 0.78°, and 0.80° for specimens tested 
at 520, 550, and 580 MPa, respectively (Fig. 4c–e), indicating enhanced lattice distortion and strain 
accumulation. 
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Fig.3. Grain size distribution obtained from the EBSD analysis of the initial specimen and 

specimens tested at (a) 485 MPa, (b) 520 MPa, (c) 550 MPa, and (d) 580 MPa stress amplitude 
Discussion 
Following cold rolling and intercritical annealing with quenching (IA&Q) at 790 ± 20 °C for 5 
min, a ferrite–martensite dual-phase (FMDP) steel sheet was obtained and subjected to high-cycle 
fatigue (HCF) testing at stress amplitudes of 485, 520, 550, and 580 MPa to examine fatigue-
induced microstructural evolution. At a stress amplitude of 485 MPa (specimen A), corresponding 
to the endurance limit, the microstructure remained comparable to the initial condition and showed 
no evidence of low-energy dislocation configurations such as substructures, channels, ladders, or 
slip bands (Fig. 1a). This behaviour indicates negligible lattice distortion, limited grain rotation, 
and minimal plastic strain localization, enabling the material to withstand a large number of 
loading cycles without failure while maintaining a stable microstructure. In contrast, specimens 
tested at higher stress amplitudes (520–580 MPa) exhibited pronounced microstructural 
degradation. These changes included the formation of dislocation substructures, ladder-like 
arrangements, persistent slip bands (PSBs), and microcrack initiation sites within the ferrite phase 
(Fig. 2a–c). The density of PSBs increased systematically with increasing stress amplitude, 
reflecting enhanced cyclic plastic strain localization in the ferritic matrix. Fatigue cracks 
preferentially nucleated along PSBs inclined at approximately 45° to the loading direction, 
corresponding to the orientation of maximum resolved shear stress on active slip systems, 
ultimately leading to failure [12]. The fatigue damage process followed the classical four-stage 
sequence: (i) crack initiation, (ii) stage-I crack growth along slip bands governed by shear stress, 
(iii) stage-II crack propagation perpendicular to the maximum tensile stress, and (iv) final ductile 
fracture upon reaching a critical crack length [13]. In addition, specimens tested at 520, 550, and 
580 MPa exhibited a noticeable reduction in grain size, which is attributed to fatigue-induced 
dynamic recrystallization (DRX) under severe cyclic deformation conditions [14]. To 
quantitatively assess fatigue-induced microstructural evolution, EBSD-based grain orientation 
spread (GOS), local average misorientation (LAM), and kernel average misorientation (KAM) 
analyses were employed. These metrics effectively capture localized plastic strain accumulation 
associated with lattice distortion and grain rotation during cyclic loading. In particular, LAM and 
KAM provide insights into intragranular strain heterogeneity, while KAM reflects local 
misorientation between neighbouring pixels and is closely linked to dislocation density [8]. Both 
the initial material and the specimen tested at 485 MPa exhibited low misorientation levels, with 
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LAM and KAM distributions concentrated near the origin (Fig. 4a–b), indicating minimal 
dislocation accumulation and negligible plastic strain localization. Quantitatively, the initial 
material showed average LAM and KAM values of 0.49° and 0.30°, which slightly decreased to 
0.45° and 0.26°, respectively, for the specimen tested at 485 MPa. This observation is consistent 
with the absence of PSBs, substructures, or microcracks at this stress amplitude, confirming that 
485 MPa represents the endurance limit where the microstructure remains largely stable under 
cyclic loading. In contrast, specimens subjected to higher stress amplitudes of 520, 550, and 580 
MPa displayed a pronounced shift of LAM and KAM distributions toward higher misorientation 
values (Fig. 4a–b), reflecting increased dislocation accumulation and severe plastic strain 
localization. The average LAM values increased to 0.92°, 1.01°, and 1.23°, while the 
corresponding KAM values rose to 0.75°, 0.78°, and 0.80°, respectively. These trends are 
consistent with the observed formation of PSBs and microcrack initiation at ferrite–martensite 
interfaces, as discussed earlier. Overall, the combined GOS, LAM, and KAM analyses clearly 
distinguish the fatigue response below and above the endurance limit. While the specimen tested 
at 485 MPa maintains low lattice distortion and stable microstructural characteristics, higher stress 
amplitudes promote significant crystallographic misorientation, localized plastic strain 
accumulation, and accelerated fatigue damage, ultimately resulting in premature failure at lower 
numbers of cycles. 

 
Fig. 4 i-(a-e) Grain orientation spread (GOS) map, ii-(a-e) local average misorientation (LAM) 

map iii-(a-e) kernel average misorientation (KAM) map for the initial sample and specimens 
tested at (a) 485 MPa, (b) 520 MPa, (c) 550 MPa, and (d) 580 MPa stress amplitude 
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Conclusion 
(a). FMDP steel tested at 485 MPa (endurance limit) exhibited a stable microstructure with 
minimal lattice distortion, low misorientation, and absence of persistent slip bands or microcracks. 
(b). Increasing stress amplitude (520–580 MPa) resulted in pronounced fatigue-induced 
microstructural degradation, including PSB formation, microcrack initiation, and grain refinement. 
(c). EBSD-based GOS, LAM, and KAM analyses quantitatively demonstrated enhanced 
dislocation accumulation and localized plastic strain at higher stress amplitudes. (d). The combined 
microstructural and crystallographic evidence clearly distinguishes fatigue behaviour below and 
above the endurance limit, providing insight into fatigue damage mechanisms in FMDP steel 
sheets. 
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Abstract. Nowadays, the management of agricultural waste is a major challenge for authorities 
and its burning is still uncontrolled that causes severe health issues. In other hand, shortfall in 
conventional wood awakened researchers to fabricate new composite variants such as natural fiber 
reinforced polymer composites. However, the use of natural fibers could not incur sufficient 
mechanical and thermal strengths in the composites. In this work, to demonstrate the sustainable 
change in thermal and mechanical properties in composites by chemical treatment; alkali 
treatments of the rice straw and husk are carried out. Hybrid-composite specimens are 
manufactured by hand layup process, mechanical (hardness, impact, tensile, and flexural) and 
thermal tests (TGA/DTG, flammability, and thermal absorption) are conducted. Comparative 
studies show that about a 30-40% rise in mechanical strength and thermal stability is achieved by 
alkali treatment advocated by SEM finding that shows alkali treatment enables superior fibre-
matrix bonding.  
Introduction 
The burning of agricultural waste in India is becoming a serious issue. Around 98MT of crop 
wastes (bast, leaf, or stem of sugar cane, wheat, rice, and other crops) are burnt annually [1]. 
According to the World Bank, in developing countries such as India, the urbanization rate has 
increased and will grow to 40.76% by 2030. Hence, a huge demand for infrastructure built-up 
materials will be needed. Meanwhile, the increase in urbanization and other environmental factors 
leads to a decrease in the forest area [2] and thus it cannot fulfill the rising demand. In this aspect, 
researchers are proposing composites from natural fiber (NF) and agricultural waste [3,4]. The 
degradation of these do not leave poisonous substances [5] with fewer environmental issues [6] 
reduced energy demand [7] and carbon footprints [8,9]. Furthermore, natural fiber-reinforced 
composites have a lower cost of production with an estimation of US $200–$1000 and 4 GJ energy 
requirements for one ton [10]. Amid such advantages, natural fiber reinforced polymeric 
composites (NFRPC) have the least use for less mechanical strength. However, this limitation can 
be eliminated after the chemical processing of NF [11,12].  

From the literature survey, it is observed that the chemical processing of NF improves both 
mechanical and thermal characteristics of NFRPC. Only a very few work citing the use of rice 
straw as a reinforcing agent. From Indian context there is huge scope to prepare rice husk and 
straw reinforced polymeric composites. This will not only fulfil the growing demand of the 
material but also deal with the management of agriculture waste and pollution control. Here, 
NFRPCs are prepared from rice straw(RS) and rice husk(RH), in epoxy by hand layup process. 
Mechanical and thermal analysis have been conducted and results of alkali treated NFRPCs are 
compared with the properties of NFRPCs prepared from untreated fibre.  
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Natural fiber and chemical processing 
A fiber is the major structural part of a composite that provides strength, shape, and rigidity. The 
plant fibers may be extracted from the bast, seed, leaf, fruit, stalk, wood, or reed. It comprised of 
cellulose, hemicelluloses, lignin, pectin, natural resin, and water-soluble minerals[13]. The rice 
straw and rice husk are primarily composed of 30-40% cellulose. Apart from this, 15-20% of 
hemicelluloses and 20-25% lignin is present. Typically the rice straw is comprised of a bundle of 
cellulosic fiber called microfibrils having a diameter of 3-4nm. The microfibrils are bonded 
together by hemicelluloses and lignin. The untreated fibre contains hydroxyl groups as a 
constituent of lignin and thus swells by acquiring moisture as a result crack formation occurs. The 
wax layer found around the fibers leads to poor compatibility with the matrix for bonding leading 
to lower mechanical strength, thermal stability and Poor durability. As a result, a plant fiber is least 
preferred [14]. There are various methods of chemical treatment of natural fibers However, the 
alkali treatment is opted for its versatility and easy availability [15]. In the alkali treatment process, 
sodium hydroxide (NaOH) is diluted in the de-mineralized water by weight percentage of 1-2% to 
form an alkali solution. Then fiber to be treated is soaked and left for a few hours (usually 4 to 6 
hrs). Then it is rinsed well in the distilled water to rinse the leftover components of the alkali. The 
chemical reaction associated with the alkali treatment is given by; 

2Fibre cell OH NaOH Fibre cell ONa H O impurities+− − + → − + +   

Material Preparation 

 
Fig. 1. Process of preparation of test samples. 

In the current study, RS is collected and chopped into tiny pieces about 2-3mm size. The RH 
(5-7 µm) along with RS is processed with an alkali solution (2% of NaOH). After alkali treatment, 
the rice husk and husk are thoroughly washed in distilled water and sundried for about 48 hours. 
A mold (Fig. 2) made of stailess steel used for preparation of tensile, flexural, and impact test 
specimens. The mold was cleaned and the polish wax was applied thoroughly for quick removal 
of the specimen. The base is prepared manually by mixing epoxy (LY556) with its reagent (MS91) 
in a ratio of 10:1. Then the fiber is added to it. The weight percentage of fiber to the base is kept 
50:50. Here, the fiber is comprised of an equal amount of RS & RH. The mixture was then poured 
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into the mold cavity for preparation of the test specimens. The mold is tightened and left for 24 
hours of curing and then the specimens are released from the mold. 
Material Testing 
Five test specimens each of size 165×19×5 mm are prepareed for tensile from untreated(UT) and 
alkali-treated(AT) fibers according to ASTM D3039 performed in INSTRON 3382 universal 
testing machine available at VSSUT, Burla with a low feed rate of 2mm/min. In same machine, 
the flexural test (ASTM D790) with 1mm/min is conducted and the flexural strength is measured. 
Also, Vickers hardness test (ASTM D785) and impact test (ASTM D256) is conducted. Further, 
the thermal stability is analyzed through thermoglavometrtic analysis following ASTM E1131 
stndard  for 25mg samples inside the closed chamber of nitrogen maintaining a flow of 75mL/min 
from 30°C to 800°C with constant temperature rise of 10°C/min. The weight loss with respect to 
temperature and time is reported through graph. Further, the thermal absorptivity in terms of rate 
of cooling and heating of the specimens are tested under direct sunlight and burning test is 
performed. 
Result discussion 

 
Fig. 2, Microscopic image of surface of rice straw; (a) untreated; (b) treated with NaOH (2%) 

The alkali treatments in the fiber break the highly packed cellulose present in the fiber which is 
crystalline and breaks the chain of cellulose and makes it amorphous. Thus a bunch of tiny fibers 
are formed. Fig. 2(a) and Fig. 2(b) show the SEM images of the fiber surface of an untreated fiber 
(UTF) and the alkali treated fiber (ATF). the fiber fully covered with hemicellulose and lignin is 
mostly removed after the alkali treatment. This results in fiber length to diameter ratio reduction 
by 14-15% [16]. This hair like structure formed on the fiber surface interlock with the resin during 
manufacturing process. It is a fact that, the more number of hair like structure is formed; there is 
possibility to facilitate more reaction site during curing process of matrix. From the study, it is 
observed that the alkali treatment increases the tensile strength of composites by 32% (Fig. 3(a)) 
due to the fact that, more number of ATFs are need to be reinforced in the specimen as compared 
to UTFs to maintain constant fiber volume fraction. Further the hair like structure formed on ATFs 
facilitates interfacial adhesion of fiber and matrix so that load transfer between matrix and fiber 
occurs smoothly enabling to carry higher tensile loads [17]. 

Similar to tensile strength, ATF reinforced composites found to have 36.4% higher flexural 
strength over UTF reinforced composited as compared in Fig. 4(b) due to the modification of fiber 
by alkali treatment. The impact strength, and hardness of the ATF reinforced composite is found 
to be increased by 19.78% and 28.88% respectively as shown by Fig. 4 (c &d). The thermal 
stability of the samples is compared through TGA and DTG analysis. It is observed that both the 
samples show the same nature of material decomposition to heat, however, the initial stability of 
composites with a difference of 10°C is observed with the ATF reinforced composites (Fig. 5). It 
is due to the fact that processing of the natural fiber with alkali breaks the cellulose chain and 
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removes low molar mass compound from fiber. As a result enables to sustain on high initial 
thermal decomposition [18]. On further thermal decomposition, the chemically processed fiber-
reinforced composite shows a little lower rate of thermal decomposition. The thermal absorptivity 
of the prepared specimens are tested when exposed to direct sunlight. For the process, the two test 
samples are kept under sunlight where the ambient temperature was observed to be 21.8°C. The 
experiment is conducted in two field where, the samples were first exposed to sunlight and the rise 
of surface temperature is measured till it becomes uniform. Then the samples were brought inside 
the room and the rate of cooling is determined through reading of the surface temperature as shown 
in Fig. 6(a). It is observed that the UTF composites exhibits higher surface temperature than ATF 
composites both in heating and cooling implying the higher rate of thermal absorptivity. Further, 
the flammability of the prepared samples are tested and expressed as the ignition time and 
temperature (Fig. 6(b)). It is observed that the ignition time increases from 21.92 Sec to 27.77 Sec 
and ignition temperature increases to 336°C from 300°C due to the alkali treatment of the natural 
fibers. This is possibly due to the loss of lignin contents from the natural fibers by alkali treatment 
that enables to bond with the epoxy to mora a more compact bonding during manufacturing. 

 
Fig 4, Comparison of Mechanical Strength (a) tensile & Flexural; (b) Impact & Hardness 

 
Fig 5, Comparison of Thermal stability (a) TGA /DTG (b) Thermal absorptivity (b) Ignition time 

and temperature 
Conclusion  
Following conclusions are observed from this study;  
• The chemical processing breaks the cellulose and hemicelluloses present in natural fiber so 

that a bunch of tiny fibers are formed in place of a single stack of fiber observed through SEM 
study. The aspect ratio of fiber is reduced and the tiny hair like structures facilitates inter facial 
bonding between fiber and matrix. 
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• Composites prepared from the alkali-treated fiber and epoxy show an overall 30-40% rise in 
tensile, flexural, impact strength, and hardness of composites reinforced with alkali treated 
fibre as composites fabricated by reinforcing untreated fibers.  

• The initial thermal stability of the composites is increased by 10°C by the chemical processing 
of reinforced fibers.  
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Abstract. In this investigation, NiMnCrMoWx (x = 0.2, 0.4, 0.6, 0.8,1.0) High Entropy Alloys 
(HEAs) are synthesized through the powder metallurgy route. To identify the phases and 
morphology of the milled powders, X-ray diffraction and scanning electron microscope is used. 
The Crystallite Size (CS) and Lattice Strain (LS) is calculated for the BCC phase obtained in the 
milled powder alloys by using the Willamson-Hall method and predicted using the Artificial 
Neural Network (ANN) approach. The CS is reduced from 243 nm to less than 75 nm after 70 h 
of milling. Whereas the LS increased from 0.45 % to a maximum of 1.91 %. The results from the 
ANN modeling provided an excellent prediction of CS and LS with outstanding accuracies of 
95.27 % and 92.02 %.  
1. Introduction 
High-entropy alloys have attracted scientific attention in materials science due to their potential 
mechanical properties, including high strength and hardness, good thermal stability, and excellent 
resistance to corrosion and wear [1,2]. Compared to conventional alloys, HEAs are formed by 
mixing five or more principal elements with nearly equiatomic proportions, generally ranging in 
between 5 and 35 % [3,4]. Although the number of major elements are greater than five, they often 
develop simple crystal structures like BCC, FCC, or BCC+FCC dual-phase structure [4].  

Till date, many of the HEAs are synthesized by the traditional melting methods such as arc 
melting and induction melting [5]. These techniques are yielding to compositional inhomogeneity 
and coarse-grained microstructures. In contrast, powder metallurgy technique is capable of 
producing high-entropy alloys (HEAs) with excellent compositional homogeneity, a broad particle 
size range, and suitability for mass production [6]. However, HEAs produced by powder 
metallurgy often show limited mechanical properties due to the wide powder size distribution. 
Earlier studies have shown that powders milled by high-energy ball mills further refines the 
microstructure of pre-alloyed powders and to enhance the strength of HEAs through grain 
boundary strengthening. The main reason behind the strengthening is closely related to the CS of 
materials. Moreover, CS plays a vital role in the sintering behavior and physical properties of the 
produced HEAs. A reduced CS helps to enhance sintering ability and possibly lower the required 
sintering temperature. Therefore, investigating the relationship between CS and milling parameters 
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using both experimental and simulation methods is of significant importance. In recent years, 
artificial neural network (ANN) modeling increased a lot of interest in materials engineering as an 
advanced tool for predicting experimental trends without conducting complex experiments. For 
example, Nagarjuna et al. [7] prepared CoCrFeMnNi HEA by powder metallurgy, and their CS 
and LS prediction is done using ANN modeling, demonstrating the accuracy of the proposed 
approach. 

In the current study, dual-phase NiMnCrMoWx (x = 0.2, 0.4, 0.6, 0.8, 1.0 atomic fraction) HEAs 
is fabricated by powder metallurgy route. The XRD and SEM analysis is carried out to determine 
the morphological changes and crystallographic properties at different milling times. 

Furthermore, prediction of CS and LS of the present study and literature is done by ANN 
modeling that are prepared by milling at different durations. 
2. Experimental Procedure 
2.1 Synthesis of HEA Powders 
Metallic elemental powders of Mn, Cr, Mo, W with a purity greater than 99 %, and Ni having a 
purity greater than 99.5 % are procured from Loba Chemie Pvt. Ltd., India. In this investigation, 
among the five constituent elements, the atomic fraction of W is systematically varied (0.2, 0.4, 
0.6, 0.8, and 1.0), while the remaining four elements are kept equiatomic. Based on the preliminary 
calculations, the metallic powders of required quantity are taken. These powders are milled for a 
period of 70 h using a high-energy planetary ball mill (Model: Fritsch Pulverisette P-5, Germany). 
The ball-to-powder ratio is taken as 10:1 with a rotational speed of 300 rpm using tungsten carbide 
(WC) vials and balls. The balls of diameter 10 mm is used and toluene is used as the process 
controlling agent (PCA). The milling is automatically stopped for cooling of the milling setup, and 
powder is taken after every 20 h to observe the phase evolution by using different characterization 
techniques.  

X-ray diffraction (XRD) analysis of the different samples is performed using a Bruker D8 
Advance diffractometer equipped with Co Kα radiation (λ = 1.789 Å). The CS and LS are 
evaluated from the XRD patterns using the Williamson–Hall (W–H) method. The morphology and 
particle size of the milled powders for different durations are examined by scanning electron 
microscopy (SEM) to assess the effect of milling time. JEOL JSM-6480 LV microscope operated 
at an accelerating voltage of 20 kV is used for the powder observation. Elemental composition of 
the powder samples is determined by energy-dispersive spectroscopy (EDS) integrated with the 
SEM system. 
2.2 Collection of the dataset 
The data of CS and LS obtained from this investigation and previously published works are 
collected to do prediction by using ANN modeling. The literature is chosen from different HEAs 
synthesized by the planetary ball milling process at different milling times, and then CS and LS 
are estimated from the XRD results, as shown in Table 1. Out of all the data collected 38 datasets 
are taken from earlier literature and the remaining 5 are obtained from the present study to know 
the accuracy of ANN modeling. While collecting data from previously published works, one 
should keep in mind that the experimental data should be of the same processing technique. To get 
reliable results the uniformity of experiments is maintained and the data collected from the 
literature has similar milling conditions. The input parameters such as milling time, ball-to-powder 
ratio (BPR), and milling speed, are considered. The varied range of CS and LS data corresponds 
to the milling time, BPR, and milling speed. The compositions chosen for different elements in the 
HEAs are considered in at. %. 
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Fig. 1 The suggested structure of the ANN model for forecasting the CS and LS of HEAs 

Table 1 Collection of data having elemental composition (at %), milling time (min), milling 
speed (rpm), and the ball-to-powder ratio. 

S.No 
Composition   Parameter 

Ref. 
Co Cr Fe Mn Ni Al Mo W 

Time 
(min) BPR Speed 

1 20 20 20 20 20 0 0 0 20 10:1 1100 [8] 

2 20 20 20 20 20 0 0 0 60 10:1 1100 [8] 

3 16.67 16.67 16.67 16.67 16.67 16.67 0 0 360 15:1 250 [9] 

4 16.67 16.67 16.67 16.67 16.67 16.67 0 0 1080 15:1 250 [9] 

5 16.67 16.67 16.67 16.67 16.67 16.67 0 0 1800 15:1 250 [9] 

6 16.67 16.67 16.67 16.67 16.67 16.67 0 0 2520 15:1 250 [9] 

7 20 20 20 20 20 0 0 0 60 10:1 300 [9] 

8 20 20 20 20 20 0 0 0 180 10:1 300 [10] 

9 20 20 20 20 20 0 0 0 300 10:1 300 [10] 

10 20 20 20 20 20 0 0 0 600 10:1 300 [10] 

11 20 20 20 20 20 0 0 0 900 10:1 300 [10] 

12 20 20 20 20 20 0 0 0 1200 10:1 300 [10] 

13 20 20 20 20 20 0 0 0 1800 10:1 300 [10] 

14 20 20 20 20 20 0 0 0 2400 10:1 300 [10] 

15 20 20 20 20 20 0 0 0 3000 10:1 300 [10] 

16 16.67 16.67 16.67 16.67 16.67 16.67 0 0 360 15:1 250 [11] 

17 16.67 16.67 16.67 16.67 16.67 16.67 0 0 720 15:1 250 [11] 

18 16.67 16.67 16.67 16.67 16.67 16.67 0 0 1080 15:1 250 [11] 

19 16.67 16.67 16.67 16.67 16.67 16.67 0 0 1440 15:1 250 [11] 

20 16.67 16.67 16.67 16.67 16.67 16.67 0 0 1800 15:1 250 [11] 

21 16.67 16.67 16.67 16.67 16.67 16.67 0 0 2520 15:1 250 [11] 

22 20 20 20 20 20 0 0 0 1800 15:1 250 [12] 

23 20 20 20 20 20 0 0 0 5 10:1 800 [7] 

24 20 20 20 20 20 0 0 0 10 10:1 800 [7] 

25 20 20 20 20 20 0 0 0 30 10:1 800 [7] 

26 20 20 20 20 20 0 0 0 60 10:1 800 [7] 

27 20 20 20 20 20 0 0 0 90 10:1 800 [7] 
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28 20 20 20 20 20 0 0 0 120 10:1 800 [7] 

29 20 20 20 20 20 0 0 0 150 10:1 800 [7] 

30 20 20 20 20 20 0 0 0 180 10:1 800 [7] 

31 20 20 20 20 20 0 0 0 210 10:1 800 [7] 

32 20 20 20 20 20 0 0 0 240 10:1 800 [7] 

33 20 20 20 20 20 0 0 0 240 10:1 250 [13] 

34 20 20 20 20 20 0 0 0 600 10:1 250 [13] 

35 20 20 20 20 20 0 0 0 900 10:1 250 [13] 

36 20 20 20 20 20 0 0 0 120 10:1 300 [14] 

37 20 20 20 20 20 0 0 0 1440 15:1 350 [15] 

38 20 20 20 20 20 0 0 0 2100 10:1 200 [16] 

39 0 23.8 0 23.8 23.8 0 23.8 4.76 4200 10:1 300 * 

40 0 22.72 0 22.72 22.72 0 22.72 9.09 4200 10:1 300 * 

41 0 21.73 0 21.73 21.73 0 21.73 13.0
4 4200 10:1 300 

* 

42 0 20.83 0 20.83 20.83 0 20.83 16.6
6 4200 10:1 300 

* 

43 0 20 0 20 20 0 20 20 4200 10:1 300 * 

*Denotes the present study 

2.3 Details of modeling 
Generally, the ANN model is classified into three different layers: input, hidden, and output. Each 
layer is associated with a component known as a neuron. To communicate with the neuron the 
linking weight is used and the change in weights will be carried out by the previous neuron’s taking 
the neuron’s input data. The optimization of training, validation, and testing is done using an 
acceptable backpropagation ANN model depending on several trials for the number of neurons 
and regulating the number of hidden layers. Further, the model’s output data are compared with 
the original measurements of CS and LS. To determine the absolute value the difference between 
the predicted and precise values is used. The model has been well-trained and tested to attain 
extreme potential. After numerous iterations, the model has finally evaluated the outcome. The 
most appropriate and extensively used algorithm for forecasting the properties of materials is 
backpropagation which better understands the relationship between input and output datasets. A 
11-9-1 structure was used, with 11 neurons in the input layer, 9 neurons in the hidden layer, and 1 
neuron in the output layer. The input parameters are the elemental composition of Co, Cr, Fe, Mn, 
Ni, Al, Mo, and W, while the remaining parameters are milling time, BPR, and milling speed are 
examined. The elemental composition is given in atomic percentage, and the milling speed is taken 
in rpm. MATLAB (R2018a) is used for the model’s implementation. The suggested 
backpropagation artificial neural network model for the present study is shown in Fig. 1. The 
different layers, input, hidden, and output processed by neurons are schematically represented in 
this diagram.  
3. Results and Discussion 
3.1 XRD Analysis of Milled HEA Powders 
The XRD patterns of NiMnCrMoWx powders milled for various periods up to 70 h are analyzed. 
In the starting, all the diffraction peaks of pure elements are seen in the XRD spectrum for all the 
compositions. With the increase in milling time, there is a substantial decrease in the peak height 
and broadening of the peak which suggests refinement of powder particle size. For example, 
considering BCC phase as seen in Fig. 2a, that the molybdenum and tungsten peaks of (110) plane 
are seen as individual peaks in the initial hours, while after the 70 h of milling it is observed that 
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both the elements merged together. Individual peak position change is observed from Figs. 2 (b 
and c). This is an indication that after 70 h of milling W and Mo have formed a solid solution 
resulting in a BCC phase. Similarly, the other BCC elements are alloyed with tungsten element. 
Moreover, along with BCC phase, a secondary FCC phase is noticed after 70 h of milling which 
is composed of Ni element formed because of the difference in crystal structure and 
electronegativity value of nickel-1.91: Pauling scale.  The CS and LS is calculated for the BCC 
phase by using Williamson–Hall method. The Cs and LS are determined from the most intense 
peak in the XRD spectra by eliminating the instrumental error. The CS is reduced from 243 nm to 
less than 75 nm after 70 h of milling. Whereas the LS increased from 0.45 % to a maximum of 
1.91 %. The detailed explanation can be seen in our earlier publication [17].  

 
Fig. 2 (a) X-ray diffraction pattern of the milled powders of NiMnCrMoW0.2 for 0, 20, 40, 60, 
70h, (b,c) Individual peak position change from 0 h to 70 h milling of (110), (211) planes [17]. 

3.2 Powder Morphology of HEAs with Milling Time 
The analysis of milled powders is investigated from the morphology obtained from SEM as seen 
from Fig. 3. The SEM image of the unmilled powder mixture from Fig. 3a represents a wide 
particle size distribution with an average particle size of less than 75 µm. It is noticed from the Fig 
3(b-f) that the particles of milled powders are flattened and flake-shaped due to severe plastic 
deformation. With the increase in W content the percentage of flaky particles is decreased and 
raise in the round shaped particles. This is mainly because of ductile nature of Mo and Ni lead to 
flat particle and tungsten which is brittle formed the round particles. In all the compositions, a 
mixture of both flakes and round shapes is observed and the variation is noticed with W content. 
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Fig. 3 SEM micrographs of the powder mixture of NiMnCrMoWx(x= 0.2, 0.4, 0.6, 0.8, and 1.0) 
(a) before milling, and after milling(b) W0.2, (c) W0.4, (d)W0.6, (e) W0.8,  (f) W1.0 [17]. 

3.3 Training, Testing, and Validation of the ANN Model 
The backpropagation neural network is used to improve the ANN model in this investigation which 
predicts the CS and LS of the alloys. To maintain consistent input data, all the datasets are made 
to scale by using the feature scaling function at first. For the ANN model’s implementation, the 
neural network structure chosen was 11-9-1 by using error and trial procedure.  The Levenberg 
Marquardt training algorithm is used for the training of the ANN model. The mean square error 
(MSE) between predicted and experimental output has been calculated during the development of 
the ANN model, and the values are equal to 0.00061905 in 24 epochs for CS and 0.001193 in 29 
epochs for LS.  
3.4 ANN Backpropagation Model to Predict Crystallite Size and Lattice Strain 
The ANN backpropagation model is used to create a generalized model to see the combined effect 
of the Co, Cr, Fe, Mn, Ni, Al, Mo, and W elements in the HEA along with the parameters milling 
time, speed, and BPR on the CS and LS. After several iterations and training of the ANN model, 
an exceptional correlation coefficient (R) is calculated for the CS which are R = 0.99577, R = 
0.99817, and R = 0.99821 for the training, validation, and testing, respectively. The overall 
correlation coefficient for the forecast of CS is about R = 0.99588, which is shown in Fig. 4. 
Whereas, the values of ‘R’ for training, validation, and testing are obtained as R = 0.99504, R = 
0.9916, R = 0.99489, respectively. The overall correlation coefficient for the prediction of LS is 
achieved as R = 0.994, as presented in Fig. 5. By using the ANN model the absolute error values 
of CS and LS are predicted as 4.73 % and 7.98 %, respectively showing outstanding agreement 
between the experimental and predicted data. The current investigation limited the collection of 
experimental data of CS and LS having similar alloying content and processing route. The 
precision of the model is appropriate for predicting CS and LS values.  
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Fig. 4 (a) Mean square error value of CS depending on the best validation performance, 

(b) Correlation coefficient of CS during the modeling. 
 

The CS and LS values of Experimental and Predicted are shown in Fig. 6. It is significant to 
know that the created ANN model predicts the desired CS and LS of the present HEAs without 
conducting any experiments. ANN model used for the prediction of CS and LS provides 
exceptional accuracy with the experimental results achieved from this investigation and other 
HEAs reported [8-16]. As we know the CS plays a crucial role in the sintering and its physical 
properties. Therefore, the prediction of CS of particular HEAs using the defined milling conditions 
provides an idea so that we can minimize the experimental time and cost during synthesis of HEAs. 

 
Fig. 5 (a) Mean square error value of LS depending on the best validation performance, 

(b) Correlation coefficient of LS during the modeling. 
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Fig. 6 Representation of experimental and predicted values using the ANN approach of (a) 

Crystallite Size, and (b) Lattice strain.  
Conclusion 
In the current study, NiMnCrMoWx HEA powders are developed using through the powder 
metallurgy route by using mechanical alloying technique. From the XRD results it is observed that 
a dual-phase (a mixture of BCC and FCC) structure is formed after milling upto 70 h. The CS and 
LS is determined for the BCC phase occurred for the 70 h milled powders by using the Willamson-
Hall method. Also, the prediction of CS and LS is done by using the Artificial Neural Network 
(ANN) approach. The SEM images shown the transformation of flake particle to round with 
increase in tungsten content. After 70 h of milling, the CS is reduced from 243 nm to less than 75 
nm. While the LS increased to 1.91 %. The ANN modeling provided a prediction of CS and LS 
with an accuracy of 95.27 % and 92.02 % respectively.       
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Abstract. Ferroelectric Hf0.5Zr0.5O2 (HZO) exhibits grain-size-dependent polarization switching 
that dominates variability in FeFET neuromorphic crossbars, yet the quantitative link from 
microstructure to array-level accuracy remains unexplored. This work bridges polycrystalline 
grain physics to 64×64 array performance via our proposed grain count conditioned surrogate, 
GrainAwareNet, developed using a 2D cross-sectional phase-field model assuming columnar grain 
structure typical of thin HZO films. Simulations yield 1,927 valid P-E loops spanning grain counts 
G = 10-100 (equivalent mean grain size ~6-19 nm), with Pr = 15-35 µC/cm² (±15%) and Ec = 80-
180 MV/m (±40%). GrainAwareNet achieves R² = 0.9923, RMSE = 0.032 µC/cm², and 1000× 
speedup, enabling Monte Carlo exploration of grain-count variability σG = 0-40. The framework 
demonstrates remarkable robustness: Matrix-Vector Multiply (MVM) output error remains <1% 
for σG up to ~35, with <0.3% error at σG = 5 (CV < 6%). Voltage calibration further recovers 
~90% accuracy at higher variability. Framework enables microstructure-aware design-technology 
co-optimization (DTCO) for HZO FeFETs. 
1. Introduction 
Brain-inspired neuromorphic computing promises orders-of-magnitude energy efficiency gains 
over conventional digital systems [1]. Ferroelectric field-effect transistors (FeFETs) offer 
compelling hardware synapses with tunable, nonvolatile conductance, enabling on-chip learning 
via voltage-gated polarization switching [2]. HZO-based ferroelectrics enable CMOS-compatible 
integration (annealing ≤600 °C, TiN/W electrodes, 10 nm scalability), unlike perovskite 
predecessors requiring noble metals and thick films [3]. However, polycrystalline HZO contains 
heterogeneous grains whose boundaries suppress ferroelectricity, introducing device-to-device 
variability that propagates to crossbar compute precision [4,5]. 

Prior compact and phase-field modeling efforts have established physically grounded 
ferroelectric switching [1,5], yet they suffer from critical limitations in design-technology co-
optimization (DTCO). Existing flows typically assume abstract Gaussian noise to model 
variability, ignoring its physical origin in microstructure [3]. This abstraction prevents the 
predictive optimization of process control targets, such as grain size, needed to meet specific 
accuracy thresholds. Furthermore, direct physical simulations remain too computationally 
expensive to bridge the gap between grain-scale physics and large-scale array metrics. This paper 
closes the gap by combining (i) grain-resolved TDGL simulations to generate a statistically robust 
dataset, (ii) a novel surrogate model conditioned on scalar grain statistics (G) to accelerate 



Processing and Characterization of Materials – ICPCM 2025 Materials Research Forum LLC 
Materials Research Proceedings 65 (2026) 74-79   https://doi.org/10.21741/9781644904138-11 

 

 
75 

sampling, and (iii) crossbar-level Monte Carlo analysis to directly quantify MVM output fidelity 
under realistic grain distributions. 
2. Methodology 
2.1 Grain-Scale Physics and Dataset Generation 
2.1.1 Polycrystalline HZO Microstructure Model 
Model Scope and Assumptions: This work employs a 2D cross-sectional phase-field model 
assuming a columnar grain microstructure, where individual grains extend uniformly through the 
~10 nm film thickness (z-axis). This assumption is well-validated for thin HZO films deposited 
via ALD/PVD, where transmission electron microscopy (TEM) studies confirm that grains 
nucleate at the bottom interface and grow vertically to span the full thickness [4,6]. Under this 
geometry, in-plane grain-boundary effects (modeled in 2D) dominate polarization variability, 
while through-thickness domain evolution remains approximately uniform. The 2D approach is 
computationally tractable while capturing the primary microstructure-driven variability observed 
experimentally [4]. 

Polycrystalline HZO is modeled with a time-dependent Ginzburg-Landau (TDGL) evolution of 
polarization order parameter P(r, t) under external field E, where grain interiors favor ferroelectric 
ordering (αferro < 0) while grain boundaries suppress ferroelectricity via altered local energetics 
(αpara > 0, “boundary pinning”) [5]. The discretized evolution on a 60 nm × 60 nm domain (N = 
60, Δx = 1 nm, periodic boundaries) follows (Eq. 1). 

∂P/∂t = −ρ [ α(G) P + β P³ + γ P⁵ − g₁₁ ∇²P − Eext ]                                               (1) 

The TDGL equation is solved in normalized units where polarization P is in µC/cm² and electric 
field E is in MV/m. The Landau coefficients are effective phenomenological parameters calibrated 
to reproduce the experimental coercive field (Ec ~ 1-2 MV/cm) and saturation polarization (Ps ~ 
25 µC/cm²) of HZO films [4,5]Specifically, α(G) applies a mean-field scaling to grain interiors, 
approximating the macroscopic Hall-Petch-like hardening observed in fine-grained films [6], 
while αpara explicitly models local domain wall pinning at boundaries. This separates global size 
effects from local topology effects. 
2.1.2 Dataset Generation and Physical Validation 
A Monte Carlo workflow generates 2,000 target simulations across grain counts G = 10-100 
(uniform random), retaining 1,927 valid P-E loops after numerical screening. Each simulation 
applies cyclic triangular field sweeps E(t) with peak amplitude Emax drawn from 𝒩𝒩(5.0×10⁸ V/m, 
10% noise) over 4 ns total. Post-processing extracts Pr (remanent polarization) and Ec (coercive 
field), confirming physical bounds (Psat ≈ 30 µC/cm², Ec ∈ [80-180] MV/m). 

The dataset spans Pr = 15-35 µC/cm² (±15%) and Ec = 80-180 MV/m (±40%), capturing grain-
conditioned hysteresis diversity (Fig. 1). Soft grains (G < 20, mean diameter D ≈ 13.4 nm) show 
higher Pr and lower Ec; hard grains (G > 80, D ≈ 6.7 nm) show lower Pr and higher Ec, validating 
the grain-physics coupling [4]. 
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Fig. 1. Generated dataset of 1,927 valid P-E hysteresis loops showing variability in Remanent 

Polarization (Pr) and Coercive Field (Ec) driven by grain microstructure (G = 10-100). 
Table 1. Comparison of perovskite and hafnia-based ferroelectric material comparison. 

Property Perovskites (PZT, BaTiO₃) Hafnia-Based HZO 
Annealing Temperature ~700 °C 400-600 °C 
Electrodes Pt, SrRuO₃ TiN, W (CMOS) 
Thickness Scalability ~100 nm ~10 nm 
Coercive Field Ec 0.05-0.25 MV/cm 0.8-2 MV/cm 
Endurance ~10¹⁰ cycles ≥10¹⁰ cycles 

 

2.2 GrainAwareNet: Physics-Informed Surrogate 
2.2.1 Architecture and Grain Injection 
Direct TDGL rollouts require ~3 minutes per loop; this study proposes GrainAwareNet, trained to 
predict incremental polarization updates ΔP conditioned on instantaneous state (P, E, ΔE) and the 
scalar microstructure statistic G (grain count). Note that conditioning on the scalar count 
effectively predicts the ensemble-averaged polarization path for a given grain size, smoothing out 
specific topological variations. The key contribution is grain injection at every hidden layer, 
preserving microstructure sensitivity. The network uses three fully connected layers 
(64→128→64 neurons) with tanh activation and grain concatenation. 
2.2.2 Training and Validation 
Trained on 80% of the dataset (1,542 loops), GrainAwareNet achieves R² = 0.9923 and RMSE = 
0.032 µC/cm² on held-out data. A sensitivity diagnostic yields 6.8×10⁻³ µC/cm² per grain unit 
(Fig. 2), confirming grain-awareness. Validation is against the TDGL model, calibrated to 
experimental literature [4,7]. Although the surrogate is trained on nanosecond-scale loops, we 
utilize the quasi-static assumption for array operations. Since the write pulse (~3 µs) is 
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significantly slower than intrinsic domain dynamics, the surrogate accurately predicts the final 
equilibrium polarization state regardless of pulse duration. 

 
Fig. 2. Grain sensitivity diagnostic: ΔP versus G at fixed field. Spread = 6.8×10⁻³ µC/cm² 

confirms grain injection success. 
Computational speedup: ~0.2 ms/loop vs ~3 min/loop enables ~1000× speedup for Monte Carlo 
exploration. 
2.3 Crossbar Array Simulation and Critical Threshold 
2.3.1 Write Protocol and Monte Carlo Setup 
We simulated a 64×64 FeFET crossbar with differential-pair encoding (w = g₊ − g₋). For each 
device, grain count is drawn from (50, σG) and clipped to [10, 100]. A write pulse Emax = 3.5×10⁸ 
V/m is applied in 325 steps (~3 µs), with surrogate rollout predicting final polarization.  For 
readout, we assume a linear mapping between the programmed ferroelectric polarization and the 
channel conductance. MVM output error is computed as given in (Eq. 2).  

MVM Error = 100 × ||Yideal − Yreal||²F / ||Yideal||²F                               (2) 

where Y = WX. Five Monte Carlo runs per σG record mean and standard deviation. 
2.3.2 Robustness Analysis 
The array demonstrates graceful degradation (Fig. 3): MVM error remains <0.3% at σG = 5 (CV 
< 6%), rises to ~0.4% at σG = 20, and crosses 1% only beyond σG ≈ 35. This robustness arises 
from: Differential pair encoding (partial mismatch cancellation) - Statistical averaging (64×64 
array reduces single-device impact) - Surrogate smoothing (R² = 0.9923 averages grain extremes) 
For context, experimental HZO processes exhibit CV ≈ 10-15% (σG ≈ 15-20) [4,6], well within the <1% error regime. 
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Fig. 3. MVM output error versus σG. Error remains <1% up to σG ≈ 35, demonstrating 

robustness to grain variability. 
3. Results and Discussion 
3.1 Surrogate Accuracy and Computational Benefit 

Table 2. GrainAwareNet performance and array robustness metrics. 

Metric Value 
Phase 1: Valid loops 1,927 
Phase 1: Grain range G (equiv. D nm) 10-100 (6-19 nm) 
Phase 2: Test R² 0.9923 
Phase 2: Grain sensitivity 6.8×10⁻³ µC/cm² 
Phase 2: Speedup vs TDGL ~1000× 
Phase 3: MVM error at σG=5 <0.3% 
Phase 3: MVM error at σG=20 ~0.4% 
Phase 3: 1% error threshold σG ≈ 35 

The 1000× speedup unlocks design-space exploration infeasible with physics simulators alone.  
3.2 Voltage Calibration 
Adaptive voltage calibration (±10% Emax adjustment) yields ~90% accuracy recovery at σG = 20, 
demonstrating circuit-level mitigation can further relax process requirements. 
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Conclusion 
This study presents the first integrated framework connecting polycrystalline grain microstructure 
to neuromorphic array compute precision via GrainAwareNet (R² = 0.9923, 1000× speedup). The 
results quantify robust operation: MVM output error remains <1% for σG up to ~35(CV ≈ 20%), 
encompassing typical experimental HZO process distributions. For applications demanding near-
ideal precision (<0.5% error), σG < 20 is recommended. This framework bridges materials physics 
to system-level DTCO, enabling predictive design of HZO-based neuromorphic hardware. It is 
noted that by conditioning on the scalar grain count, the surrogate effectively predicts the 
ensemble-averaged response for that grain size, filtering out intra-device topological noise. Thus, 
the reported variability metrics represent a lower bound, capturing the dominant grain-size-driven 
mismatch. Future work could extend to wake-up/fatigue modeling and 3D grain-growth kinetics. 
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Abstract. The present study investigates the through-thickness heterogeneous twin evolution in a 
hot-rolled titanium (Ti) sheet subjected to 90° bending along the rolling (RD) and transverse (TD) 
direction at room temperature. The microstructure evolution of the bent sheets was investigated 
using a field-emission scanning electron microscope (FESEM) equipped with electron backscatter 
diffraction (EBSD). Significant variations in twin formation were observed in both the bend 
loading directions and in through-thickness regions. The TD bend sample showed a dominant 
{101�2}〈101�1〉 extension twins (ET) in the inner compressive region (ICR), with few 
{112�2}〈112�3�〉 contraction twins (CT) in the outer tensile region (OTR). In contrast, the RD bend 
sample exhibited {101�2} ET and {112�2} CT in both the regions, but with a lower overall twin 
fraction than in the ICR of the TD bend sample. The present findings highlight the critical roles of 
bend-loading direction and regional stress states in governing heterogeneous twin evolution.  
Introduction 
Titanium (Ti) and its alloys are considered highly suitable as structural components for space, 
aircraft, marine, defence, and biomedical applications. This is due to its high specific strength, 
formability, excellent corrosion resistance and biocompatibility [1]. Most of the structural 
components are made from sheets that require numerous forming operations, often involving 
bending. During the bending operation, the sample undergoes tensile and compressive loading in 
the outer and inner regions, respectively, resulting in a through-thickness distribution of stress and 
strain [2,3]. Owing to the hexagonal close-packed (HCP) crystal structure, 𝛼𝛼-Ti exhibits high 
anisotropic in deformation behavior [4]. Due to the low c/a ratio, plastic deformation in 𝛼𝛼-Ti 
predominantly occurs through prismatic 〈𝑎𝑎〉 slip, followed by basal 〈𝑎𝑎〉 and pyramidal 〈𝑎𝑎〉 at room 
temperature (RT) [5]. Along with this, twinning must be initiated to accommodate the strain along 
the c-axis [5]. At RT, {101�2}〈101�1〉 extension twin (ET) and {112�2}〈112�3�〉 contraction twin 
(CT) primarily activates under c-axis tension and compression, respectively [4,6]. The activation 
of ET and CT led to a lattice rotation by ~ 85° about 〈112�0〉 and  ~ 63.5° about 〈101�0〉, w.r.t. 
parent matrix, respectively. This lattice rotation may change the Taylor factor and affect the slip 
activities in the twin domain compared to the parent matrix under the same external loading [7]. 
For instance, during the compression of extruded α-Ti in the axial direction, the increase in the 
strain hardening rate in stage II could be attributed to the activation of {101�2}〈101�1〉 ET twins 
[6]. However, the activation of {112�2}〈112�3�〉 CT leads to geometric softening and a decrease in 
the strain hardening rate [7]. Considering the texture-dependent twinning behavior stated above, 
the bending behavior of titanium, characterized by a pronounced stress-strain gradient, needs to be 
explored.  

Aiming at the above, the present work explores the three-point bending behavior of 𝛼𝛼-Ti at RT. 
The microstructural features were investigated at different regions of the bending sample using a 
field-emission scanning electron microscope (FESEM) equipped with an electron back-scattered 
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diffraction (EBSD) (Zeiss Sigma 300 VP). The present investigation correlates the heterogeneous 
microstructure evolution across the thickness with the activation of different deformation twins, 
as governed by the initial texture during bending. 
Materials and Methods 
The material used in the present study was in the form of hot-rolled grade II 𝛼𝛼-Ti sheets.  Samples 
with a thickness of 2 𝑚𝑚𝑚𝑚, width of 20 𝑚𝑚𝑚𝑚 and a length of 50 𝑚𝑚𝑚𝑚 were cut along the rolling 
direction (RD) and the transverse direction (TD) and referred to as the TD and RD bend samples, 
respectively. The three-point bend tests were carried out up to a bend angle of ~90° with a strain 
rate of 0.005 S−1 at RT. After the bend test, the samples were sectioned at the mid-width direction 
to reveal the ND-RD and ND-TD planes for the TD and RD bend samples, respectively. The 
microstructural features were characterized using the SEM-EBSD technique. For this, the samples 
were prepared by standard metallographic polishing using emery papers, followed by colloidal 
silica ~0.05μm. After that, the samples were electropolished with an A3 solution for 15 seconds 
at 18V. The obtained results were processed using TSL OIM 8 software.  
Results and discussions 
Microstructure of the initial material 

 
Fig. 1. Microstructure characteristics of the initial hot-rolled 𝛼𝛼-Ti on ND-RD plane in terms of 

(a) Inverse pole figure (IPF) map, (b) grain size distribution, and (c) misorientation angle 
distribution. 

Fig. 1a represents the microstructural characteristics of the initial hot-rolled 𝛼𝛼-Ti in terms of the 
inverse pole figure (IPF) map obtained on the ND-RD plane. The colors of the IPF map represent 
the orientation of the grains with respect to the color key code mentioned in the inset of Fig. 1a. 
The initial material had an equiaxed grain structure with no twins, Fig. 1a. The initial material had 
a log-normal grain size distribution with a range of 1 − 50 μm as represented in Fig. 1b, with an 
area fraction average grain size of ~22 μm. Fig. 1c represents the misorientation angle distribution 
(MAD) plotted over a range of 1 − 95°. The plot shows a local maximum at ~30°, which has an 
orientation relationship with the [0002] axis due to the presence of recrystallized grains [8]. 
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Microstructure evolution in the TD bend sample 

 
Fig. 2. Microstructure characteristics of different regions for the TD bend sample in terms of 
IPF maps and misorientation angle distribution of i(a, b) ICR, ii(a, b) NR, and iii(a, b) OTR. 

Fig. 2 shows the microstructural characteristics of the TD bend sample using the IPF map, MAD 
plot of different regions on the ND-RD plane. The bend regions could be distinguished as the inner 
compression region (ICR), the neutral region (NR), and the outer tension region (OTR). A large 
fraction of twins could be observed in the ICR of the TD sample (Fig. 2a(i)). The corresponding 
MAD plot in Fig. 2b(i) shows a local maximum corresponding to 85° peak, which has an 
orientation relationship with 〈112�0〉 axis as illustrated by the angular IPF plot in the inset of Fig. 
2b(i). This indicates that the observed twins correspond to (101�2)〈101�1〉 ET. However, no 
significant changes could be observed for the NR (Fig. 2a(ii)), and the microstructure remains 
equiaxed, similar to that of the initial material (Fig. 1a). The MAD plot in Fig. 2b(ii) also confirms 
no sign of twin formation; however, the 30° peak shows an orientation relationship with respect 
to [0002] axis due to the presence of recrystallized grains [8]. In contrast, some of the equiaxed 
grains of the initial material were elongated for the OTR, and their elongated directions were 
parallel to the tensile direction (Fig. 2a(iii)). Additionally, a few twins could also be observed. The 
MAD plot (Fig. 2b(iii)) shows a local maximum at ~63.5° which has an orientation relationship 
with 〈101�0〉 axis. This indicates that the observed twins were {112�2}〈112�3�〉 CTs. 
Microstructure evolution in the RD bend sample 
Fig. 3 shows the microstructure characteristics of the RD bend sample using the IPF map and 
MAD plot of different regions on the ND-TD plane. A large fraction of twins could be observed 
in the ICR of the RD bend sample (Fig. 3a(i)). The MAD plot in Fig. 3b(i) shows a local maximum 
at ~63.5°, which is aligned with the 〈101�0〉 axis, and at ~85°, which has an orientation 
relationship with 〈112�0〉 axis. This indicates the observed twins correspond to {112�2}〈112�3�〉 CTs 
and (101�2)〈101�1〉 ETs, respectively. However, the fraction of ETs formation was found to be 
higher than that of CTs (Fig. 3b(i)). Therefore, both ET and CT were operative in the ICR of the 
RD bend sample, but a suppression of ET activity could be observed compared to the ICR of the 
TD bend sample (Fig. 2b(i)). Fig. 3a(ii) represents the microstructure of the NR for the RD bend 
sample. The map shows an equiaxed grain structure with no twins, suggesting that the NR 
underwent no substantial deformation and is similar to that of the initial material. Further, this 
could be confirmed by the MAD plot in Fig. 3b(ii). 
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Fig. 3. Microstructure characteristics of different zones for the TD bend sample in terms of IPF 

maps and misorientation angle distribution of i(a, b) ICR, ii(a, b) NR, and iii(a, b) OTR. 
In contrast, the grains in the OTR of the RD bend sample were elongated (Fig. 3a(iii)), similar 

to those of the OTR of the TD bend sample (Fig. 2a(iii)). Additionally, a few twins could also be 
observed. The MAD plot reveals that the observed twins have a misorientation angle/axis pair of 
63.5°〈101�0〉 and 85°〈112�0〉, which corresponds to the CT and ET, respectively (Fig. 3b(iii)). 
However, the fraction of ET and CT in the OTR was lower than the ICR of the RD bend sample.  
Effect of initial texture 

 
Fig. 4. (0002) pole figures obtained from the cross-sectional area of the initial undeformed (a) 

TD, (b) RD samples. 
The heterogeneous twinning observed in the different regions of the TD and RD bend sample 

can be understood in terms of the grain orientation (texture) and the nature of the external loading. 
Fig. 4(a, b) shows the (0002) pole figure obtained by EBSD measurements on the cross-sectional 
area of the undeformed TD and RD samples. The angular deviation of the loading axis (red circle) 
and the c-axis positions (black circle) with their highest texture intensity are ~90° and ~60° away 
for the TD and RD samples, respectively, reflecting the specific hot-rolled texture of 𝛼𝛼-Ti [4]. 
During bending, the inner region is subjected to compression, and the outer region experiences 
tensile loading. The possible maximum Schmid factor (SF) values of two twinning systems and 
their variation with the loading direction are given in Table 1. 
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Table 1: Possible maximum SF values of ET and CT and their variation with the loading 
direction. 

Sample 
Nomenclature 

Loading 
direction 

Max. SF (Compression) Max. SF (Tension) 
{101�2} ET {112�2} CT {101�2} ET {112�2} CT 

TD bend RD 0.49 0 0 0.45 
RD bend TD 0.29 0.12 0.12 0.41 

  
Both the loading conditions (compression, Fig. 4a, b) favor a tensile strain along the c-axis, 

leading to the formation of ET in the ICR. However, the fraction of ET in the ICR of the TD bend 
is higher than the RD bend because (101�2) ET has a relatively high SF value of 0.49 (Table 1). 
The {112�2} CT has a maximum SF value of 0.12 for the ICR of the RD bend sample, indicating 
that it may still be active. In contrast, all the CT variants had a SF value of 0; thus, the formation 
of {112�2} CT is completely suppressed for the ICR of the TD bend sample.   

Similarly, for TD bend under tensile loading along RD (Fig. 4a), the {101�2} ET exhibits SF 
values of 0 or negative, indicating no activation, while {112�2} CT showed a maximum SF of 0.45, 
indicating its chances of formation. Under tensile loading along TD for RD bend (Fig. 4b), both 
{101�2} ET and {112�2} CT were operative due to a maximum SF value of 0.12 and 0.41, 
respectively. Although the {112�2} CT exhibited a higher SF than the {101�2} ET for the OTR of 
the RD, the ET fraction was higher than that of CT (Fig. 3b(iii)), owing to its lower critical resolved 
shear stress. 
Conclusions 
The activation of specific twin systems across the different regions of the bend sample is mainly 
governed by the loading direction and initial texture of the material. {101�2} ETs are dominantly 
formed in the ICR of the TD bend sample, while the OTR exhibited only a few {112�2} CT. In the 
RD bend sample, both ICR and OTR showed the activation of {101�2} ET along with a few {112�2} 
CT, however, the twin fraction was higher in the ICR than the OTR, but still lower than that 
observed in the ICR of the TD bend sample. 
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Abstract. Air-to-air refueling (AAR) hose systems endure severe cyclic pressurization, dynamic 
bending, vibrational loading, and extended hydrocarbon exposure across -40 °C to 80 °C. 
Conventional fluorocarbon or nitrile butadiene rubber hoses reinforced with aramid fibers exhibit 
hydrocarbon diffusion, plasticizer migration, and interfacial delamination, compromising 
structural integrity and service durability. This investigation presents a novel multilayer composite 
incorporating ethylene propylene diene monomer (EPDM) elastomer for viscoelastic compliance 
and chemical resistance, austenitic SS-305 stainless steel mesh for tensile reinforcement and stress 
distribution, and ultra-high molecular weight polyethylene (UHMWPE) woven sheath as an 
effective diffusion barrier. Hot compression moulding (190 °C, 10 MPa, 60 min) with controlled 
cooling ensures robust interfacial bonding. Swelling tests (ASTM F146) in petrol demonstrated 
controlled 51% volumetric expansion within 7 hours, attaining equilibrium. Diffusion kinetics 
conformed to Fickian behaviour (D ≈ 0.033-0.034 mm²/h). Flory-Rehner analysis yielded χ ≈ 0.83, 
confirming poor solvent affinity and constrained molecular mobility. The crystalline UHMWPE 
sheath suppressed EPDM chain relaxation, restricted ingress, and stabilized interfaces under 
thermal-solvent stress. Tribological evaluation (ASTM G99, 10 N, 263.9 m) revealed stable 
UHMWPE-derived transfer film formation, yielding friction coefficient 0.26-0.32 and specific 
wear rate 1.33 × 10⁻² mm³ N⁻¹ m⁻¹, evidencing superior durability and cohesion. The EPDM-
UHMWPE-SS-305 composite delivers enhanced barrier performance, wear resistance, and 
delamination resistance, enabling reliable indigenous AAR hose solutions. 
1. Introduction  
Air-to-air refuelling (AAR) is a critical aerospace operation that enables in-flight fuel transfer from 
a tanker to a receiver aircraft, extending operational range and endurance without ground 
refuelling. The probe-and-drogue configuration predominates due to its structural simplicity, 
interoperability, and adaptability across diverse airframes [1]. This system utilises a flexible hose 
terminating in a conical drogue, into which the receiver's probe engages for sealed, pressure-
regulated fuel delivery. Operational efficiency and safety depend on the hose assembly's 
mechanical resilience, fuel compatibility, and aerodynamic stability under cyclic tensile/torsional 
stresses, vibration-induced fatigue, and variable thermal, pressure, and aerodynamic loads [2]. 
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The hose-conduit assembly serves as the central mechanical and fluidic pathway for high-pressure 
fuel transfer while withstanding aerodynamic drag, oscillatory bending, torsional vibration, and 
fluctuating pressures. It must maintain dimensional fidelity, sealing integrity, and laminar fuel 
flow under severe dynamic excitation [3]. Polymeric hose architectures, typically multilayered 
elastomeric and thermoplastic materials, demand negligible volumetric swelling during continuous 
aircraft fuel exposure, low hydrocarbon vapour permeation, and high resistance to abrasion, 
fatigue, and coupling wear. Conventional designs incorporating fluorocarbon rubber (FKM), 
nitrile butadiene rubber (NBR), or polytetrafluoroethylene (PTFE)-lined aramid-reinforced 
composites are constrained by aromatic fuel diffusion, plasticiser migration, and delamination 
under cyclic flexure [4]. 

To overcome these limitations, this study introduces a groundbreaking multilayer composite 
architecture that integrates stainless steel (SS) mesh as central reinforcement for superior tensile 
and fatigue strength, ethylene propylene diene monomer (EPDM) elastomer encapsulating the 
metallic core for viscoelastic compliance, chemical resistance, and interfacial sealing, and ultra-
high molecular weight polyethylene (UHMWPE) fabric overlay for exceptional abrasion 
resistance, low surface energy, and dimensional stability. Fabricated via precision compression 
moulding, this hitherto unexplored synergistic structure achieves high interfacial adhesion, 
uniform consolidation, and enhanced chemo-mechanical resilience. By strategically reconciling 
minimal hydrocarbon-induced swelling with superior wear and fatigue endurance, the design 
establishes a pioneering framework for next-generation, delamination-resistant AAR refuelling 
hoses. 
2. Materials and Methods  
2.1 Materials and Fabrication of Composites 
The assembled multilayer composite constituted of locally sourced SS305 stainless steel mesh 
sandwiched between 1mm EPDM (HEMRL, Pune), 1mm UHMWPE fabric (DEBEL, Bangalore) 
and lastly capped by 2mm EPDM at both ends. For fabrication, the multilayer assembly was 
subjected to compression moulding at 190°C under 10 MPa for 60 minutes, followed by room 
temperature cooling to minimize thermal stresses and enhance structural integrity. 
2.2 Characterization 
2.2.1 Diffusion and Swelling Characteristics 
The diffusion behaviour of hydrocarbon fuel (petrol) in multilayer hose specimens was assessed 
via mass uptake measurements per ASTM F146. Fractional uptake (𝑀𝑀ₜ/𝑀𝑀∞) was determined 
from periodic mass recordings until equilibrium was reached.Assuming one-dimensional through-
thickness diffusion and plane-sheet geometry, the system was modelled using Fick’s second law 
to estimate the apparent diffusion coefficient (D).In the early-stage regime (𝑀𝑀ₜ/𝑀𝑀∞ <  0.4), 
uptake follows the parabolic relation: 

𝑀𝑀ₜ/𝑀𝑀∞ =  4
√𝜋𝜋

(𝐷𝐷𝐷𝐷
𝑙𝑙2

)1 2�                                                                (1)   

where l is sample thickness. The slope S of the linear 𝑀𝑀ₜ/𝑀𝑀∞ 𝑣𝑣𝑣𝑣.√𝑡𝑡 plot yields: 

𝐷𝐷 =  (𝜋𝜋 𝑙𝑙² 𝑆𝑆²)/16                                                            (2) 

In the late-stage regime (𝑀𝑀ₜ/𝑀𝑀∞ > 0.6), uptake is described by the exponential decay: 

1 −  𝑀𝑀ₜ/𝑀𝑀∞ =  (8/𝜋𝜋²) 𝑒𝑒𝑒𝑒𝑒𝑒(−𝜋𝜋²𝐷𝐷𝐷𝐷/𝑙𝑙²)                                      (3) 

D is obtained from the slope of 𝑙𝑙𝑙𝑙(1 −  𝑀𝑀ₜ/𝑀𝑀∞) 𝑣𝑣𝑣𝑣 𝑡𝑡. 
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Agreement between D values from both regimes confirms Fickian diffusion and quantifies the 
composite’s intrinsic barrier performance against hydrocarbon permeation under prolonged 
immersion [5], [6]. Thermodynamic polymer-fuel interaction was evaluated using Flory-Rehner 
theory on equilibrium swelling data to determine the polymer-solvent interaction parameter (χ): 

𝜒𝜒 = ln(1 − 𝑉𝑉𝑟𝑟) +  𝑉𝑉𝑟𝑟 +  𝑉𝑉𝑠𝑠
�

𝑉𝑉𝑟𝑟2
(1
2
)(𝑉𝑉𝑟𝑟

1 3⁄

𝑉𝑉𝑟𝑟,𝑒𝑒𝑒𝑒
−  𝑉𝑉𝑟𝑟

2
)                                         (4) 

where Vᵣ is the polymer volume fraction in the swollen state and V̅ₛ is the solvent molar volume. 
χ quantifies thermodynamic affinity, lower values indicate stronger fuel uptake and higher swelling 
propensity. The combined Fickian diffusion analysis and Flory-Rehner evaluation provide a 
comprehensive assessment of kinetic transport and molecular-level interaction mechanisms 
governing hydrocarbon sorption in the multilayer hose architecture [7]. 
2.2.2 Tribological Performance 
The interfacial integrity of the multilayer hose composite was evaluated using a tribological pin-
on-disc test in accordance with ASTM G99. The test was performed on a stainless-steel disc 
rotating at 300 rpm for 1200 seconds, employing composite specimens of 8 × 5 × 6 mm under a 
normal load of 10 N. The total sliding distance, calculated from the test parameters, was 
approximately 263.9 m[8]. The wear behaviour was quantitatively assessed using the Archard 
wear model in its experimental form, expressed as 

𝑘𝑘′ =  𝑉𝑉
𝐹𝐹𝑁𝑁𝑠𝑠

                                                                           (5) 

where 𝑘𝑘′is the specific wear rate (mm3/Nm), 𝑉𝑉 the wear volume obtained from the measured 
wear depth and contact area, 𝐹𝐹𝑁𝑁 the applied load, and 𝑠𝑠 the total sliding distance. A low specific 
wear rate coupled with a stable friction coefficient is expected to confirm robust interfacial 
bonding, high wear endurance, and superior mechanical stability of the multilayer hose 
architecture under cyclic tribological conditions[9]. 
3. Results and Discussions  
3.1 Swelling Behaviour 
Swelling tests in petrol (ASTM F146) on the EPDM-UHMWPE-SS 305 multilayer composite 
showed rapid initial uptake: mass increased from 4.38 g to 6.63 g, diameter from 15 mm to 34 
mm, and height from 6 mm to 10 mm over 7 hours, yielding ~51% volumetric expansion. 
Equilibrium was reached thereafter, with negligible changes up to 24 hours total immersion. This 
controlled profile contrasts with conventional single-layer EPDM or NBR, which often exhibit 
>100-200% uncontrolled swelling and prolonged non-equilibrium in aromatic hydrocarbons [10], 
[11]. The restrained swelling results from the hierarchical structure: the highly crystalline 
UHMWPE sheath physically confines EPDM chain mobility, while the impermeable SS 305 mesh 
disrupts diffusion pathways, limiting free-volume expansion and solvent-induced plasticisation. 
Compared to oil-extended EPDM compounds, where elevated plasticiser content reduces crosslink 
density and increases swell ratios [11], the barrier layers here provide superior long-term 
dimensional stability. This ensures fidelity under cyclic pressurisation and thermal cycling (-40 °C 
to 80 °C), reducing risks of kinking or sealing failure in probe-and-drogue AAR systems and 
supporting indigenous aerospace hose development amid supply disruptions.   
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Fig 1. (a) Swelling Behaviour in Petrol                         (b)Tribological Analysis of Composite 

3.2 Tribological Performance   
Pin-on-disc testing (ASTM G99, 10 N load, 300 rpm, ≈263.9 m sliding) of the EPDM-UHMWPE-
SS 305 multilayer composite against stainless steel counterface revealed three characteristic wear 
regimes. The initial transient regime (0-200 s) showed rapid wear depth increase from EPDM 
asperity conformance and microploughing, generating debris and high interfacial shear. In the 
tribolayer formation phase (200-400 s), shear-induced smearing of the UHMWPE sublayer 
produced a thin, coherent transfer film on the steel disc, enabled by UHMWPE's self-lubricating 
interlamellar shear mechanism that reduced asperity contact and stabilized friction. Beyond 400 s, 
steady-state regime emerged with asymptotic wear stabilization, as the protective transfer film 
supported load and shielded the SS 305 mesh from abrasion. Final wear depth ≈0.88 mm, wear 
volume 35.2 mm³ (8 × 5 mm² contact area), and Archard specific wear rate k = 1.33 × 10⁻² 
mm³/N·m confirmed controlled adhesive-abrasive wear. The coefficient of friction rose from ≈0.2 
to ≈0.32 during run-in, then stabilized at 0.26-0.32 in steady-state with minimal fluctuation-
consistent with UHMWPE-steel dry sliding literature. Synergistic contributions from UHMWPE 
transfer film, EPDM viscoelastic damping, and SS mesh stress redistribution suppressed severe 
ploughing and fatigue cracking, projecting outer sheath integrity >1,000 cycles for aerospace 
refuelling hoses under cyclic drogue-probe coupling and vibrational loading. 
3.3 Fickian Diffusion Analysis 
Diffusion kinetics of hydrocarbons in the EPDM-UHMWPE-SS 305 multilayer composite 
followed pure Fickian behaviour, confirmed by close agreement between early- and late-stage 
diffusion coefficients. Early-stage analysis (Mₜ/M∞ < 0.4), using the parabolic relation Eq.1 
yielded D = 0.034 mm²/h. Late-stage analysis (𝑀𝑀ₜ/𝑀𝑀∞ > 0.6), based on the exponential decay Eq. 
3 , gave D = 0.033 mm²/h. The consistency (D ≈ 0.033-0.034 mm²/h) excludes anomalous (Case 
II or relaxation-dominated) transport, which is frequently reported in highly filled or oil-extended 
EPDM under elevated temperature or humidity conditions [2], [12]. Literature diffusion 
coefficients for unfilled EPDM in toluene or analogous hydrocarbons typically fall in the range 
0.036-0.36 mm²/h (converted from 10⁻⁶-10⁻⁵ cm²/s) , highlighting the substantial reduction 
achieved here through synergistic barrier reinforcement. The low D values stem from the high 
crystallinity and low free volume of the UHMWPE sheath, which creates tortuous diffusion paths, 
combined with the SS 305 mesh's contribution to morphological stabilisation and stress 
redistribution. This architecture effectively suppresses long-term vapour permeation, a primary 
degradation mechanism in conventional FKM- or NBR-lined hoses [13] and outperforms 
hierarchical porous systems where non-Fickian effects prevail at higher filler loadings . The purely 
Fickian regime ensures minimal fuel loss and sustained structural integrity during prolonged 
exposure, enhancing operational reliability under vibrational loading and thermal cycling (-40 °C 
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to 80 °C). These characteristics position the composite as an advanced solution for next-generation 
AAR hose conduits [1]. 
3.4 Flory-Rehner Thermodynamic Analysis 
Thermodynamic polymer-solvent interactions were evaluated using Flory-Rehner theory on 
equilibrium swelling data, yielding a polymer-solvent interaction parameter χ ≈ 0.83 
(mass/additivity method). Values of χ > 0.5 indicate petrol as a thermodynamically poor solvent 
for the EPDM matrix, reflecting unfavourable mixing enthalpy and limited affinity between non-
polar hydrocarbon chains and the crosslinked network [12], [14]. This elevated χ accounts for the 
restricted 51% swelling and rapid equilibrium attainment, as weak osmotic forces suppress chain 
plasticisation and network expansion. In filled EPDM systems, filler type and loading modulate χ 
via changes in crosslink density [2]; here, the UHMWPE sheath's confinement effect enhances 
this, limiting excessive free-volume formation under solvent stress and outperforming 
conventional elastomers (e.g., NBR with χ < 0.5 in fuels, prone to delamination) [10], [13]. 
Comparative studies on HNBR/EPDM blends show analogous χ dependence on solvent molar 
volume and temperature ,confirming the multilayer design's optimised thermodynamic resistance. 
For AAR hoses, high χ minimises softening, oxidative ageing, and interfacial failure during 
prolonged fuel exposure, preserving sealing performance and fatigue life under complex stresses. 
This surpasses traditional architectures and supports robust, indigenously viable materials for 
strategic aerospace applications[4], [14]. 
4. Conclusion 
This study successfully developed and characterized a novel multilayer composite hose integrating 
EPDM, UHMWPE fabric, and SS 305 mesh through hot compression moulding, targeting 
advanced air-to-air refuelling (AAR) applications. The synergistic architecture effectively 
overcomes key shortcomings of conventional fluorocarbon- or nitrile rubber-based hoses, 
including excessive hydrocarbon swelling, diffusion-driven plasticisation, interfacial 
delamination, and insufficient wear resistance under harsh thermo-mechanical cycling. Swelling 
experiments in petrol exhibited controlled 51% volumetric expansion, reaching equilibrium within 
7 hours, owing to the barrier action of the crystalline UHMWPE sheath and impermeable SS mesh, 
which constrain EPDM chain mobility and limit free-volume expansion. Diffusion followed strict 
Fickian kinetics with low diffusion coefficients (D ≈ 0.033-0.034 mm²/h), confirming highly 
obstructed hydrocarbon transport pathways. Flory-Rehner analysis revealed a polymer-solvent 
interaction parameter χ ≈ 0.83 (> 0.5), indicating poor solvent affinity and weak osmotic forces 
that minimise long-term plasticisation and dimensional instability across the operational 
temperature range of -40 °C to 80 °C. Tribological testing identified three wear regimes 
culminating in steady-state behaviour, enabled by a self-lubricating UHMWPE-derived transfer 
film; the specific wear rate of 1.33 × 10⁻² mm³/N·m and stable friction coefficient (0.26-0.32) 
demonstrate outstanding abrasion resistance and interfacial cohesion, safeguarding the SS 
reinforcement during repeated drogue-probe engagements. Collectively, the EPDM-UHMWPE-
SS 305 composite provides a pioneering, delamination-resistant platform with superior chemical 
inertness, permeation barrier performance, and mechanical durability, making it well-suited for 
indigenous development of reliable AAR hoses amid geopolitical supply chain disruptions. Future 
investigations should focus on scaled prototypes under dynamic flight conditions to confirm real-
world probe-and-drogue mission performance. 
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