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Abstract: Composite materials and advanced systems including ceramics, metal matrix 

composites, and nano-structured materials possess intricate microstructures and 

multifunctional characteristics. Their performance is influenced by the individual 

components, as well as by factors such as interfacial bonding, filler distribution and 

microstructural evolution during use. Precise characterization is essential for : (i) Correlate 

structure with properties (ii) Identify flaws or defects (iii) Predict durability and failure 

modes (iv) Develop next-generation high-performance materials. Due to their heterogeneous 

and often anisotropic nature, composite materials require highly advanced characterization 

techniques. Microscopy has emerged as an indispensable tool for examining microstructural 

features, phase distributions, fibre/matrix interfaces, defect formations and damage 

progression across multiple length scales. Recent advances in instrumentation and imaging 

methods have elevated microscopy to unprecedented levels of resolution and analytical 

power, providing deeper insights and improving composite performance. This chapter 

emphasizes the pivotal role of advanced characterization techniques in optimizing materials 

for structural composites, energy storage systems and semiconductor technologies. 

Combining scanning electron microscopy (SEM), transmission electron microscopy (TEM), 

X-ray diffraction (XRD) and Fourier-transform infrared spectroscopy (FTIR) greatly 

improves our ability to decode the complex chemical and structural properties of advanced 

materials. Additionally, thermos-gravimetric analysis (TGA) and differential scanning 

calorimetry (DSC) provide valuable information on thermal stability and how materials 

behave in real-world conditions. In particular, these characterization techniques have 

become vital for studying dynamic changes and degradation mechanisms in energy storage 
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devices during operation. These techniques are categorized based on their primary focus: 

topological, structural, and compositional analysis. This chapter discusses about how 

advanced characterization drives the design, synthesis, and application of composite 

materials across diverse technological fields.  

 

Index-Terms: Composite materials and advanced systems, Microstructures, 

Characterization techniques, scanning electron microscopy (SEM), transmission electron 

microscopy (TEM), X ray diffraction (XRD), and Fourier-transform infrared spectroscopy 

(FTIR). 

I. INTRODUCTION 

 

In the rapidly evolving landscape of science and engineering, materials are no longer viewed as static 

building blocks. Instead, they are increasingly being designed to interact dynamically with their 

environment, adjusting their behavior and properties in real time. These materials, often termed 

smart functional composites or intelligent materials, represent a fundamental shift in how we think 

about functionality at the material level. Unlike traditional materials, which are passive and require 

external systems to monitor and control environmental changes, smart materials embed functionality 

within the material itself. This functionality includes the ability to sense stimuli, analyze data, and 

trigger specific responses all without the need for human intervention or complex external circuits. 

This marks the beginning of a new era in materials science, where intelligence is no longer confined 

to electronic devices but is integrated into the very matter that composes them [1]. This chapter 

explores the fundamental concepts, classifications, and mechanisms of smart composites focusing 

especially on polymer and fiber-based materials, which have garnered significant global interest due 

to their lightweight nature, ease of fabrication, and versatile functional characteristics. These smart 

composites are engineered at the molecular and microscopic levels to exhibit properties such as 

shape memory, conductivity, elasticity, and chemical reactivity, which are fine-tuned to respond to 

a variety of physical and chemical stimuli [2-3]. 

The concept of material intelligence may seem futuristic, but its origin is deeply rooted in one of 

nature’s oldest survival mechanisms the sensory-feedback loop found in biological organisms. In the 

natural world, organisms thrive by continuously monitoring their surroundings, processing sensory 

data, and responding appropriately to ensure survival. Whether it's a Venus flytrap snapping shut 

upon detecting prey, a chameleon adjusting its color based on the environment, or human skin 

responding to changes in temperature and pressure, nature has long demonstrated the sense-react-

learn paradigm. This biomimetic philosophy where engineering solutions are inspired by biological 

processes has given rise to smart materials that emulate these natural behaviors. The foundational 

idea is to develop materials that are no longer passive but instead intelligent and adaptive, just like 

living systems. In this context, the term “material intelligence” refers to the capacity of a material to 

detect a stimulus, process the information, and respond functionally and efficiently, often in a 

reversible and repeatable manner [4]. These intelligent materials rely on molecular-level design and 

structural configurability, meaning that their physical or chemical properties change dynamically in 
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response to environmental factors. For instance, some smart polymers can expand or contract when 

exposed to heat, alter conductivity in response to an electric field, or change color under different 

lighting conditions. Similarly, pH-sensitive hydrogels can swell or shrink based on the acidity of the 

environment, making them useful in drug delivery systems where timed and targeted release is 

crucial [5-8]. 

 

1.1 Classification and Mechanisms of Smart Composites 

Smart composites are a fascinating class of materials engineered to exhibit dynamic behavior in 

response to external stimuli. Typically, they are hybrid systems composed of functional fillers such 

as nanoparticles, nanofibers, or specialized particles embedded within a polymeric or fibrous matrix. 

The matrix provides structural integrity, while the fillers introduce functionality, such as 

conductivity, magnetism, or responsiveness to environmental changes. It is the synergistic 

interaction between these two components that enables the composite to adapt its properties 

dynamically, offering capabilities far beyond those of traditional materials. The underlying 

mechanisms of smart composites often involve changes at the molecular or microstructural level, 

triggered by specific stimuli. These changes manifest macroscopically as variations in mechanical 

strength, shape, color, electrical conductivity, or permeability, among other properties. 

Understanding the classification of smart composites based on their stimuli-responsiveness is 

essential for their effective design and application in various fields, from aerospace to biomedical 

engineering [9-11]. 

 

1..1.1 Thermo-responsive materials 

Thermo-responsive smart composites exhibit changes in shape, stiffness, volume, or mechanical 

behavior when exposed to variations in temperature. The mechanism is often rooted in phase 

transitions, such as glass transition or crystalline melting, within the polymer matrix or filler. A 

common example is shape memory polymers (SMPs), which can "remember" a programmed shape 

and recover it upon heating. Such materials find extensive applications in actuators, self-healing 

structures, and biomedical devices like stents and sutures [12]. 

 

1.1.2 Electro-responsive polymers 

Electro-responsive, or electroactive, smart composites respond to electric fields by undergoing 

mechanical deformation (such as bending, stretching, or contracting) or by changing their electrical 

conductivity. These composites often utilize fillers like carbon nanotubes, conductive polymers, or 

metallic particles to achieve the desired response. They are pivotal in the development of artificial 

muscles, flexible electronics, sensors, and adaptive optics. The ability to control motion or 

conductivity with an applied voltage opens pathways for highly precise and programmable systems 

[13]. 

 

1.1.3 Magneto-responsive composites 
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Magneto-responsive smart composites alter their mechanical properties such as stiffness, damping, 

or orientation under the influence of a magnetic field. These composites typically incorporate 

ferromagnetic or superparamagnetic fillers like iron oxide nanoparticles into a flexible matrix. When 

exposed to a magnetic field, the fillers align or reconfigure, leading to macroscopic changes in the 

material’s behavior. Such materials are ideal for applications requiring remote control, such as soft 

robotics, targeted drug delivery systems, and adaptive vibration dampers. 1.1.4 Photo-responsive 

smart composites [14-15]. 

Photo-responsive smart composites react to light stimuli  usually in the UV, visible, or infrared 

ranges by undergoing changes in their optical, chemical, or physical properties. Mechanisms include 

photo isomerization, photo thermal effects, or photo crosslinking within the matrix or fillers. Light 

exposure can trigger shape changes, color transitions, or conductivity variations, offering a non-

invasive and precise method to control material behavior. These materials are being explored for use 

in smart windows, optical switches, medical diagnostics, and light-driven actuators [16].  The 

responsive behavior of smart composites is typically characterized by rapid, reversible, and, in many 

cases, programmable transitions. This adaptability allows engineers and scientists to design systems 

with significant control over both form and function, enabling innovation across a wide range of 

industries. As research advances, the boundary between passive and active materials continues to 

blur, ushering in an era where materials are not just structural elements but active participants in 

sensing, actuating, and interacting with their environment. 

 

1.2 Integration with Sensors and Actuators and Role of Smart Composites in Robotics and 

Automation 

In the rapidly evolving fields of robotics and automation, the seamless integration of sensors (for 

data acquisition) and actuators (for mechanical response) is a fundamental requirement. 

Traditionally, this integration has relied on separate, often bulky, components, leading to limitations 

in system miniaturization, responsiveness, and flexibility. Smart composites, however, offer a 

transformative solution by embedding both sensory and actuation functionalities directly within the 

structural material itself. This innovation paves the way for more compact, efficient, and autonomous 

robotic systems [17-18]. Materials embedded with piezoelectric fibers, conductive nanoparticles, or 

responsive polymers are common examples of such smart sensing technologies. The benefits of self-

healing smart composites extend far beyond mere convenience. By prolonging structural longevity, 

enhancing safety, and reducing maintenance costs, these materials are revolutionizing sectors where 

reliability and durability are paramount. In the automotive industry, self-healing paints and body 

panels are helping to minimize the need for frequent repairs. In aerospace applications, self-healing 

composites are critical for maintaining the structural health of aircraft and spacecraft, where even 

minor damage could otherwise have catastrophic consequences. Meanwhile, in civil infrastructure, 

incorporating self-healing materials into bridges, buildings, and pipelines promises to dramatically 

reduce the long-term costs and risks associated with structural degradation [19-22]. The 

compactness, sensitivity, and multi-functionality of smart composites deliver several crucial 

advantages for robotics and automation: 
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➢ Enhanced autonomy: Systems can sense, process, and react to stimuli without external 

controllers or extensive wiring. 

➢ Lightweight design: Reduces the load and energy consumption, critical for wearable robotics 

and mobile systems. 

➢ Greater flexibility and adaptability: Essential for soft robotics, where traditional rigid sensors 

and actuators are impractical. 

➢ Improved reliability and durability: Embedded functionalities reduce mechanical failure points 

associated with separate components. 

In applications ranging from wearable exoskeletons that assist human movement, to adaptive soft 

robots that navigate complex environments, to responsive control surfaces in aerospace, smart 

composites are rapidly becoming the backbone of next-generation robotics. Their ability to bridge 

the gap between sensing and actuation not only enhances system performance but also opens new 

frontiers for creating robots that are more intuitive, resilient, and intimately integrated with their 

environments. Few industries demand as much from materials as aerospace and defense, where 

weight reduction, strength, adaptability, and resilience are mission-critical. Smart composites are 

being integrated into aircraft wings, satellite components, and military gear, delivering 

multifunctional capabilities. Adaptive structures with morphing surfaces can change shape during 

flight to optimize aerodynamics, improving fuel efficiency and maneuverability. Embedded sensors 

within the material matrix enable real-time damage detection, allowing for predictive maintenance 

and enhancing safety. In defense applications, lightweight armor made from smart composites can 

offer enhanced impact resistance while maintaining flexibility and reduced bulk. These innovations 

are setting new standards for performance, durability, and survivability in some of the environments 

imaginable [23-26]. 

 

1.3 Mechanical Performance and Characterization of Smart Composites Under Loading 

The mechanical performance of smart composites under cyclic and fatigue loading conditions has 

emerged as one of the most crucial areas of research in recent years. Unlike traditional materials, 

smart composites not only bear mechanical loads but also exhibit active responses to those loads, 

which adds an additional layer of complexity to their behavior. Researchers are particularly 

interested in how repeated mechanical stress over time affects critical material properties such as the 

elastic modulus (a measure of stiffness), damping capacity (the ability to absorb energy), and the 

onset of failure mechanisms like crack initiation, delamination, or permanent deformation [27-28]. 

To accurately predict how these materials will perform in real-world applications, extensive 

experimental studies are conducted, subjecting smart composites to cyclic loading over thousands or 

even millions of cycles. During these studies, scientists monitor changes in mechanical properties, 

the formation of microstructural damage, and the eventual point of material failure. The data 

gathered from such tests are invaluable for developing computational models and simulations that 

forecast the life expectancy of smart composites, predict degradation patterns, and identify critical 

thresholds under extreme operational conditions such as high-stress, high-frequency, or variable-

temperature environments. In fields like robotics, prosthetics, and wearable technology, ensuring 
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material durability is not just about enhancing performance. It can mean the difference between life 

and death. In a robotic prosthetic limb, for example, a sudden material failure due to fatigue could 

result in serious injury to the user. Smart composites help mitigate such risks by offering embedded 

sensing capabilities, allowing continuous real-time monitoring of stress, strain, and internal damage. 

Some advanced systems even enable adaptive responses, such as adjusting stiffness or initiating self-

healing processes at early stages of damage, thereby significantly extending the service life of the 

component and improving user safety [29-31]. 

Beyond performance enhancement, the use of smart composites reduces maintenance costs and 

downtime across industries. In sectors like aerospace, where maintenance schedules are strictly 

regulated and costly, the ability of smart materials to detect and potentially repair minor damages 

without requiring extensive human intervention represents a transformative shift. The combination 

of mechanical resilience, self-monitoring, and adaptive healing positions smart composites at the 

forefront of next-generation materials engineering. When subjected to an electric field, materials like 

electroactive polymers and specially designed smart fabrics exhibit mechanical deformation or 

conductivity changes. This electro-mechanical coupling can be harnessed for creating artificial 

muscles, soft robotics, or responsive clothing that adjusts fit or insulation properties based on 

electrical signals [32]. 

Magnetic fields elicit responses in magnetorheological elastomers and fluids, which can alter their 

stiffness, shape, or orientation almost instantaneously. Such materials are particularly useful for 

applications requiring rapid, tunable mechanical performance, such as adaptive vibration dampers 

or variable-stiffness joints in prosthetics and robotic systems. Under the influence of mechanical 

stress, smart composites embedded with sensors can detect deformation and convert it into 

measurable signals. Self-healing polymers go even further by autonomously responding to 

mechanical damage: the closing of cracks and reformation of material bonds occur without external 

repair efforts, significantly boosting the structural integrity and longevity of the component.  By 

leveraging these diverse stimuli-responses, smart composites enable the development of products 

and systems that are not only responsive and adaptive but also self-sufficient and highly efficient. 

This versatility positions smart composites at the heart of future innovations across industries such 

as consumer electronics, healthcare, transportation, renewable energy, and defense [33]. 

 

1.3.1 Challenges and Future Directions on Smart Composite Materials 

While the field of smart composites has achieved remarkable breakthroughs, it is important to 

recognize that several significant challenges continue to hinder their widespread adoption and 

commercial success. As with any emerging technology, the transition from laboratory innovation to 

real-world application is fraught with technical, economic, and logistical obstacles. One of the 

foremost challenges is scalability. Producing smart composites with consistent properties on an 

industrial scale remains a major hurdle. In laboratory settings, strict control over material 

composition, microstructure, and manufacturing conditions is relatively manageable. However, 

when moving to mass production, achieving the same level of uniformity and reliability across large 

batches becomes exponentially more difficult. Variations in the dispersion of functional fillers, 
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inconsistencies in the matrix material, and manufacturing defects can lead to unpredictable 

performance, limiting the practical use of these materials in critical applications like aerospace, 

medical devices, and automotive structures. Closely tied to scalability is the issue of cost. Many 

high-performance smart materials rely on complex, multi-step fabrication techniques, the use of rare 

or expensive raw materials, or intricate post-processing treatments such as surface functionalization 

or Nano structuring. As a result, the final products are often prohibitively expensive for widespread 

use, especially in cost-sensitive industries. Reducing production costs without sacrificing 

functionality remains one of the primary goals for researchers and manufacturers alike. Advances in 

additive manufacturing (3D printing), self-assembly techniques, and scalable chemical synthesis 

methods are being actively explored to address this critical bottleneck. Another major obstacle is 

integration. Seamlessly incorporating smart composites into existing systems whether in robotics, 

biomedical devices, infrastructure, or consumer electronics without compromising the overall 

performance is a delicate balancing act. Traditional systems are often not designed to accommodate 

materials that actively change properties in response to stimuli. As a result, careful engineering is 

needed to ensure that the dynamic behavior of smart composites enhances, rather than destabilizes, 

the performance and reliability of the broader system. Furthermore, issues related to signal 

processing, power supply for active components, and long-term stability under operating conditions 

must also be carefully addressed during integration. 

Another vital area is the push to enhance biocompatibility for medical applications. As smart 

composites find increasing use in fields like tissue engineering, bio-sensing, and implantable devices, 

ensuring that these materials are not only functional but also safe and harmonious with biological 

systems is essential. Researchers are exploring bioinspired materials, biodegradable smart 

composites, and the integration of natural polymers to create medical devices that are both high-

performing and biologically inert or even capable of encouraging tissue regeneration.  Despite the 

current challenges, the trajectory of innovation in smart composites remains incredibly promising. 

As fabrication techniques mature, costs decline, integration becomes more seamless, and intelligence 

is increasingly embedded at the material level, smart composites are poised to reshape the future of 

engineering, healthcare, robotics, energy, and beyond. The next decade is likely to witness a 

convergence of materials science, artificial intelligence, and biotechnology, leading to smart 

composite systems that are not only reactive but also predictive, autonomous, and capable of self-

optimization truly ushering in an era of intelligent materials. 

 

II. ADVANCED CHARACTERIZATION TECHNIQUES FOR COMPOSITE MATERIALS 

 

From the figure 1, this chapter provides a detailed review of key characterization techniques for 

composite structures and nanoparticles, organized into three categories based on their analytical 

focus: topological, internal structural, and compositional investigations. 

➢ Internal Structure Characterization: 

1. Scanning Electron Microscopy (SEM) 

2. Transmission electron microscopy (TEM) 
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3. Magnetic resonance force microscopy (MRFM) 

4. X-ray diffraction (XRD)  

➢ Topological Characterization: 

1. Field emission scanning electron microscopy (FESEM) 

2. Scanning probe microscopy (SPM) 

3. Optical microscopy methods 

4. Confocal microscopy and near-field scanning optical microscopy (NSOM) 

5. Dynamic light scattering (DLS)  

➢ Compositional Characterization: 

1. X-ray photoelectron spectroscopy (XPS) 

2. Energy-dispersive X-ray spectroscopy (EDS) 

3. Secondary ion mass spectrometry (SIMS) 

4. Auger electron spectroscopy (AES) 

 

2.1 Research Study: Application of Scanning Electron Microscopy (SEM) and Transmission 

Electron Microscopy (TEM) for Crystallographic and Microstructural Characterization 

Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) are highly 

versatile and powerful techniques for characterizing materials in two and three dimensions. Offering 

exceptional spatial resolution from the nanoscale to the microscale—these methods provide detailed 

imaging and chemical analysis, making them ideal complements to the other nondestructive 

techniques covered in this book. This chapter introduces the fundamental principles of electron 

microscopy and outlines key SEM and TEM methodologies. It explores the signals produced by 

electron-matter interactions and their applications in various SEM/TEM techniques. Additionally, 

the chapter demonstrates how these methods are used to analyze critical microstructural features, 

such as surface topography, grain size, and local chemical composition, while highlighting current 

and emerging applications in materials science. The growing range of detectors and instruments 

available for materials characterization has equipped researchers with an increasingly diverse toolkit 

for investigating material behavior. Advances in instrumentation and analytical workflows have 

greatly improved our ability to capture and interpret complex, multimodal data, yielding deeper 

insights into material structure and performance. By integrating data across multiple length scales 

and combining in situ with ex situ analyses, researchers can develop a more holistic understanding 

of dynamic processes and structural properties. However, merging these diverse data modalities 

presents significant challenges due to differences in resolution, dimensionality, and underlying 

physical principles. Overcoming these challenges demands innovative approaches to accurately 

align and interpret heterogeneous datasets. 

The papers in this special topic collectively examine the acquisition and integration of multimodal 

data to advance the study of structural materials. These contributions showcase various 

methodologies including segmentation frameworks, process monitoring tools, simulation 

improvements, and mechanical response assessments that highlight the critical role of multimodal 
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data fusion in contemporary materials research [34–36] as sown in Figure 1. 

 

Figure 1: Steps involved in Advanced Materials Characterization Process 

Understanding the crystallographic and microstructural features of materials is essential for 
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predicting their mechanical, electrical, and thermal behavior as shown in Figure 2. SEM and TEM 

are two of the most widely used electron microscopy techniques in materials science, offering 

powerful tools for imaging and analysis. This research explores the strengths of both SEM and TEM 

in assessing key features such as grain boundaries, dislocations, phase interfaces, and local 

chemistry. This study investigates the application of Scanning Electron Microscopy (SEM) and 

Transmission Electron Microscopy (TEM) in the crystallographic and microstructural 

characterization of advanced engineering materials. By combining high-resolution imaging with 

analytical capabilities, SEM and TEM offer complementary insights into grain morphology, phase 

distribution, crystal orientation, and defect structures across multiple length scales [37-38]. 

 

Figure 2. Schematic illustration of the analytical TEM techniques for emerging advanced materials 

(Courtesy: Yue Lin et al, https://doi.org/10.1016/j.matt.2021.05.005) 

 

With significant advancements in spatial resolution and associated analytical capabilities, 

Transmission Electron Microscopy (TEM) has enabled detailed probing of materials at the atomic 

scale. However, a gap still exists that limits the broader application of TEM-based techniques in the 

characterization of emerging advanced materials. This review outlines the fundamental principles 

and functionalities of analytical TEM in this context, emphasizing not only its ability to visualize 

atoms and crystal lattices but also its capacity to extract in-depth insights from acquired data. We 

classify recent developments in analytical TEM into four main categories: advanced scanning TEM 

(STEM) imaging techniques, STEM-based data processing methods, electron energy loss 

spectroscopy (EELS), and in situ TEM techniques. This review aims to encourage wider adoption 

of analytical TEM in materials science and to facilitate a deeper understanding of structure–property 

relationships in next-generation materials. Advanced TEM techniques have played a crucial role in 

uncovering the origins of functional properties in emerging advanced materials at the atomic scale. 

However, the full potential of these techniques including their associated analytical methodologies 
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has yet to be fully realized in practical materials research. This underutilization is likely due to 

disconnect between the materials science and electron microscopy communities. Drawing on our 

group’s experience in both TEM and materials research, this review highlights the application of 

advanced analytical TEM techniques specifically tailored for characterizing emerging materials. 

While comprehensive overviews of general TEM methods already exist, our focus here is on 

advanced techniques that go beyond atomic imaging to extract meaningful insights from TEM data. 

From the figure 3, we categorize these techniques into four main areas: advanced scanning TEM 

(STEM) imaging, STEM-related data processing, electron energy loss spectroscopy (EELS), and in 

situ TEM. This review outlines the core principles and significant applications of these emerging 

approaches and aims to assist researchers in conducting deeper, more informed analyses of TEM 

data in the context of materials science [39-41]. 

 

Figure 3. Typical imaging modes of (A) (HR) TEM and (B) STEM (Courtesy: Yue Lin et al, 

https://doi.org/10.1016/j.matt.2021.05.005) 

Electron beam-sensitive materials, such as metal-organic frameworks (MOFs) and covalent-organic 

frameworks (COFs), have attracted significant attention due to their wide-ranging applications in 

gas adsorption and storage, photoelectric conversion, heterogeneous catalysis, and energy storage 

and conversion. Understanding their atomic structure is critical for elucidating structure–property 

relationships and for guiding the rational design of novel materials with enhanced performance. 

However, their high sensitivity to electron irradiation presents a major challenge for transmission 

electron microscopy (TEM), as conventional electron beams can cause substantial structural damage, 

hindering accurate structural characterization. Although annular bright-field scanning transmission 

electron microscopy (ABF-STEM) has been widely employed for imaging light elements, its 

effectiveness is limited by a low signal-to-noise ratio (SNR), contrast reversal due to defocus, and 

sensitivity to sample thickness variations. A more recent advancement, integrated differential phase 

contrast (iDPC) STEM, addresses many of these limitations. This technique employs a four-quadrant 
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detector to capture differential phase contrast signals, allowing for physical analysis of electrons in 

the bright-field region. By integrating the x and y components of the DPC signal, a final image is 

reconstructed through two-dimensional integration. iDPC-STEM significantly enhances sensitivity 

to light elements and allows for imaging with an ultra-low electron dose (~40 e⁻/Å²), far lower than 

the dose typically required in high-resolution TEM (often >10³ e⁻/Å²). Moreover, the higher SNR of 

iDPC-STEM images compared to ABF-STEM further supports its capability to achieve atomic-

resolution imaging of beam-sensitive materials like MOFs and COFs, which are otherwise prone to 

damage under conventional high-energy electron exposure. 

Advanced scanning transmission electron microscopy (STEM) has emerged as a remarkably 

powerful technique for directly visualizing the atomic structure and chemistry of a wide range of 

materials. Although electron microscopes have historically provided nanometer-scale resolution, the 

advent of aberration-correction technology in the early 21st century has dramatically improved 

imaging capabilities, pushing resolution to the sub-angstrom level [42]. This breakthrough in spatial 

resolution, combined with heightened imaging precision, has opened up new frontiers in electron 

microscopy. Utilizing an angstrom-sized electron probe, STEM allows researchers to directly 

observe atomic-scale structural and chemical information. For example, annular dark-field (ADF) 

STEM imaging leverages atomic number (Z) contrast to distinguish individual dopant atoms within 

bulk materials [43-44]. More recent advances, such as electron ptychography, have demonstrated 

resolutions as fine as 39 picometers, enabling visualization of interstitial atoms within a host matrix 

[45-46]. Furthermore, STEM can be seamlessly integrated with spectroscopic techniques like 

energy-dispersive X-ray spectroscopy (EDS) and electron energy loss spectroscopy (EELS), 

enabling detailed analysis of atomic-scale composition, electronic structure, and even vibrational 

properties [47].  Recent techniques such as electron ptychography [44], 4D-STEM [48], and ultra-

high energy resolution electron energy loss spectroscopy (EELS) now facilitate the characterization 

of complex parameters including polarization, chemical and structural ordering, oxidation states, and 

electronic configurations at sub-nanometer scales. Despite the widespread availability of modern 

electron microscopes across both academic and industrial settings, a significant challenge remains: 

bridging the communication and knowledge gap between developers of electron microscopy 

techniques and researchers in materials science [49-50]. Nevertheless, it is essential for scientists 

from both fields to appreciate the expansive utility of STEM in the characterization of 

multifunctional materials. This perspective outlines recent innovations in STEM instrumentation and 

methods, highlighting their broad relevance in ferroic materials research. It also explores emerging 

opportunities for advanced data analysis to address fundamental and applied questions in materials 

science [51-52].  

In the sections that follow, we outline various software tools developed to correct distortions in 

electron microscopy data and facilitate simplified post-processing. One widely adopted technique 

for mitigating sample drift and distortion involves capturing a sequence of images and aligning them 

during post-processing. Recent advancements in scanning and transmission electron microscopy 

(S/TEM) instrumentation have significantly improved usability and data acquisition efficiency. 

Modern aberration-corrected microscopes are now commonly equipped with automated tuning 
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software, enabling rapid alignment and corrector adjustments within minutes. These improvements, 

combined with enhanced mechanical and thermal stability, have streamlined the operation of high-

performance microscopes [53-54]. In many shared user facilities, electron microscopes are housed 

in carefully engineered environments that minimize external interferences such as mechanical 

vibrations, acoustic noise, temperature fluctuations, and magnetic fields. As a result, high-quality 

data can now be collected more efficiently, allowing researchers to devote more time to post-

processing and analysis. Another method for correcting scan distortion involves calibration using a 

reference sample with a well-defined structure (e.g., silicon or strontium titanate). Measured 

distortions from the reference can then be corrected in experimental data via affine transformations. 

For non-linear drift correction, orthogonal image pairs rotated 90° relative to each other can be 

aligned by fitting contrast variations line-by-line along the slow scan direction. While only two 

images are required, incorporating additional orthogonal images can improve the correction's 

robustness. By employing these post-processing techniques, researchers can obtain STEM images 

free from artifacts caused by drift and scanning distortions, ensuring greater accuracy in subsequent 

quantitative analyses [55-56]. 

  

2.2 CHARACTERIZATION OF X-RAY DIFFRACTION TECHNIQUES FOR EMERGING 

ADVANCED MATERIALS – RESEARCH STUDY 

Magnetic Resonance Force Microscopy (MRFM) and X-ray Diffraction (XRD) serve as powerful, 

complementary techniques for crystallographic and microstructural analysis across different spatial 

scales. MRFM merges magnetic resonance imaging with atomic force microscopy to achieve ultra-

high-resolution 3D subsurface imaging. Capable of detecting individual electron or nuclear spins, 

MRFM provides nanoscale mapping of magnetic environments, chemical composition, and spin-

lattice interactions - offering unique insights into complex materials, especially low-dimensional or 

non-crystalline systems [57]. XRD, the established foundation of crystallographic analysis, delivers 

non-destructive, bulk-sensitive measurements of lattice parameters, crystal orientation, phase 

identification, and strain states. Advanced XRD methods like synchrotron diffraction and grazing 

incidence XRD enable precise characterization of crystallite size, micro strain, and texture in 

polycrystalline and thin-film materials. These techniques form a synergistic pair: XRD provides 

statistically robust bulk structural data, while MRFM reveals nanoscale heterogeneities. Their 

combined application has significantly advanced understanding of structure-property relationships 

in nanocomposites, semiconductors, and biomaterials, demonstrating the power of multimodal 

characterization in modern materials science. Specific topics discussed include the interpretation of 

XRD patterns to gain insights into crystalline structure, grain size and orientation, dislocation 

density, phase identification and quantification, as well as phase transformation, lattice parameters, 

residual stress and strain, and thermal expansion coefficients. By consolidating these critical 

discussions, this review aims to provide valuable insights for specialists and engineers working 

across the chemical, mining, metallurgy, iron, and steel industries [58-59]. 

X-ray diffraction (XRD) is a fundamental and widely utilized technique for material characterization. 

As advancements in materials science continue to lead to the development of novel and complex 
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materials, there is a growing need to enhance existing analytical methods to effectively address 

emerging challenges. Despite being a well-established, non-destructive technique, XRD still 

demands improvements in its characterization capabilities, particularly when applied to materials 

with intricate mineral structures. This comprehensive review explores key aspects of XRD, including 

atomic crystal structure fundamentals, the principles of XRD, its diverse applications, potential 

sources of uncertainty in analysis, and necessary safety considerations. The review also outlines 

future directions for research, highlighting the integration of artificial intelligence (AI) and machine 

learning (ML) to enhance the precision, efficiency, and interpretability of XRD data in mineral 

characterization [60-62].  

Analytical X-ray diffraction (XRD) continues to be a cornerstone technique for characterizing 

emerging advanced materials, offering insights into crystallographic structures, phase compositions, 

and microstructural properties. Recent research has expanded its capabilities, integrating advanced 

methodologies and technologies to address the complexities of novel materials. 

 

2.2.1 Key Applications in Emerging Materials using X-ray diffraction techniques 

Nanomaterials: XRD is pivotal in determining the crystalline structure and size of nanoparticles, 

aiding in the development of materials with tailored properties. 

Thin Films: Utilized to assess the crystallographic orientation, phase purity, and stress in thin-film 

materials, which are critical in electronics and coatings. 

High-Temperature Materials: Real-time XRD analysis at elevated temperatures helps in 

understanding phase stability and transformations, essential for materials used in extreme 

environments. 

Complex Oxides and Minerals: Advanced XRD techniques, combined with AI, enhance the 

identification and analysis of complex mineral structures, facilitating the discovery of new materials. 

 
Figure 3. XRD was used for understanding the role of various treatments on the crystallinity of peat 

(a mixture of organic matter and minerals): (a) sample material without treatment (blue); (b) H2O2 
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chemical oxidation treatment (green); (c) combustion treatment (red) [Courtesy: Fultz et al, 2013 

and Lamas et al 2017].  

When X-rays interact with solid materials, they are scattered by the electrons orbiting atomic nuclei. 

These scattered waves propagate in various directions and can interfere either constructively or 

destructively, depending on their phase relationships and directions of travel. Diffraction specifically 

refers to the constructive interference of these scattered X-rays. This phenomenon is a direct result 

of the periodic atomic arrangement within crystalline materials, which facilitates coherent scattering. 

Therefore, accurate interpretation of XRD patterns relies on understanding the periodicity of the 

material’s atomic structure. A key correlation exists: shorter periodicities produce higher diffraction 

angles, and vice versa [63]. Lamas et al. [64] illustrated the contrast in XRD patterns between 

amorphous and crystalline materials (Figure 3). In amorphous materials, lacking long-range order, 

the XRD pattern typically shows a broad hump or a single broad peak, representing average atomic 

distances. In contrast, crystalline substances display multiple sharp peaks, reflecting their well-

defined atomic periodicity. XRD is also a powerful tool for assessing changes in crystallinity due to 

thermal or chemical treatments. For example, a recent study [65-66] used XRD to investigate the 

effects of different treatment methods on sample crystallinity. Their findings revealed that 

combustion treatment significantly enhanced crystallinity, as indicated by sharper and more defined 

XRD peaks (Figure 3). Additionally, XRD plays a critical role in studying phase transformations 

and constructing phase diagrams. While techniques such as transmission electron microscopy 

(TEM), electrical resistivity measurements, nuclear magnetic resonance (NMR), and differential 

scanning calorimetry (DSC) can aid in such analysis, XRD uniquely provides direct information 

about phase identity on both sides of a phase boundary. Phase transformations depend on parameters 

such as composition, time, and heat treatment temperature [67]. In alloy systems, XRD can map 

regions of varying crystal phases and is extensively used to investigate temperature-composition 

phase diagrams. By recording XRD patterns during controlled heating or cooling, shifts in peak 

positions can be observed, which correlate with changes in lattice constants—sensitive indicators of 

temperature and compositional variation [68]. As a practical example, Ashiri et al. synthesized 

tetragonal barium titanate (BaTiO₃) nanoparticles via the xerogel method. The xerogel method is a 

process used to create porous materials, often in the form of gels, which are dried to remove liquid 

while retaining their structural framework. Xerogels are widely used in applications like catalysis, 

drug delivery, sensors, and insulation due to their high surface area and porosity. Heating the xerogel 

from 800 °C to 1100 °C in 100 °C increments resulted in peak splitting near 2θ = 45°, as shown in 

Figure 14, signifying a polymorphic phase transformation. This demonstrates how XRD, as a non-

destructive technique, enables precise monitoring of structural transitions during material synthesis 

[69-71]. 

 

2.3. ANALYTICAL AND CHARACTERIZATION OF FOURIER-TRANSFORM INFRARED 

SPECTROSCOPY (FTIR) FOR EMERGING ADVANCED MATERIALS – RESEARCH 

STUDY 

Fourier-transform infrared spectroscopy (FTIR) is a widely adopted analytical technique that plays 
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a vital role in the structural, chemical, and compositional analysis of emerging advanced materials. 

FTIR enables the identification and quantification of molecular species based on their vibrational 

modes, which are characteristic of specific chemical bonds and functional groups. As the field of 

material science progresses toward the development of novel and hybrid materials, including metal-

organic frameworks (MOFs), covalent-organic frameworks (COFs), nanocomposites, biopolymers, 

and 2D materials, the demand for reliable and non-destructive spectroscopic techniques like FTIR 

has significantly increased [72-73]. In pharmaceuticals, FTIR aids in drug formulation analysis and 

the quality control of biopharmaceuticals. In biomedical research, Rubin et al. applied FTIR to 

distinguish between normal and aneurysmal human aortic tissues, attributing the differences mainly 

to protein composition [74-77]. Fourier-transform infrared (FTIR) spectroscopy is a versatile and 

widely adopted analytical technique based on the vibrational and rotational motions of atoms within 

molecules. As this technique relies on the interaction between infrared radiation and molecular 

dipole moments, FTIR is capable of identifying molecules through their unique vibrational 

fingerprints. Variations in atomic composition, bonding configurations, and spatial arrangements 

lead to distinct FTIR spectra for different substances.   In principle, when a beam of continuous 

infrared light is directed at a sample, photons at specific wavenumbers corresponding to the energy 

difference between quantized molecular vibrational states are absorbed. This absorption manifests 

as an FTIR spectrum, revealing characteristic functional groups and molecular structures due to the 

constant vibrational motion of chemical bonds within the molecule [77-82]. 

FTIR spectroscopy is based on the principle that molecules absorb infrared radiation at specific 

wavelengths corresponding to the vibrational transitions of their constituent atoms. These 

absorbance features produce a unique spectral "fingerprint" that can be used to identify both organic 

and inorganic compounds [83]. In advanced materials research, FTIR is especially effective for 

confirming the presence of functional groups, evaluating chemical modifications, monitoring 

polymerization or crosslinking reactions, and assessing interfacial interactions in composites or 

hybrid structures. For example, in MOFs and COFs, FTIR is employed to monitor the coordination 

bonding between metal nodes and organic linkers, or to detect the incorporation of functional groups 

designed to enhance adsorption or catalytic activity [84]. In polymeric nanomaterials, FTIR is crucial 

for tracking chemical changes during synthesis, such as the conversion of monomers to polymers or 

the introduction of dopants. Moreover, for graphene oxide and functionalized carbon nanotubes, 

FTIR provides insights into surface oxidation, reduction, and the success of functionalization 

processes. Recent advancements in FTIR instrumentation, such as attenuated total reflectance (ATR-

FTIR) and micro-FTIR imaging, have further enhanced its application scope. ATR-FTIR allows for 

the direct analysis of solid, liquid, or gel samples with minimal preparation, while micro-FTIR 

enables spatially resolved chemical mapping, which is especially beneficial for heterogeneous or 

patterned materials [85-89]. 

Furthermore, FTIR spectroscopy is increasingly being integrated with computational modeling and 

machine learning to improve spectral interpretation and to predict material properties based on 

vibrational signatures. These developments make FTIR a powerful tool for in situ monitoring of 

chemical processes and real-time quality control in material synthesis and processing as shown in 
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Figure 4. 

 
Fig. 4. Application scope of FTIR in sample preparation 

Modern FTIR spectroscopy can be performed in several modes, including transmission, attenuated 

total reflection (ATR), and imaging-based modalities. These advancements have expanded the 

applicability of FTIR beyond traditional uses, enabling fast, accurate qualitative and quantitative 

assessments across diverse fields. Since the 1970s, FTIR has become a critical tool in disciplines 

such as food science, pharmaceutical analysis, life sciences, environmental science, traditional 

Chinese medicine, materials science, and forensics. In forensics, FTIR has proven capable of 

detecting subtle biochemical differences in decomposed tissues, aiding in post-mortem analysis, 

semen stain identification, and estimation of time of death. In metabolomics, FTIR enables rapid 

screening of plasma composition following protein precipitation using various solvents such as 

methanol, acetonitrile, and acetone. FTIR has also gained significance in sample preparation and 

material characterization, where it is employed to analyze the chemical structure of solid sorbents, 

liquid extractants, and separation media. It provides crucial insights into extraction mechanisms by 

identifying functional groups involved in interactions between target molecules and extraction 
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matrices. These interactions may include hydrogen bonding, acid-base coordination, or water-

mediated transport, depending on the physicochemical nature of the extractants [91-96].  

Given its broad capabilities and non-destructive nature, FTIR continues to be an essential technique 

for understanding the molecular architecture of materials and intermolecular interactions. Its role in 

elucidating chemical bonding and facilitating the design of efficient extraction and separation 

systems underscores its importance in the development and characterization of emerging advanced 

materials. In conclusion, FTIR spectroscopy remains a cornerstone analytical technique in the 

characterization of emerging advanced materials. Its ability to provide rapid, non-destructive, and 

detailed chemical information makes it indispensable for understanding the structure–property 

relationships, guiding material design, and validating functional performance. Ongoing 

technological and methodological innovations continue to expand its applicability and resolution, 

reinforcing FTIR’s role in next-generation material research 

 

2.4 CHARACTERIZATION OF MAGNETIC RESONANCE FORCE MICROSCOPY (MRFM) 

FOR EMERGING ADVANCED MATERIALS  

Magnetic Resonance Force Microscopy (MRFM) represents a highly sensitive and non-destructive 

analytical tool that bridges the spatial resolution of scanning probe microscopy with the chemical 

specificity of magnetic resonance techniques. This hybrid methodology is particularly relevant for 

the analytical characterization of emerging advanced materials, which often possess nanoscale 

features, complex architectures, and unique magnetic or electronic properties. MRFM operates by 

detecting the minute magnetic forces between electron or nuclear spins in a sample and a 

ferromagnetic tip attached to an ultra-sensitive cantilever. Under resonance conditions established 

via radio-frequency (RF) fields, these forces cause cantilever oscillations, which are measured to 

generate spatially resolved magnetic resonance data [97-98]. This allows for three-dimensional 

imaging with nanometer or even sub-nanometer resolution exceeding the capabilities of 

conventional MRI and often outperforming other nanoscale characterization tools in sensitivity and 

depth profiling. MRFM has proven especially valuable in materials where conventional techniques 

like TEM, SEM, or bulk NMR fall short such as non-crystalline, beam-sensitive, or spin-limited 

systems. For instance, MRFM enables the detection of single electron spins, paving the way for 

quantum-level insights into material behavior [99]. 

Scanning tunneling microscopy (STM), first introduced in 1981, enabled the direct imaging of 

individual atoms on a surface in real space. This breakthrough spurred a rapid expansion in scanning 

probe microscopy (SPM), leading to the development of various techniques that use a physical probe 

to scan across a sample while recording measurements at each point to generate surface images. In 

the field of magnetic imaging, some of the most sensitive and high-resolution techniques rely on 

scanning probes. Magnetism plays a crucial role in various biological systems, yet the typically weak 

magnetic forces involved require the development of highly sensitive tools for accurate detection 

[100-101]. In this context, magnetic force microscopy (MFM) provides outstanding lateral resolution 

and enables single-molecule investigations, similar to other single-probe microscopy (SPM) 

techniques. This comprehensive review explores the critical significance of magnetic forces in 
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biological applications, emphasizing both the key advantages and inherent limitations of MFM. 

Alongside an in-depth explanation of its operational principles, the review highlights recent 

advancements in micro- and nanofabrication techniques for MFM tips that significantly improve the 

magnetic signal response from biomaterials compared to standard commercial probes. It also 

presents notable case studies demonstrating MFM's capability to quantitatively evaluate the 

magnetic behavior of biological nanomaterials, such as magnetotactic bacteria, cryptochrome 

flavoproteins, and magnetic nanoparticles interacting with animal tissues. Finally, the review 

outlines the most promising future directions in this field, addressing upcoming challenges and 

opportunities related to emerging quantum technologies [102-104]. 

 

Figure 5: Characterization of magnetic resonance force microscopy (MRFM) for emerging 

advanced materials 

This technique detects magnetic forces between nuclear spins in a sample and a magnetic tip, making 

it suitable for analyzing non-magnetic materials. It integrates the principles of magnetic resonance 

imaging (MRI) with magnetic force microscopy (MFM). Magnetic resonance force microscopy 
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(MRFM) operates by applying a radiofrequency (RF) pulse to polarize the nuclear spins in the 

sample. When the RF pulse matches the resonance frequencies of the nuclear spins and magnetic 

particles, they absorb energy and transition to higher energy states. The resulting mechanical 

movements from these nuclear spin transitions are sensed by the AFM tip, allowing for the 

reconstruction of three-dimensional images that reflect the spatial distribution of magnetism, aligned 

with the tip’s position (Figure 5) [105-106]. 

The magnetic moment sensitivity (µ) of MRFM is expressed as: 

µ = √(1 / (G⁴ΓkᴮTb))                                                    (106) 

where G represents the magnetic field gradient, Γ is the total friction on the cantilever oscillator, kᴮ 

is the Boltzmann constant, T is the operating temperature, and b is the detection bandwidth [106]. 

This equation highlights the key factors influencing sensitivity. Maximizing sensitivity (µ) requires 

using small magnetic particles to generate high magnetic gradients [107], reducing cantilever 

friction, and operating at lower temperatures. Furthermore, recent studies have shown that coating 

the sample with a thin layer of metal, such as gold, can reduce the signal-to-noise ratio by up to 20-

fold. Sensitivity can be enhanced to approximately 10 µ by replacing the conventional RF coil with 

a microwave micro-strip resonator. MRFM also enables the observation of statistical spin 

fluctuations, which offer higher polarization levels and narrower distributions than thermal 

polarization [261]. This capability allows MRFM to achieve up to 10 times greater sensitivity than 

traditional electron paramagnetic resonance (EPR) setups, making it a highly promising technique 

for detecting weak magnetic signals from nanoscale volumes [107-108] 

Each technique operates under different conditions and is best suited for specific sample types, but 

all are limited to detecting magnetic field or magnetization contrast at the surface. Because scanning 

with a physical probe is inherently slow, these methods are most effective over small fields of view 

(typically between 100 nm and 100 µm), with some capable of achieving atomic-scale resolution 

[109]. The spatial resolution is determined by both the size of the probe tip or sensor and its proximity 

to the sample surface. Their high sensitivity and fine spatial resolution make these techniques 

powerful tools for real-space imaging of features like uncompensated surface magnetization in anti-

ferro-magnets or current distributions in ballistic, hydrodynamic, or superconducting regimes. 

Furthermore, scanning probes are especially useful for characterizing weakly magnetic materials 

with low magnetization or buried magnetic structures, such as encapsulated two-dimensional (2D) 

magnets. 

 

2.5 TOPOLOGICAL CHARACTERIZATION OF ADVANCED COMPOSITE MATERIALS 

USING SCANNING PROBE MICROSCOPY (SPM)-RESEARCH STUDY 

Scanning Probe Microscopy (SPM) encompasses a suite of techniques, including Atomic Force 

Microscopy (AFM) and Scanning Tunneling Microscopy (STM), that are pivotal for the topological 

characterization of advanced composite materials. These methods provide nanoscale resolution, 

enabling detailed analysis of surface morphology, mechanical properties, and interfacial interactions 

within composites [110]. 

Numerous advanced and functional atomic force microscopy (AFM) techniques have been 
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developed and applied across a wide range of research fields, from imaging surface morphology to 

quantifying various physical properties. The development and application of AFM-based physical 

characterization methods demand a solid understanding of fundamental natural sciences and 

electronic circuit principles. Future directions for AFM-based techniques include: (i) Overcoming 

the limitations of single-property measurements, especially since electrical properties are often 

interlinked with mechanical, thermal, and optical behaviors—thus, integrated methods that can probe 

these coupled properties are needed; (ii) Enhancing functional AFM technologies for operation under 

vacuum conditions; and (iii) Improving the ability to measure material properties under real working 

conditions, which is essential for optimizing device performance and advancing material research 

[111-112]. 

Atomic Force Microscopy (AFM) includes several fundamental operating modes, primarily used for 

acquiring surface topography. One such mode is the contact mode (Figure 2(b)), which operates in 

a static manner. In this mode, the probe tip remains in direct contact with the sample surface during 

scanning, and the interaction is dominated by repulsive forces. These forces are detected through the 

deflection of the cantilever. A z-axis feedback loop regulates the tip-sample force, ensuring it 

remains constant. The adjustments in the z-position required to maintain this constant force directly 

map the surface topography of the sample. The integration of X-Y scan position data with force 

feedback and thermal signals captured by a sensor positioned either at the tip or on the cantilever—

yields the raw information necessary to generate both surface topography and thermal images. The 

thermal image contrast represents variations in the localized heat exchange between the tip and the 

sample. While the force feedback control system functions concurrently to maintain scanning 

stability, it operates independently from the thermal measurements. Meanwhile, the thermal control 

unit continuously analyzes thermal signals in real time. 
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SPM stands as a cornerstone in the topological characterization of advanced composite materials, 

offering unparalleled resolution and versatility. Its ability to provide comprehensive insights into 

surface morphology, mechanical properties, and interfacial dynamics makes it an indispensable 

tool in the development and optimization of next-generation composite materials [113]. 

 

2.6 TOPOLOGICAL CHARACTERIZATION OF ADVANCED COMPOSITE MATERIALS 

USING FIELD EMISSION SCANNING ELECTRON MICROSCOPY (FESEM)-RESEARCH 

STUDY 

Field Emission Scanning Electron Microscopy (FESEM) has proven to be an invaluable tool for 

the topological characterization of advanced composite materials. Its high-resolution imaging 

capabilities allow for detailed analysis of surface morphology, microstructural features, and 

interfacial interactions within composites [114]. Garcı́a Santos et al [115] used FESEM to examine 

the microstructure of polypropylene fiber-reinforced cement composites. The study provided 

insights into the fiber-matrix interactions and the distribution of fibers within the cement matrix, 

highlighting the role of FESEM in assessing the homogeneity and potential weak points in 

composite materials. The microstructural characterization and mechanical evaluation of a cement 

composite reinforced with polypropylene fibers aimed at reducing weight and potentially adjusting 

setting times have been conducted. For the first time, detailed microstructural analysis was 

performed using both environmental scanning electron microscopy (ESEM) and field emission 

scanning electron microscopy (FESEM). The final surface morphology of the composite varies 

depending on the contact areas with the mold; however, the internal microstructure remains highly 

homogeneous, showing a uniform dispersion of fibers throughout the matrix. Brian Freeland et al 

studied the characterization of nanostructures and nanoparticles using FESEM. It emphasizes 

FESEM's capability to provide detailed topographical information, which is crucial for 

understanding the surface features and morphology of nanocomposite materials. Hiroshi Yao et al 

used FESEM to investigate the porous structures of silica nanoparticles derived from marine 

diatoms. The high-resolution images obtained provided valuable information on pore size, 

distribution, and overall morphology, demonstrating FESEM's effectiveness in characterizing 

porous composite materials. Three-dimensional gold nanoparticle super lattices were synthesized 

at the air/solution interface under highly acidic conditions. The surfaces of the gold nanoparticles 

were functionalized with N-acetyl-glutathione (NAG), which facilitated nanoparticle assembly 

through hydrogen bonding. Morphological analysis using FE-SEM revealed that the resulting 

super lattices exhibited fivefold symmetric structures—including pentagonal rods, decahedra, and 

icosahedra—likely formed through multiple twinning processes. High-resolution surface imaging 

demonstrated highly ordered nanoparticle arrangements featuring both close-packed and non-

close-packed configurations. Given the complexity and breadth of fivefold twinned structures 

spanning cluster and surface sciences, these findings offer promising new insights and potential 

advancements in the field of nanoscience. 
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2.7 Topological Characterization of advanced composite materials using Optical microscopy and 

Confocal microscopy methods-Research study 

Optical microscopy remains a fundamental and accessible technique for the topological 

characterization of advanced composite materials, offering valuable insights into their 

microstructural features. Optical microscopy enables the examination of fiber distribution, 

orientation, and the detection of voids or defects within composite materials. For instance, bright-

field illumination has been utilized to identify unimpregnated areas and voids in fiber-reinforced 

composites, which are critical for assessing manufacturing quality. 

 

Figure 2. SD-OCT scan images for composites (I)–(IV) of (a) and (b) cross-sections with defects 

identified in lateral directions, (c) enface images with defects indicated, and (d) three-dimensional 

views with cross-sectional and enface image locations.( Courtesy: Muhammad Faizan Shirazi et al, 

Sensors 2017, https://doi.org/10.3390/s17051155) 

 

Digital microscopy was utilized to examine the microstructure of fiber-reinforced composite tubes 

fabricated via filament winding. Optical microscopy was applied to characterize voids, while 

scanning electron microscopy (SEM) provided detailed insights into fiber orientation and layer 
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structure. High-resolution image mosaics were constructed from the captured micrographs to 

visualize the internal architecture across various cross-sections of the samples. Image processing 

techniques were employed to identify and quantify voids and individual fibers, analyzing their size, 

shape, and spatial distribution. 

 

Void distribution was evaluated using two approaches—local analysis and tessellation—

highlighting varying patterns across different cross-sections. Automated detection of fiber layers 

allowed for measurement of average winding angles and their dispersion. 

 

Additionally, structural characterization of nylon/graphene oxide (NY/GO) and 

polyetherblockamide/ trisilanolphenyl-polyhedral oligomeric silsesquioxane (PEBA/t-POSS) 

composites was conducted using spectral domain optical coherence tomography (SD-OCT). This 

non-destructive optical technique provided both cross-sectional and subsurface imaging, enabling 

precise detection of internal defects. A-scan analysis of SD-OCT images facilitated the measurement 

of defect depth and thickness, while volumetric imaging demonstrated SD-OCT's potential in 

composite material analysis and industrial quality control. 

 

Micrographs aligned with the fiber direction were also assessed to estimate void fractions in 

manufactured plates. However, due to the inherent limitations of microscopy—particularly its 

sampling constraints—accurate void fraction calculation requires complete surface coverage. In this 

study, micrographs covered only a fraction of the component surface, introducing potential sampling 

bias. For simple plate geometries, samples were taken from statistically representative areas—center 

and edge—assuming these locations reflect the extremes of air entrapment during fabrication. For 

more complex geometries, it is crucial to acknowledge that micrograph-derived void data represents 

only localized characteristics. 

 

2.8 Compositional Characterization of advanced composite materials using X-ray photoelectron 

spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy (XPS) is a pivotal technique for the compositional 

characterization of advanced composite materials, offering detailed insights into surface chemistry, 

elemental composition, and chemical states. X-ray Photoelectron Spectroscopy (XPS) has become a 

well-established analytical technique and is now widely used across the materials science community 

[124]. However, despite its broad application, XPS remains frequently misunderstood even in its 

basic use as highlighted by recent reviews documenting its misapplication in chemical analysis. X-

ray Photoelectron Spectroscopy (XPS) has become a widely recognized and essential technique in 

materials science, commonly used to investigate the elemental composition, electronic structure, and 

chemical states at the surface of materials. Although peak fitting and deconvolution are standard 

practices in data interpretation, a foundational understanding of the method and proper data handling 

is often lacking [125-126]. 
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To address this gap, a collaborative effort among leading experts in the XPS community has 

produced a series of invaluable resources aimed at guiding newcomers through the correct planning, 

execution, and interpretation of XPS experiments. These resources, published under the series 

Practical Guides for X-Ray Photoelectron Spectroscopy, include titles such as Practical Guides for 

X-ray Photoelectron Spectroscopy: First Steps in Planning, Conducting, and Reporting XPS 

Measurements and Practical Guide for Curve Fitting in X-ray Photoelectron Spectroscopy [127-

128]. 

 

In addition, there are advanced XPS techniques and hybrid methodologies that many materials 

scientists may not be familiar with. A current area of development among XPS instrument 

manufacturers involves high-throughput analysis of individual sample areas using combinations of 

surface-sensitive tools and even non-surface-specific techniques like Raman spectroscopy. As these 

integrated, multi-technique systems become more widely available, there is an increasing need for 

broader awareness and understanding of the strengths, limitations, and complementary nature of 

these analytical approaches [129-130]. 

 

Advanced XPS methodologies, especially when combined with complementary surface-sensitive 

techniques, can provide valuable insights beyond the conventional capabilities of standard XPS. This 

review aims to introduce the broader materials audience to a range of non-traditional uses of 

laboratory-based XPS, along with combinatorial approaches incorporating techniques such as ion 

scattering, ultraviolet photoelectron spectroscopy (UPS), electron energy loss spectroscopy (EELS), 

and Auger electron spectroscopy all of which are often available within common lab-based systems 

[131-133]. 

 

Each peak in an XPS spectrum is accompanied by a characteristic stepped background, resulting 

from in elastically scattered photoelectrons. Accurate interpretation of XPS data requires proper 

modeling of this background. The most commonly used model is the Shirley background, introduced 

by D.A. Shirley [134-135], which uses an iterative method to estimate the number of in elastically 

scattered electrons based on the integrated signal around a given energy. While effective and widely 

adopted, its physical foundations remain somewhat vague. To address this, more refined models 

have been developed, particularly the Tougaard background method, which provides a physically 

grounded and quantitative description of inelastic scattering [136]. Although a comprehensive 

comparison of background models is beyond the scope of this review, we highlight how Tougaard’s 

approach enables significantly improved accuracy in analyzing nucleation and growth behaviors in 

systematic sample studies [137-138]. Today, advanced XPS background analysis can be performed 

efficiently using specialized software like QUASES, making such refined interpretations both 

accessible and practical for routine materials characterization. 
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Figure:  Compositional Characterization of advanced composite materials using Energy-dispersive 

X-ray spectroscopy (EDS) 
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2.9 COMPOSITIONAL CHARACTERIZATION OF ADVANCED COMPOSITE MATERIALS 

USING SECONDARY ION MASS SPECTROMETRY (SIMS ANALYSIS) 

Secondary Ion Mass Spectrometry (SIMS) is a powerful analytical technique used to determine the 

surface composition, chemical structure, and elemental distribution of materials. It operates in two 

primary modes: Dynamic SIMS (DSIMS) and Static SIMS (SSIMS). DSIMS is particularly effective 

for depth profiling, allowing the analysis of impurity and trace element distributions across thin films 

and interfaces. In contrast, SSIMS is ideal for surface-sensitive applications, such as the analysis of 

polymeric materials, since it targets only the outermost molecular layers without significant surface 

erosion [140-141]. In SIMS analysis, a focused beam of high-energy primary ions—typically from 

an ion gun—is directed at the sample surface. This bombardment causes atoms and molecules to be 

sputtered from the surface. Some of these ejected species become ionized (secondary ions) and are 

subsequently analyzed based on their mass-to-charge ratio (m/z) using a mass spectrometer. These 

spectrometers may be of various types, including magnetic sector, quadrupole, time-of-flight (ToF), 

or hybrid systems. SIMS offers both high sensitivity and sub-micron spatial resolution, enabling the 

detection of elemental and isotopic compositions as well as chemical structures and molecular 

fragmentation patterns at the nanoscale. This makes it an invaluable tool across multiple fields such 

as materials science, surface chemistry, and the semiconductor industry—especially for analyzing 

thin films, coatings, and complex surface structures. In static SIMS, the primary ion beam is pulsed 

to limit surface damage, which is suitable for analyzing delicate or surface-stable materials. 

Meanwhile, dynamic SIMS uses a continuous beam that progressively sputters the surface, enabling 

in-depth compositional analysis through layered structures [142]. 

A series of Nicalon SiC fibers coated with carbon and silicon carbide (SiC) through Chemical Vapor 

Deposition (CVD) were characterized using Secondary Ion Mass Spectrometry (SIMS). The results 

(i) provided insight into the material’s composition, (ii) revealed compositional heterogeneity, and 

(iii) highlighted the limitations of applying SIMS to fiber analysis. Complementary analyses using 

SIMS and Electron Energy Loss Spectroscopy (EELS) were conducted on a segment of the coated 

fiber. For elements detected by both techniques, the results showed reasonable consistency. The SiC-

CVD coatings were found to be compositionally non-uniform—carbon concentrations were higher 

near the fiber surface, gradually approaching stoichiometric SiC after a few microns. The coated 

fibers also exhibited elevated levels of oxygen and free carbon. Further analysis of a glass-ceramic 

matrix composite reinforced with Nicalon SiC fibers using SIMS confirmed the compositional 

variations, particularly the carbon-rich regions near the fiber interface and the presence of oxygen in 

the coatings [143-144]. 

Modern SIMS laboratories are capable of delivering detailed, high-resolution data on the atomic and 

molecular composition of a wide range of materials—including metals, ceramics, and polymers—

making SIMS essential for advanced material characterization and nanotechnology research. 

 

2.10 COMPOSITIONAL CHARACTERIZATION OF ADVANCED COMPOSITE MATERIALS 

USING AUGER ELECTRON SPECTROSCOPY (AES) 

Auger Electron Spectroscopy (AES), also known as Scanning Auger Microscopy (SAM), is a 



© Volume 1, Issue 1, Dec 2025 | JATIR 

 

JATIR 140020      JOURNAL OF ACADEMIC TRENDS & INNOVATIVE RESEARCH (JATIR) 100 

surface-sensitive analytical technique that utilizes a focused electron beam to induce the emission of 

Auger electrons from the near-surface region of a solid sample. These emitted electrons possess 

energies that are characteristic of the elements present and, in some cases, provide insight into their 

chemical bonding states. AES enables elemental mapping of the sample surface and, when combined 

with ion sputtering, facilitates compositional depth profiling, offering elemental and chemical 

information as a function of depth. Due to the characteristics of the Auger process, all elements 

except hydrogen and helium can be detected, with detection limits as low as 0.1 atomic percent. The 

typical sampling depth ranges from 15 to 30 monolayers (approximately 50–100 Å), and the 

technique can resolve features down to 0.1 µm, making it particularly effective for analyzing 

unknown conductive materials. In SAM mode, the AES system performs a raster scan of the electron 

beam across the sample surface to generate images representing the lateral elemental distribution. 

Auger spectra, which reveal the surface composition or identify specific surface features, can be 

collected in either point analysis mode (with the beam focused on a fixed location) or area-averaged 

mode (with the beam scanned over a region). The spectral data is typically recorded in N (E) format, 

where the electron energy analyzer steps through a selected range and measures the signal at each 

energy level. Repeated scanning allows enhancement of the signal-to-noise ratio. Data processing 

routines such as differentiation, smoothing, expansion, and background subtraction can be applied 

to enhance interpretation. A multiplexing approach is also available, focusing on specific energy 

ranges containing peaks of interest for automated data acquisition and quantification. This process 

often uses elemental sensitivity factors derived from standard materials [145-146]. 

When AES is performed in conjunction with ion sputtering, it yields compositional depth profiles 

that detail the variation in elemental composition beneath the surface as a function of sputtering time 

or depth, providing comprehensive insight into the layered structure of materials. 

As composite materials are increasingly adopted for critical structural applications, it becomes 

essential to understand their behavior under load, particularly in identifying and interpreting failure 

mechanisms. While optical microscopy and scanning electron microscopy (SEM) remain primary 

tools for such investigations, the insights they offer can occasionally be limited or ambiguous. To 

complement these conventional methods, Auger Electron Spectroscopy (AES) offers valuable 

surface-sensitive analytical capabilities [147].  

In one example, AES depth profiling enabled a more comprehensive analysis of the fracture surface 

of a titanium metal matrix composite reinforced with boron-carbide-coated boron fibers. The 

technique revealed detailed chemical and morphological information at the failure interface, which 

would otherwise remain elusive with standard microscopy. AES was also effectively used to 

characterize the solid electrolyte interphase (SEI) in composite electrode materials, providing insight 

into the heterogeneous nature of SEI layer growth on both graphite and silicon nanoparticles. The 

findings demonstrated that SEI layers are not uniform in thickness: graphite exhibited a mean SEI 

thickness of approximately 13 nm, while silicon nanoparticles showed SEI thicknesses ranging from 

20 to 25 nm, with the particles themselves having crystalline cores of 50–70 nm in diameter. A 

“sticky-sphere” model was proposed to explain the observed variability, suggesting that SEI layers 

form by replacing polymer binders initially surrounding the silicon nanoparticles [148-150]. 
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Additionally, SiC fiber/silicate glass matrix composites, proposed as candidate materials for jet 

engine components, have been extensively studied using scanning AES. Analyses of fiber surfaces 

and matrix troughs (regions associated with fiber pull-out) revealed that fracture toughness correlates 

with the formation of a 200+ Å carbon-rich interfacial layer during fabrication. In contrast, strong 

fiber-matrix bonding, which lacks this carbon layer, was linked to brittle failure and diminished 

mechanical performance. The sensitivity of AES to surface chemistry within the first few nanometers 

makes it indispensable for analyzing nanostructures, where even minor surface modifications can 

significantly impact bulk properties. Conventional techniques such as energy-dispersive 

spectroscopy (EDS) and electron energy loss spectroscopy (EELS), though commonly paired with 

SEM and TEM, often fall short in detecting these subtle surface alterations—unless under highly 

favorable conditions [151-152]. 

Modern scanning AES instruments offer nanoscale structure of lateral resolution and depth profiling 

capabilities within a few nanometers, making them ideal for nanotechnology, metallurgy, and 

semiconductor applications. This review underscores the distinct advantages of scanning AES and 

its growing importance in advanced material characterization. 

 

III. CONCLUSIONS 

 

Based on the research studies on the characterization of composite materials under mechanical 

loading using various microscopic techniques, the following key conclusions for engineering 

applications: 

• The combined use of optical microscopy, scanning electron microscopy (SEM), Auger electron 

spectroscopy (AES), and X-ray photoelectron spectroscopy (XPS) provides a comprehensive 

understanding of microstructural changes and failure mechanisms in fiber-reinforced and 

polymer matrix composites under mechanical stress. 

• AES and XPS have proven especially valuable in identifying interfacial chemical states, 

contamination, and degradation layers that influence the mechanical performance, particularly 

at fiber/matrix interfaces and failure surfaces. These techniques offer nanometer-scale depth 

sensitivity, essential for high-performance engineering materials. 

• Optical microscopy and digital image processing effectively detect voids, fiber alignment, and 

layer structure. Their statistical analysis—such as tessellation and local density mapping—

enables quantification of void distributions and fiber orientation, critical for assessing 

manufacturing quality and structural reliability. 

• Techniques like spectral domain optical coherence tomography (SD-OCT) provide non-

destructive, depth-resolved imaging, enabling real-time analysis of internal defects and sub-layer 

structures, making them particularly useful for quality assurance and in-situ monitoring in 

polymer composites. 

• SIMS and AES depth profiling reveal heterogeneity in chemical composition across coatings 

and interfaces, which significantly affects the composite’s mechanical integrity. In titanium 
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matrix and SiC fiber composites, such profiling has been essential in linking interfacial chemistry 

to crack propagation and failure behavior. 

• Observations from SEM and AES indicate that microstructural features—such as carbon 

interlayers or localized oxidation—at the fiber-matrix boundary can govern composite toughness 

and fracture mode, underlining the importance of nanoscale control during fabrication. 

• Engineering applications increasingly demand high-fidelity, reproducible materials. Integration 

of microscopy techniques enables accurate modeling of composite behavior under load, aiding 

in failure prediction, material optimization, and lifespan estimation. 

These conclusions support the growing need for comprehensive microscopic and spectroscopic 

analysis protocols to characterize advanced composites used in aerospace, automotive, energy, and 

biomedical engineering applications. 

 

REFERENCES 

 

[1] Janeliukstis R., Mironovs D. Smart composite structures with embedded sensors for load and 

damage monitoring–a review. Mechanics of Composite Materials, 2021, 57(2), pp.131-152. 

[2] Vo, Thi Sinh, Kyunghoon Kim. Recent Trends of functional composites and structures for 

electromechanical sensors: A review. Advanced Intelligent Systems,2024, 6 (5), 2300730. 

[3] Sahu, Shivank, Kamalesh Tripathy, Mitradip Bhattacharjee, Deepak Chopra. "Engineering 

mechanical compliance in polymers and composites for the design of smart flexible sensors." 

Chemical Communications, 2024, 60 (33), 4382-4394. 

[4] Srivastava, Shashank, Indradeep Kumar, Manish Kumar, Hussein Ghafel Shakier, Neeraj 

Chahuan. Machine Learning and Artificial Intelligence for Advanced Materials Processing: 

A review on opportunities and challenges." In E3S Web of Conferences, 2024, vol. 505, p. 

01027.  

[5] Enyan, Michael, Zhang Bing, Jesse Nii Okai Amu-Darko, Eliasu Issaka, Samuel Leumas 

Otoo, and Michael Freduah Agyemang. "Advances in smart materials soft actuators on 

mechanisms, fabrication, materials, and multifaceted applications: a review." Journal of 

Thermoplastic Composite Materials, 2025, 38, (1), 302-370. 

[6] Dutta, Taposhree, Pavan Chaturvedi, Ignacio Llamas-Garro, Jesús Salvador Velázquez-

González, Rakesh Dubey, Satyendra Kumar Mishra. "Smart materials for flexible electronics 

and devices: hydrogel." RSC advances, 22024, 14 (19), 12984-13004. 

[7] Fattah-alhosseini, Arash, Razieh Chaharmahali, Sajad Alizad, Mosab Kaseem, and Burak 

Dikici. A review of smart polymeric materials: Recent developments and prospects for 

medicine applications. Hybrid Advances (2024): 100178. 

[8] Song, Facheng, Qinghua Li, and Shilang Xu. A review of self-sensing ultra-high 

performance concrete: Towards next-generation smart structural materials. Cement and 

Concrete Composites 145 (2024): 105350. 

[9] Enyan, Michael, Zhang Bing, Jesse Nii Okai Amu-Darko, Eliasu Issaka, Samuel Leumas 



© Volume 1, Issue 1, Dec 2025 | JATIR 

 

JATIR 140020      JOURNAL OF ACADEMIC TRENDS & INNOVATIVE RESEARCH (JATIR) 103 

Otoo, and Michael Freduah Agyemang. "Advances in smart materials soft actuators on 

mechanisms, fabrication, materials, and multifaceted applications: a review." Journal of 

Thermoplastic Composite Materials 38, no. 1 (2025): 302-370. 

[10] Vo, Thi Sinh, and Kyunghoon Kim. "Recent Trends of functional composites and 

structures for electromechanical sensors: A review." Advanced Intelligent Systems 6, no. 5 

(2024): 2300730. 

[11] Ranjan, Rajeev, Deepak Kumar, Manoj Kundu, and Subhash Chandra Moi. "A critical 

review on Classification of materials used in 3D printing process." Materials today: 

proceedings 61 (2022): 43-49. 

[12] Lima, Elton, Hilma Ferreira, Luís Mateus, and Amilton Arruda. "Integration of Thermo-

Responsive Materials Applied to Bio-Inspired Structures." Biomimetics 10, no. 2 (2025): 68. 

[13] Jin, Zifeng, Xiaoyan Wei, Xiaojun He, Zhenglin Wang, Zhibo Zhao, Huan He, Ya’nan 

Yang, and Nan Chen. "Research Progress and Emerging Directions in Stimulus Electro-

Responsive Polymer Materials." Materials 17, no. 17 (2024): 4204. 

[14] Ding, Haoyang, Lili Hao, and Hongli Mao. "Magneto-responsive biocomposites in 

wound healing: from characteristics to functions." Journal of Materials Chemistry B (2024). 

[15] Mukherjee, Chandrapaul, Aashika R. Nath, Sellamuthu N. Jaisankar, and Jit Sarkar. 

"Advancements in Castor Oil‐Derived Smart Materials: A Comprehensive Mini‐Review." 

ChemistrySelect 9, no. 35 (2024): e202400885. 

[16] Sharif Bakhsh, Elyas, Masoud Tavakoli Dare, Aliakbar Jafari, and Farangis Shahi. 

"Light-Activated Nanofibers: Advances in Photo-Responsive Electrospun Polymer 

Technologies." Polymer-Plastics Technology and Materials 64, no. 4 (2025): 397-438. 

[17] Li, Xiaolong, Zhenyu Lu, and Chao Zeng. "Robotic and intelligent technologies in 

composite material inspection: a review." Robot Learning 1, no. 1 (2024): 27-54. 

[18] Parmar, Hetal, Tayyab Khan, Fausto Tucci, Rehan Umer, and Pierpaolo Carlone. 

"Advanced robotics and additive manufacturing of composites: towards a new era in Industry 

4.0." Materials and manufacturing processes 37, no. 5 (2022): 483-517. 

[19] Hoffmann, Kenneth AW, Tony G. Chen, Mark R. Cutkosky, and David Lentink. "Bird-

inspired robotics principles as a framework for developing smart aerospace materials." 

Journal of Composite Materials 57, no. 4 (2023): 679-710. 

[20] Del Bosque, Antonio, Diego Vergara, and Pablo Fernández-Arias. "An overview of 

smart composites for the aerospace sector." Applied Sciences 15, no. 6 (2025): 2986. 

[21] Hao, Yufei, Shixin Zhang, Bin Fang, Fuchun Sun, Huaping Liu, and Haiyuan Li. "A 

review of smart materials for the boost of soft actuators, soft sensors, and robotics 

applications." Chinese Journal of Mechanical Engineering 35, no. 1 (2022): 37. 

[22] Malekmohammadi, Samira, Negar Sedghi Aminabad, Amin Sabzi, Amir Zarebkohan, 

Mehdi Razavi, Massoud Vosough, Mahdi Bodaghi, and Hajar Maleki. "Smart and 

biomimetic 3D and 4D printed composite hydrogels: opportunities for different biomedical 

applications." Biomedicines 9, no. 11 (2021): 1537. 



© Volume 1, Issue 1, Dec 2025 | JATIR 

 

JATIR 140020      JOURNAL OF ACADEMIC TRENDS & INNOVATIVE RESEARCH (JATIR) 104 

[23] Zhang, Shipeng, SM Sohel Rana, Trilochan Bhatta, Gagan Bahadur Pradhan, Sudeep 

Sharma, Hyesu Song, Seonghoon Jeong, and Jae Yeong Park. "3D printed smart glove with 

pyramidal MXene/Ecoflex composite-based toroidal triboelectric nanogenerators for 

wearable human-machine interaction applications." Nano Energy 106 (2023): 108110. 

[24] Li, Jianye, Qiongling Ding, Hao Wang, Zixuan Wu, Xuchun Gui, Chunwei Li, Ning Hu, 

Kai Tao, and Jin Wu. "Engineering smart composite hydrogels for wearable disease 

monitoring." Nano-micro letters 15, no. 1 (2023): 105. 

[25] Bhattacharjee, J., and S. Roy. "Smart materials for sustainable energy." Nat Resour 

Conserv Res 7 (2024): 5536. 

[26] Asyraf, M. R. M., R. A. Ilyas, S. M. Sapuan, M. M. Harussani, H. M. Hariz, J. M. Aiman, 

Danish Mahmood Baitaba et al. "Advanced composite in aerospace applications: 

opportunities, challenges, and future perspective." Advanced Composites in Aerospace 

Engineering Applications (2022): 471-498. 

[27] Rao, Rajani Kant, Bellam Sukumar Sindu, and Saptarshi Sasmal. "Real-time monitoring 

of structures under extreme loading using smart composite-based embeddable sensors." 

Journal of Intelligent Material Systems and Structures 34, no. 9 (2023): 1073-1096. 

[28] Shukla, Uddeshya, and Kamal Garg. "Journey of smart material from composite to shape 

memory alloy (SMA), characterization and their applications-A review." Smart Materials in 

Medicine 4 (2023): 227-242. 

[29] Zhu, Mengjia, Shantonu Biswas, Stejara Iulia Dinulescu, Nikolas Kastor, Elliot Wright 

Hawkes, and Yon Visell. "Soft, wearable robotics and haptics: Technologies, trends, and 

emerging applications." Proceedings of the IEEE 110, no. 2 (2022): 246-272. 

[30] Karim, Mohammad Rezaul, Md Irfanul Haque Siddiqui, Abdulaziz K. Assaifan, 

Muhammad Omer Aijaz, and Ibrahim A. Alnaser. "Nanotechnology and Prosthetic Devices: 

Integrating Biomedicine and Materials Science for Enhanced Performance and 

Adaptability." Journal of Disability Research 3, no. 3 (2024): 20240019. 

[31] Ramakrishnan, T., S. Senthil Kumar, Samson Jerold Samuel Chelladurai, S. 

Gnanasekaran, S. Sivananthan, N. K. Geetha, Ramesh Arthanari, and Gizachew Balcha 

Assefa. "Recent developments in stimuli responsive smart materials and applications: an 

overview." Journal of Nanomaterials 2022, no. 1 (2022): 4031059. 

[32] Rahman, Md Hafizur, Harmony Werth, Alexander Goldman, Yuki Hida, Court Diesner, 

Logan Lane, and Pradeep L. Menezes. "Recent progress on electroactive polymers: 

Synthesis, properties and applications." Ceramics 4, no. 3 (2021): 516-541. 

[33] Gorshkov, Vyacheslav N., Vladyslav O. Kolupaiev, Gernot K. Boiger, Navid 

Mehreganian, Pooya Sareh, and Arash S. Fallah. "Smart controllable wave dispersion in 

acoustic metamaterials using magnetorheological elastomers." Journal of Sound and 

Vibration 572 (2024): 118157. 

[34] Hetherington C. Aberration correction for TEM. Mater Today 2004;7:50-5. 

[35] Haider, M. et al. Electron microscopy image enhanced. Nature 392, 768–769 (1998).  



© Volume 1, Issue 1, Dec 2025 | JATIR 

 

JATIR 140020      JOURNAL OF ACADEMIC TRENDS & INNOVATIVE RESEARCH (JATIR) 105 

[36] Kaiser, U. et al. Transmission electron microscopy at 20kV for imaging and 

spectroscopy. Ultramicroscopy 111, 1239–1246 (2011).  

[37] Gao, S. et al. Electron ptychographic microscopy for three-dimensional imaging. Nat. 

Commun. 8, 163 (2017). 

[38] Rodenburg, J. M., Hurst, A. C. & Cullis, A. G. Transmission microscopy without lenses 

for objects of unlimited size. Ultramicroscopy 107, 227–231 (2007). 

[39] Yue Lin, Min Zhou, Xiaolin Tai, Hangfei Li,2Xiao Han Jiaguo Yu. Analytical 

transmission electron microscopy for emerging advanced materials, Matter 4, 2309–2339, 

July 7, 2021. 

[40] Roberto Conconi, Gennaro Ventruti, Fernando Nieto, Giancarlo Capitani, TEM-EDS 

microanalysis: Comparison among the standardless, Cliff & Lorimer and absorption 

correction quantification methods, Ultramicroscopy, Volume 254, 2023, Article 113845. 

[41] S.V. Ketov, Yu P. Ivanov, D. Şopu, D.V. Louzguine-Luzgin et al. High-resolution 

transmission electron microscopy investigation of diffusion in metallic glass multilayer 

films, Materials Today Advances, Volume 1, 2019, Article 100004 

[42] Voyles PM, Muller DA, Grazul JL, Citrin PH, Gossmann HJ. Atomic-scale imaging of 

individual dopant atoms and clusters in highly n-type bulk Si. Nature 2002;416:826-9. 

[43] Voyles PM, Grazul JL, Muller DA. Imaging individual atoms inside crystals with ADF-

STEM. Ultramicroscopy 2003;96:251-73. 

[44] Jiang Y, Chen Z, Han Y, et al. Electron ptychography of 2D materials to deep sub-

ångström resolution. Nature 2018;559:343-9 

[45] Liu C, Cui J, Cheng Z, et al. Direct observation of oxygen atoms taking tetrahedral 

interstitial sites in medium-entropy body-centered-cubic solutions. Adv Mater 

2023;35:e2209941. 

[46] Close R, Chen Z, Shibata N, Findlay SD. Towards quantitative, atomic-resolution 

reconstruction of the electrostatic potential via differential phase contrast using electrons. 

Ultramicroscopy 2015;159 Pt 1:124-37. 

[47] Krivanek OL, Lovejoy TC, Dellby N, et al. Vibrational spectroscopy in the electron 

microscope. Nature 2014;514:209-12. 

[48] Ophus C. Four-dimensional scanning transmission electron microscopy (4D-STEM): 

from scanning nanodiffraction to ptychography and beyond. Microsc Microanal 

2019;25:563-82. 

[49] Lin Y, Zhou M, Tai X, Li H, Han X, Yu J. Analytical transmission electron microscopy 

for emerging advanced materials. Matter 2021;4:2309-39 

[50] Muller DA, Kirkland EJ, Thomas MG, Grazul JL, Fitting L, Weyland M. Room design 

for high-performance electron microscopy. Ultramicroscopy 2006;106:1033-40. 

[51] Ophus C, Ciston J, Nelson CT. Correcting nonlinear drift distortion of scanning probe 

and scanning transmission electron microscopies from image pairs with orthogonal scan 

directions. Ultramicroscopy 2016;162:1-9. 



© Volume 1, Issue 1, Dec 2025 | JATIR 

 

JATIR 140020      JOURNAL OF ACADEMIC TRENDS & INNOVATIVE RESEARCH (JATIR) 106 

[52] Jones L, Nellist PD. Identifying and correcting scan noise and drift in the scanning 

transmission electron microscope. Microsc Microanal 2013;19:1050-60. 

[53] Schnedler M, Weidlich PH, Portz V, Weber D, Dunin-Borkowski RE, Ebert P. 

Correction of nonlinear lateral distortions of scanning probe microscopy images. 

Ultramicroscopy 2014;136:86-90. 

[54] Fabiana Graziano, Ciro Tortora, Veronica Vespini, Massimo Rippa et al. Multimodal 

non-destructive techniques for composite inspection, Multimodal Sensing and Artificial 

Intelligence: Technologies and Applications III; 126210S (2023) 

https://doi.org/10.1117/12.2673953 

[55] Jampani Ravi and R. Narmadha, A Systematic Literature Review on Multimodal Image 

Fusion Models with Challenges and Future Research Trends, Advances in Multimodal 

Characterization of Structural Materials, 2021, Volume 73, pages 3228–3229, (2021). 

https://doi.org/10.1142/S0219467825500391 

[56] B.J. Inkson, Scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM) for materials characterization, Materials Characterization Using Nondestructive 

Evaluation (NDE) Methods, 2016, Pages 17-43. https://doi.org/10.1016/B978-0-08-100040-

3.00002-X 

[57] Lee, J. W., Park, W. B., Kim, M., Pal Singh, S., Pyo, M. & Sohn, K. S. (2021). A data-

driven XRD analysis protocol for phase identification and phase-fraction prediction of 

multiphase inorganic compounds, Inorg. Chem. Front.8, 2492–2504. 

https://doi.org/10.1039/d0qi01513j 

[58] Omori, N. E., Bobitan, A. D., Vamvakeros, A., Beale, A. M. & Jacques, S. D. M. (2023). 

Recent developments in X-ray diffraction/scattering computed tomography for materials 

science, Philos. Trans. R. Soc. A Math. Phys. Eng. Sci.381, 

https://doi.org/10.1098/RSTA.2022.0350. 

[59] Poline, V., Purushottam Raj Purohit, R. R. P., Bordet, P., Blanc, N. & Martinetto, P. 

(2024). Neural networks for rapid phase quantification of cultural heritage X-ray powder 

diffraction data, J. Appl. Cryst.57, 831–841. 

[60] Ragone, M., Shahabazian-Yassar, R., Mashayek, F. & Yurkiv, V. (2023). Deep learning 

modeling in microscopy imaging: A review of materials science applications, Prog. Mater. 

Sci.138, 101165. 

[61] Simonnet, T., Grangeon, S., Claret, F., Maubec, N., Fall, M. D., Harba, R. & Galerne, B. 

Phase quantification using deep neural network processing of XRD patterns, (2024). IUCrJ, 

11, 859–870. DOI: 10.1107/S2052252524006766 

[62] 57]Nikolaos I. Prasianakis -AI-enhanced X-ray diffraction analysis: towards real-time 

mineral phase identification and quantification, IUCrJ, 11(5), 1 2024, 647-648, 

https://doi.org/10.1107/S2052252524008157 

[63] Fultz, B.; Howe, J. Transmission Electron Microscopy and Diffractometry of Materials; 

Springer: Berlin/Heidelberg, Germany, 2013. 



© Volume 1, Issue 1, Dec 2025 | JATIR 

 

JATIR 140020      JOURNAL OF ACADEMIC TRENDS & INNOVATIVE RESEARCH (JATIR) 107 

[64] Lamas, D.G.; Neto, M.D.O.; Kellermann, G.; Craievich, A.F. X-ray Diffraction and 

Scattering by Nanomaterials. In Nanocharacterization Techniques; William Andrew 

Publishing: Oxford, UK, 2017; Chapter 5; pp. 111–182.  

[65] Sjöström, J.K.; Bindler, R.; Granberg, T.; Kylander, M.E. Procedure for Organic Matter 

Removal from Peat Samples for XRD Mineral Analysis. Wetlands 2019, 39, 473–481.  

[66] Lee, M. X-ray Diffraction for Materials Research from Fundamentals to Applications; 

CRC Press: Boca Raton, FL, USA, 2021.  

[67] Lamiri, I.; Martinez-Blanco, D.; Abdelbaky, M.S.; Mari, D.; Hamana, D.; Garcia-

Granda, S. Investigation of the order -disorder phase transition series in AuCu by in-situ 

temperature XRD and mechanical spectroscopy. J. Alloys Compd. 2019, 770, 748–754.  

[68] McCormack, S.J.; Tseng, K.P.; Weber, R.J.; Kapush, D.; Ushakov, S.V.; Navrotsky, A.; 

Kriven, W.M. In Situ Determination of the HfO2-Ta2O5-Temperature Phase Diagram up to 

3000 °C. J. Am. Ceram. Soc. 2018, 102, 4848–4861.  

[69] Malinov, S.; Sha, W.; Guo, Z.; Tang, C.; Long, A. Synchrotron X-ray diffraction study 

of the phase transformation in titanium alloys. Mater. Charact. 2002, 48, 279–295.  

[70] Fuxi Liu, Xu Zou, Nailin Yue, Wei Zhang, Weitao Zheng, Correlative Raman imaging 

and scanning electron microscopy for advanced functional materials characterization, Cell 

Reports Physical Science, (4) 10, 2023, 101607, https://doi.org/10.1016/j.xcrp.2023.101607 

[71] Asif Ali, Yi Wai Chiang Rafael M. Santos. X-ray Diffraction Techniques for Mineral 

Characterization: A Review for Engineers of the Fundamentals, Applications, and Research 

Directions, Minerals 2022, 12(2), 205; https://doi.org/10.3390/min12020205. 

[72] X. Hou, S. Lv, Z. Chen, F. Xiao, Applications of Fourier transform infrared spectroscopy 

technologies on asphalt materials, Measurement, 121 (2018), pp. 304-316, 

10.1016/j.measurement.2018.03.001 

[73] A.A. Bunaciu, H.Y. Aboul-Enein, S. Fleschin, Application of fourier transform infrared 

spectrophotometry in pharmaceutical drugs analysis, Appl. Spectrosc. Rev., 45 (2010), pp. 

206-219, 10.1080/00387011003601044 

[74] H. Tiernan, B. Byrne, S.G Kazarian,ATR-FTIR spectroscopy and spectroscopic imaging 

for the analysis of biopharmaceuticals, Spectrochim. Acta A, 241 (2020), Article 118636, 

10.1016/j.saa.2020.118636 

[75] V. Szentirmai, A. Wacha, C. Németh, D. Kitka, A. Rácz, K. Héberger, J. Mihály, Z. 

Varga, Reagent-free total protein quantification of intact extracellular vesicles by attenuated 

total reflection Fourier transform infrared (ATR-FTIR) spectroscopy, Anal. Bioanal. Chem., 

412 (2020), pp. 4619-4628, 10.1007/s00216-020-02711-8 

[76] A. Rohman, The use of infrared spectroscopy in combination with chemometrics for 

quality control and authentication of edible fats and oils: a review,Appl. Spectrosc. Rev., 52 

(2017), pp. 589-604, 10.1080/05704928.2016.1266493 

[77] Y. Song, Y. Cong, B. Wang, N. Zhang, Applications of Fourier transform infrared 

spectroscopy to pharmaceutical preparations, Expert Opin. Drug Deliv., 17 (2020), pp. 551-



© Volume 1, Issue 1, Dec 2025 | JATIR 

 

JATIR 140020      JOURNAL OF ACADEMIC TRENDS & INNOVATIVE RESEARCH (JATIR) 108 

571, 10.1080/17425247.2020.1737671 

[78] G. Deng, M.E. Rodriguez-Espinosa, M. Yan, Y. Lei, V.H. Guevara-Oquendo, X. Feng, 

H. Zhang, H. Deng, W. Zhang, Y.P. Samadi, Using advanced vibrational molecular 

spectroscopy (ATR-Ft/IRS and synchrotron SR-IMS) to study an interaction between protein 

molecular structure from biodegradation residues and nutritional properties of cool-climate 

adapted faba bean seeds, Spectrochim. Acta A, 229 (2020), Article 117935, 

10.1016/j.saa.2019.117935 

[79] S. Rubin, E. Bonnier, C. Sandt, L. Venteo, M. Pluot, B. Baehrel, M. Manfait, G.D. 

Sockalingum, Analysis of structural changes in normal and aneurismal human aortic tissues 

using FTIR microscopy,Biopolymers, 89 (2008), pp. 160-169, 10.1002/bip.20882 

[80] S. Veerasingam, M. Ranjani, R. Venkatachalapathy, A. Bagaev, V. Mukhanov, D. 

Litvinyuk, M. Mugilarasan, K. Gurumoorthi, L. Guganathan, V.M. Aboobacker, P. 

Vethamony, Contributions of fourier transform infrared spectroscopy in microplastic 

pollution research: a review, Crit. Rev. Environ. Sci. Technol., 51 (2021), pp. 2681-2743, 

10.1080/10643389.2020.1807450 

[81] S.Q. Sun, Q. Zhou, J.Y. Yu, X.Y. Hu, The latest development of the research on Chinese 

medicine by molecular vibrational spectroscopy, Spectrosc. Spectr. Anal., 20 (2000), pp. 

199-202 

[82] C. Cheng, J. Liu, C. Zhang, M. Cai, H. Wang, W. Xiong, An overview of infrared 

spectroscopy based on continuous wavelet transform combined with machine learning 

algorithms: application to Chinese medicines, plant classification, and cancer diagnosis, 

Appl. Spectrosc. Rev., 45 (2010), pp. 148-164, 10.1080/05704920903435912 

[83] X. Wei, K. Yu, D. Wu, P. Huang, Q. Sun, Z. Wang, Species identification of semen stains 

by ATR-FTIR spectroscopy, Int. J. Legal Med., 135 (2021), pp. 73-80, 10.1007/s00414-020-

02367-0 

[84] J. Zhang, B. Li, Q. Wang, X. Wei, W. Feng, Y. Chen, P. Huang, Z. Wang, Application 

of Fourier transform infrared spectroscopy with chemometrics on postmortem interval 

estimation based on pericardial fluids, Sci. Rep., 7 (2017), p. 18013, 10.1038/s41598-017-

18228-7 

[85] J. Kuligowski, D. Pérez-Guaita, J. Escobar, I. Lliso, M.D.L. Guardia, B. Lendl, M. Vento, 

G. Quintás, Infrared biospectroscopy for a fast qualitative evaluation of sample preparation 

in metabolomics, Talanta, 127 (2014), pp. 181-190, 10.1016/j.talanta.2014.04.009 

[86] J.H. Wang, D.H. Cheng, X.W. Chen, Z. Du, Z.L. Fang, Direct extraction of double-

stranded DNA into ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate and its 

quantification, Anal. Chem., 79 (2007), pp. 620-625, 10.1021/ac061145c 

[87] C.X. Li, J. Han, Y. Wang, Y.S. Yan, X.H. Xu, J.M. Pan, Extraction and mechanism 

investigation of trace roxithromycin in real water samples by use of ionic liquid-salt aqueous 

two-phase system, Anal. Chim. Acta, 653 (2009), pp. 178-183, 10.1016/j.aca.2009.09.011 

[88] D. Wu, Y. Sun, Q. Wang, Adsorption of lanthanum (III) from aqueous solution using 2-



© Volume 1, Issue 1, Dec 2025 | JATIR 

 

JATIR 140020      JOURNAL OF ACADEMIC TRENDS & INNOVATIVE RESEARCH (JATIR) 109 

ethylhexyl phosphonic acid mono-2-ethylhexyl ester-grafted magnetic silica 

nanocomposites, J. Hazard. Mater., 260 (2013), pp. 409-419, 10.1016/j.jhazmat.2013.05.042 

[89] M. Munoz-Bartual, J.M. Herrero-Martinez, F.A. Esteve-Turrillas, Development of 

paper-immobilized molecularly imprinted polymers by laser pointer activation for 

methamphetamine extraction with analysis by ion mobility spectrometry, J. Chromatogr. A, 

1692 (2023), Article 463852, 10.1016/j.chroma.2023.463852 

[90] Y. Tkachenko, P. Niedzielski, FTIR as a method for qualitative assessment of solid 

samples in geochemical research: a review, Molecules, 27 (2022), p. 8846, 

10.3390/molecules27248846 

[91] Y. Liu, M.S. Lee, Analysis of the interaction between organophosphorus acid and tertiary 

amine extractants in the binary mixtures by fourier transform infrared spectroscopy (FT-IR), 

Solvent Extr. Ion Exch., 34 (2016), pp. 74-85, 10.1080/07366299.2015.1132059 

[92] T.L. Lebedeva, L.M. Kardivarenko, V.V. Bagreev, N.A. Platé, FT-IR-Spectroscopic 

investigation of the mechanism of membrane extraction of cobalt (II) from HCl solutions by 

solutions of tri-n-octylamine in n-decane, Russ. Chem. Bull., 42 (1993), pp. 1471-1476, 

10.1007/BF00699175 

[93] O. Francioso, S. Sanchez-Cortes, S. Bonora, M.L. Roldán, G. Certini, Structural 

characterization of charcoal size-fractions from a burnt Pinus pinea forest by FT-IR, Raman 

and surface-enhanced Raman spectroscopies, J. Mol. Struct., 994 (2011), pp. 155-162, 

10.1016/j.molstruc.2011.03.011 

[94] A. Flores-Morales, M. Jiménez-Estrada, R. Mora-Escobedo, Determination of the 

structural changes by FT-IR, Raman, and CP/MAS 13C NMR spectroscopy on retrograded 

starch of maize tortillas, Carbohydr. Polym., 87 (2012), pp. 61-68, 

10.1016/j.carbpol.2011.07.011 

[95] K. Chen, Y. He, C. Srinivasakannan, S. Li, S. Yin, J. Peng, S. Guo, L. Zhang, 

Characterization of the interaction of rare earth elements with P507 in a microfluidic 

extraction system using spectroscopic analysis, Chem. Eng. J., 356 (2019), pp. 453-460, 

10.1016/j.cej.2018.09.039 

[96] Yahui Gong, Xuerong Chen.,Wei Wu, Application of fourier transform infrared (FTIR) 

spectroscopy in sample preparation: Material characterization and mechanism investigation, 

Advances in Sample Preparation, Volume 11, August 2024, 100122, 

https://doi.org/10.1016/j.sampre.2024.100122 

[97] Z. Zhang, P. C. Hammel, M. Midzor , M. L. Roukes, J. R. Childress, Ferromagnetic 

resonance force microscopy on microscopic cobalt single layer films, Appl. Phys. Lett. 73, 

2036–2038 (1998). https://doi.org/10.48550/arXiv.cond-mat/9808326 

[98] M. Poggio, C. L. Degen, Force-detected nuclear magnetic resonance: Recent advances 

and future challenges, 2010, Nanotechnology 21(34). 

https://doi.org/10.48550/arXiv.1006.3736 

[99] D V Christensen, U Staub, T R Devidas, B Kalisky, K C Nowack, J L Webb, U L 



© Volume 1, Issue 1, Dec 2025 | JATIR 

 

JATIR 140020      JOURNAL OF ACADEMIC TRENDS & INNOVATIVE RESEARCH (JATIR) 110 

Andersen, A Huck, D A Broadway, K Wagner, 2024 roadmap on magnetic microscopy 

techniques and their applications in materials science, Journal of Physics: Materials, Volume 

7, Number 3,2024. DOI 10.1088/2515-7639/ad31b5. 

[100] Soonho Won, Seung-Bo Saun, Soonchil Lee, SangGap Lee, Kiwoong Kim & Yunseok 

Han, Nuclear magnetic resonance (NMR) Spectroscopy for Thin Films by Magnetic 

Resonance Force Microscopy, Scientific Reports volume 3, Article number: 3189 (2013) 

[101] Marine A. C. Moussu, Luisa Ciobanu, Sergej Kurdjumov, Redha Abdeddaim, Stanislav 

Glybovski, Systematic Analysis of the Improvements in Magnetic Resonance Microscopy 

with Ferroelectric Composite Ceramics, Adv. Mater. 2019, 31, 1900912. 

doi/epdf/10.1002/adma.201900912 

[102] Robert Winkler et al. A Review of the Current State of Magnetic Force Microscopy to 

Unravel the Magnetic Properties of Nanomaterials Applied in Biological Systems and Future 

Directions for Quantum Technologies, Nanomaterials 2023, 13(18), 2585; 

https://doi.org/10.3390/nano13182585. 

[103] Pelekhov, D.V.; Selcu, C.; Banerjee, P.; Fong, K.C.; Hammel, P.C.; Bhaskaran, H.; 

Schwab, K. Light-free magnetic resonance force microscopy for studies of electron spin 

polarized systems. J. Magn. Magn. Mater. 2005, 286, 324–328. 

[104] Schnoz, S.; Däpp, A.; Hunkeler, A.; Meier, B.H. Detection of liquids by magnetic 

resonance force microscopy in the gradient-on-cantilever geometry. J. Magn. Reson. 2019, 

298, 85–90. 

[105] Tsuji, S.; Masumizu, T.; Yoshinari, Y. Magnetic resonance imaging of isolated single 

liposome by magnetic resonance force microscopy. J. Magn. Reson. 2004, 167, 211–220. 

[106] Davis, S.I.; Kirtley, J.R.; Moler, K.A. Influence of Resonances on the Noise Performance 

of SQUID Susceptometers. Sensors 2019, 20, 204 

[107] Scanning probe microscopy (SPM) 

[108] Praveenkumara Jagadeesh, Sanjay Mavinkere Rangappa, Suchart Siengchin, Advanced 

characterization techniques for nanostructured materials in biomedical applications, 

Advanced Industrial and Engineering Polymer Research, 7, 1, 2024, 122-143.  

https://doi.org/10.1016/j.aiepr.2023.03.002 

[109] Jason P. Killgore, Akshay Deolia, Lawrence Robins, Todd W. Murray, Experimental 

reconstruction of the contact resonance shape factor for quantification and amplification of 

bias-induced strain in atomic force microscopy, Appl. Phys. Lett. 114, 133108 (2019), 

https://doi.org/10.1063/1.5091803.  

[110] Rui Xu, Jianfeng Guo, Shuo Mi, Huanfei Wen, Fei Pang, Wei Ji, Zhihai Cheng. 

Advanced atomic force microscopies and their applications in two-dimensional materials: a 

review, [J]. Materials Futures, 2022, 1(3): 032302. DOI: 10.1088/2752-5724/ac8aba 

[111] Y. Hu, B.H. Wunsch, S. Sahni, F. Stellacci,Statistical analysis of scanning tunneling 

microscopy images of striped mixed monolayer protected gold nanoparticles,Journal of 

Scanning Probe Microscopy, 4 (1) (2009), pp. 24-35, 10.1166/jspm.2009.1004 



© Volume 1, Issue 1, Dec 2025 | JATIR 

 

JATIR 140020      JOURNAL OF ACADEMIC TRENDS & INNOVATIVE RESEARCH (JATIR) 111 

[112] A. Krupski, Scanning tunnelling microscopy study of Au growth on Mo (110), Surface 

science, 605 (3–4) (2011), pp. 424-428, 10.1016/j.susc.2010.11.012 

[113] A. Rafati, P. Gill, Ultrastructural characterizations of DNA nanotubes using scanning 

tunneling and atomic force microscopes, Journal of Microscopy and Ultrastructure, 4 (1) 

(2016), pp. 1-5, 10.1016/j.jmau.2015.08.001 

[114] S. Gomes, K. Numata, I.B. Leonor, J.F. Mano, R.L. Reis, D.L. Kaplan, AFM study of 

morphology and mechanical properties of a chimeric spider silk and bone sialoprotein protein 

for bone regeneration, Bio macromolecules, 12 (5) (2011), pp. 1675-1685, 

10.1021/bm2000605 

[115] Field emission scanning electron microscopy (FESEM) 

[116] Hiroshi Yao, Keisaku Kimura, Field Emission Scanning Electron Microscopy for 

Structural Characterization of 3D Gold Nanoparticle Superlattices, Modern Research and 

Educational Topics in Microscopy, 2007,568-575. 

[117] A. Garcı́a Santos,J.Ma. Rincón,M. Romero, R. Talero, Characterization of a 

polypropylene fibered cement composite using ESEM, FESEM and mechanical testing, 

Construction and Building Materials,Volume 19, Issue 5, June 2005, Pages 396-403. 

https://doi.org/10.1016/j.conbuildmat.2004.07.023 

[118] Ilčíková, M., Danko, M., Doroshenko, M., Best, A., Mrlík, M., Csomorová, K., Šlouf, 

M., Chorvát, D., Koynov, K., Mosnáček, J.: Visualization of carbon nanotubes dispersion in 

composite by using confocal laser scanning microscopy. Eur. Polym. J. 79, 187–197 (2016) 

[119] Muhammad Faizan Shirazi, Mansik Jeon Jeehyun Kim, Structural Analysis of Polymer 

Composites Using Spectral Domain Optical Coherence Tomography, Sensors 2017, 17(5), 

1155; https://doi.org/10.3390/s17051155 

[120] Sara Eliasson, Mathilda Karlsson Hagnell and Zuheir Barsoum, A Statistical Porosity 

Characterization Approach of Carbon-Fiber-Reinforced Polymer Material Using Optical 

Microscopy and Neural Network, Materials 2022, 15(19), 6540; 

https://doi.org/10.3390/ma15196540 

[121] Huang, D.; Swanson, E.A.; Lin, C.P.; Schuman, J.S.; Stinson, W.G.; Chang, W.; Hee, 

M.R.; Flotte, T.; Gregory, K.; Puliafito, C.A.; et al. Optical coherence tomography. Science 

1991, 254, 1178–1181. 

[122] Dubois, A.; Boccara, A.C. Full-field optical coherence tomography. In Optical 

Coherence Tomography; Drexler, W., Fujimoto, J., Eds.; Springer: Berlin/Heidelberg, 

Germany, 2008; pp. 565–591. 

[123] Dunkers, J.P.; Phelan, F.R.; Sanders, D.P.; Everett, M.J.; Green, W.H.; Hunston, D.L.; 

Parnas, R.S. The application of optical coherence tomography to problems in polymer matrix 

composites. Opt. Lasers Eng. 2001, 35, 135–147. 

[124] Liu, P.; Groves, R.; Benedictus, R. Optical coherence tomography for the study of 

polymer and polymer matrix composites. Strain 2014, 50, 436–443. 

[125] Cho, N.H.; Jung, U.; Kim, S.; Kim, J. Non-destructive inspection methods for leds using 



© Volume 1, Issue 1, Dec 2025 | JATIR 

 

JATIR 140020      JOURNAL OF ACADEMIC TRENDS & INNOVATIVE RESEARCH (JATIR) 112 

real-time displaying optical coherence tomography. Sensors 2012, 12, 10395–10406. 

[126] Mark A. Isaacs, Josh Davies-Jones, Philip R. Davies, Advanced XPS characterization: 

XPS-based multi-technique analyses for comprehensive understanding of functional 

materials, Mater. Chem. Front., 2021, 5, 7931–7963. DOI: 10.1039/d1qm00969a 

[127] Jablonski and C. J. Powell, Relationships between electron inelastic mean free paths, 

effective attenuation lengths, and mean escape depths, J. Electron Spectrosc. Relat. Phenom., 

1999, 100, 137–160.  

[128] H. Tokutaka, N. Ishihara, K. Nishimori, S. Kishida and K. Isomoto, Background removal 

in X-ray photoelectron spectroscopy, Surf. Interface Anal., 1992, 18, 697–704.  

[129] N. Suzuki, T. Kato and S. Tougaard, Level of consistency in quantification and IMFP 

determination by the Tougaard method applied to XPS of a Langmuir–Blodgett film taken 

at widely different emission angles, Surf. Interface Anal., 2001, 31, 862–868. 

[130] I. Preda, L. Soriano, L. Alvarez, J. Me´ndez, F. Yubero, A. Gutie ́ rrez and J. Sanz, Study 

of the morphology of NiO nanostructures grown on highly ordered pyrolytic graphite, by the 

Tougaard method and atomic force microscopy: a comparative study, Surf. Interface Anal., 

2010, 42, 869–873.  

[131] D. Nanda Gopala Krishna, John Philip, Review on surface-characterization applications 

of X-ray photoelectron spectroscopy (XPS): Recent developments and challenges, Applied 

Surface Science Advances, 12, 2022, 100332. 

[132] Yaqin Fu, Qing-Qing Ni, Ken Kurashiki, Masaharu Iwamoto, Phase structure of 

PMMA/Silica nano composite by XPS analysis, XPSATEM’03, JSEM-MMD, Sep. 10-12, 

2003. 

[133] C. Wang, H. J. Zhang, P. M. He, G. H. Cao, Ti-rich and Cu-poor grain-boundary layers 

of CaCuTiO detected by x-ray photoelectron spectroscopy,  APPLIED PHYSICS 

LETTERS 91, 052910 (2007). https://doi.org/10.1063/1.2768006 

[134] S. Tougaard, Surface nanostructure determination by X-ray photoemission spectroscopy 

peak shape analysis, J. Vac. Sci. Technol., 1996, 14, 1415–1423. 

[135] B. Semak, C. Van der Marel and S. Tougaard, Comparison of the Tougaard, ARXPS, 

RBS and ellipsometry methods to determine the thickness of thin SiO2 layers, Surf. Interface 

Anal., 2002, 33, 238–244.  

[136] S. Tougaard and P. Sigmund, Influence of elastic and inelastic scattering on energy 

spectra of electrons emitted from solids, Phys. Rev. B: Condens. Matter Mater. Phys., 1982, 

25, 4452.  

[137] D. A. Shirley, High-resolution X-ray photoemission spec trum of the valence bands of 

gold, Phys. Rev. B: Condens. Matter Mater. Phys., 1972, 5, 4709.  

[138] J. Ve´gh, The Shirley background revised, J. Electron Spec trosc. Relat. Phenom., 2006, 

151, 159–164.  

[139] S. Tougaard and B. Jørgensen, Inelastic background inten sities in XPS spectra, Surf. 

Sci., 1984, 143, 482–494.  



© Volume 1, Issue 1, Dec 2025 | JATIR 

 

JATIR 140020      JOURNAL OF ACADEMIC TRENDS & INNOVATIVE RESEARCH (JATIR) 113 

[140] S. Tougaard and H. Hansen, Non-destructive depth profil ing through quantitative 

analysis of surface electron spec tra, Surf. Interface Anal., 1989, 14, 730–738. 

[141] Xiaoxuan Tu, Lairong Xiao, Zhenyang Cai, Zhenwu Peng, X-ray Photoelectron 

characterization of the chemical states and the natural oxidation behavior of TiC ceramics 

reinforced steel matrix composite after stabilizing heat treatments,  Ceramics International 

[142] 49, 23, 2023, 37316-37329. https://doi.org/10.1016/j.ceramint.2023.09.056  

[143] Benninghoven, G.G. Rudenauer, and H.W. Werner, Secondary Ion Mass Spectrometry: 

Basic Concepts, Instrumental Aspects, Applications and Trends, John Wiley & Sons, 1987. 

[144] Lancin, M., Bour, J.S. (1989). Sims Analysis of SiC Coated and Uncoated Nicalon 

Fibers. In: Bunsell, A.R., Lamicq, P., Massiah, A. (eds) Developments in the Science and 

Technology of Composite Materials. Springer, Dordrecht. https://doi.org/10.1007/978-94-

009-1123-9_37 

[145] Lancin, M., Anxionnaz, F., Schuhmacher, M. et al. Analysis by Sims and by Eels-Edx in 

a Stem of Sic Fibers Reinforced Composites. MRS Online Proceedings Library 78, 231–238 

(1986). https://doi.org/10.1557/PROC-78-231 

[146] Li, Y., Gao, Y. Characterization of SiC Materials and Devices by SIMS. MRS Online 

Proceedings Library 911, 520 (2005). https://doi.org/10.1557/PROC-0911-B05-20 

[147] Xu Xu, Chengge Jiao, Kexue Li, Min Hao, Application of high-spatial-resolution 

secondary ion mass spectrometry for nanoscale chemical mapping of lithium in an Al-Li 

alloy, 2021. https://doi.org/10.48550/arXiv.2102.13148 

[148] SN Raman, DF Paul, JS Hammond, DG Watson, Advances in Auger Electron 

Spectroscopy and its Applications in the Field of Nanotechnology, Microscopy and 

Microanalysis, Volume 16, Issue S2, 1 July 2010, Pages 354–355, 

https://doi.org/10.1017/S1431927610055406. 

[149] D Paul, D Watson, J Moulder, S Bryan, S Alnabulsi, Modern Auger Electron 

Spectroscopy for Chemical Surface Analysis, Microscopy and Microanalysis, Volume 12, 

Issue S02, 1 August 2006, Pages 116–117, https://doi.org/10.1017/S1431927606063793 

[150] A Govada, JC Duke, Jr, Failure Analysis of Composites Using Auger Electron 

Spectroscopy, J. Compos. Technol. Res. Jul 1982, 4(2): 51-52. 

https://doi.org/10.1520/CTR10766J 

[151] S N Raman, D F Paul, J S Hammond, K D Bomben, Auger Electron Spectroscopy and 

Its Application to Nanotechnology, Microscopy Today, Volume 19, Issue 2, 1 March 2011, 

Pages 12–15, https://doi.org/10.1017/S1551929511000083 

[152] Kaushik Kalaga, OrcidIlya A. Shkrob, T. Haasch, Auger Electrons as Probes for 

Composite Micro- and Nanostructured Materials: Application to Solid Electrolyte 

Interphases in Graphite and Silicon-Graphite Electrodes, The Journal of Physical Chemistry, 

121/ 42, 2017. 

[153] S. Oswald, T. Schmeida, D. Mikhailova. Model experiments with Auger electron and X-

ray photoelectron spectroscopy at lithiated graphite material: Surface changes related to ion- 



© Volume 1, Issue 1, Dec 2025 | JATIR 

 

JATIR 140020      JOURNAL OF ACADEMIC TRENDS & INNOVATIVE RESEARCH (JATIR) 114 

and electron-beam effects. Applied Surface Science 2023, 619, 156776. 

https://doi.org/10.1016/j.apsusc.2023.156776 

[154] Marcus Johansen, Johanna Xu, Pui Lam Tam, Leif E. Asp, Fang Liu. Lithiated carbon 

fibres for structural batteries characterised with Auger electron spectroscopy. Applied 

Surface Science 2023, 627, 157323. https://doi.org/10.1016/j.apsusc.2023.157323 

[155] Bruce L. Laube; John J. Brennan, Scanning Auger electron spectroscopy of the 

fiber/matrix interface of SiC fiber/silicate glass matrix composites, J. Vac. Sci. Technol. A 

8, 2096–2100 (1990). https://doi.org/10.1116/1.577009 


