
          International Journal of Engineering Research & Management Technology 

           ( Peer-Reviewed, Open Access, Fully Refereed International Journal)      ISSN: 2348-4039 

                                              September-October-2023 Volume 10, Issue-5         Impact Factor: 7.09                            

                 Email: editor@ijermt.org                                                  www.ijermt.org 

 

Copyright@ijermt.org                                                                                                                   Page 248 

ADVANCED CHARACTERISATION OF NANOCRYSTALLINE 

MATERIALS 

Prof Raj kiran Sharma 

Associate Professor in Physics, Govt Degree College Kathua 

Distt. Kathua, UT(J&K) 

Abstract 

Nanocrystalline materials, generally characterized as polycrystalline solids with an average grain size 

under roughly 100 nanometers, display mechanical, electrical, magnetic, and catalytic attributes that can 

vary significantly from those of their coarse-grained equivalents due to the substantial volume fraction of 

atoms located at or near grain boundaries and interfaces. Recognizing and utilizing these attributes in a 

systematic and repeatable fashion is fundamentally reliant on the presence of characterization instruments 

that can discern structure, chemistry, and defect characteristics at the nanometre and sub-nanometre levels, 

frequently in three dimensions and under in situ or operando conditions. This document examines the key 

advanced characterization methods utilized for nanocrystalline materials, encompassing X-ray and 

neutron diffraction line-profile analysis, high-resolution and analytical transmission electron microscopy, 

atom probe tomography, scanning probe microscopy, synchrotron and neutron scattering techniques, 

nanoindentation mechanical probing, and spectroscopic methods like X-ray photoelectron spectroscopy 

and Raman spectroscopy. Focus is directed towards the particular difficulties that nanocrystalline 

microstructures present for each method — encompassing grain-boundary volume fraction, line 

broadening, and specimen preparation artifacts — as well as on novel in situ and correlative techniques 

that facilitate the direct establishment of structure–property relationships. The article culminates in an 

examination of the persistent obstacles in attaining statistically representative, three-dimensional, and 

chemically resolved characterization of nanocrystalline microstructures. 

1. Introduction 

Nanocrystalline materials hold a unique status in materials science, as a significant proportion of their 

atoms—typically estimated between several percent and fifty percent for grain sizes under ten 

nanometers—are located within one or two atomic layers of a grain boundary or triple junction. This 

interfacial volume fraction, insignificant in traditional coarse-grained polycrystals, is sufficiently 
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substantial in nanocrystalline materials to directly affect bulk behavior, leading to occurrences such as 

Hall–Petch strengthening and its eventual failure or reversal at minimal grain sizes, increased diffusivity, 

altered magnetic ordering, and, in certain systems, improved catalytic or sensing performance owing to 

the elevated density of under-coordinated surface and interfacial atoms. Utilizing these phenomena 

necessitates characterization instruments that can determine not only the mean grain size but also the 

comprehensive grain-size distribution, grain-boundary attributes and chemistry, internal strain and defect 

levels, and phase composition, often at spatial resolutions under one nanometre and, for statistically 

significant results, across specimen volumes sufficiently large to encompass numerous grains. No 

individual method meets all these criteria at once, thus a key aspect of characterizing nanocrystalline 

materials is the integration of complementary approaches — diffraction techniques for bulk, statistically 

averaged data; electron and scanning probe methods for localized, spatially resolved data; and 

spectroscopic and scattering techniques for insights into chemical and electronic structures.  

This manuscript examines the primary characterization methods utilized for nanocrystalline materials, 

categorized into structural, chemical, mechanical, and in situ/correlative classifications, while addressing 

the specific challenges presented by the nanocrystalline state for each. The focus is not on individual 

techniques in isolation, but rather on the synergistic interactions among techniques, as this 

complementarity — merging statistically significant, bulk-averaged data with spatially and chemically 

detailed local measurements — has facilitated significant advancements in comprehending structure–

property relationships in nanocrystalline materials over the last twenty years. 

2. Structural Characterization 

Table 2.1 Structural Characterization Techniques 

Technique Information Obtained Resolution Major Limitation 

XRD Grain size, crystal structure Bulk Average information only 

TEM Grain morphology Atomic Complex sample preparation 

EBSD Grain orientation 20–50 nm Limited for very small grains 

SAXS Particle size distribution Nanometer Indirect measurement 

AFM Surface morphology Atomic Surface only 
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2.1 X-ray Diffraction Line-Profile Analysis 

X-ray diffraction continues to be the predominant method for assessing average crystallite size in 

nanocrystalline substances, utilizing the inverse correlation between crystallite size and the broadening of 

diffraction peaks as articulated by the Scherrer equation. In application, peak broadening in 

nanocrystalline materials results from a combination of limited crystallite dimensions, microstrain 

(stemming from dislocations, stress fields at grain boundaries, and compositional variability), and 

instrumental factors, necessitating more advanced analysis than what the basic Scherrer formula can offer. 

The Williamson–Hall method differentiates between size and strain widening by analyzing the angular 

variation of peak width across various reflections, utilizing the principle that size broadening remains 

constant regardless of diffraction angle, whereas strain broadening is proportional to it. More stringent 

whole-powder-pattern-fitting techniques, such as Rietveld refinement augmented with size-strain models 

and the Warren–Averbach method, which directly examines the Fourier coefficients of the diffraction line 

profile, yield more comprehensive data, encompassing size and strain distributions instead of mere 

average values. A continual constraint of diffraction-based sizing is that it provides a volume-weighted, 

diffracting-domain dimension that may not align with the actual grain size seen through microscopy, 

especially when grains possess internal sub-boundaries or when crystallite coherence is compromised by 

elevated defect densities. 

 

Figure 2.1: X-ray Diffraction (XRD) Pattern 

mailto:editor@ijermt.org
http://www.ijermt.org/


International Journal of Engineering Research & Management Technology        ISSN: 2348-4039 

Email:editor@ijermt.org             September-October-2023 Volume 10, Issue-5          www.ijermt.org 

 

Copyright@ijermt.org                                                                                                                   Page 251 

2.2 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) offers direct imaging of nanocrystalline microstructures in real 

space, with resolutions adequate to distinguish individual grains, grain boundaries, and, in high-resolution 

mode, separate atomic columns. Bright-field and dark-field imaging provide the direct measurement of 

grain size, morphology, and distribution across a statistically relevant number of grains, assuming that 

specimen preparation does not create artifacts such preferential thinning or ion-beam-induced 

amorphization at the grain boundaries. High-resolution transmission electron microscopy (HRTEM) 

elucidates the atomic configuration of singular grain boundaries, facilitating the direct assessment of 

boundary characteristics, faceting, and the existence of secondary phases or amorphous intergranular 

films. Scanning transmission electron microscopy (STEM), especially in high-angle annular dark-field 

mode, offers atomic-number-sensitive (Z-contrast) imaging that is particularly useful for identifying 

heavy-element segregation at grain boundaries and interfaces in nanocrystalline alloys. Selected-area and 

nanobeam electron diffraction provide localized crystallographic data, encompassing phase identification 

and orientation, from areas as diminutive as several nanometers in diameter, while automated crystal-

orientation mapping techniques leveraging this capability now facilitate the creation of comprehensive 

grain-orientation maps of nanocrystalline films, similar to electron backscatter diffraction mapping in 

coarser-grained substances but with significantly enhanced spatial resolution. 

 

Figure 2.2: Transmission Electron Microscopy (TEM) Image 
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2.3 Electron Backscatter Diffraction 

Electron backscatter diffraction (EBSD), conducted within a scanning electron microscope, facilitates 

grain orientation mapping across extensive areas and serves as a traditional instrument for analyzing grain 

size and texture in polycrystalline materials. Its spatial resolution, generally reaching tens of nanometers 

under optimal conditions, approaches or falls beneath the practical threshold for distinguishing the 

smallest nanocrystalline grain dimensions, making the quality of specimen surface preparation 

particularly vital as grain size diminishes, as even slight surface imperfections from mechanical polishing 

can significantly degrade pattern quality across a substantial portion of the tiniest grains. Transmission-

mode EBSD utilizes a thin foil specimen and captures diffracted electrons in the forward direction, 

enhancing spatial resolution to the low tens-of-nanometres range, and has emerged as a vital instrument 

for orientation mapping of nanocrystalline and ultrafine-grained metals. 

 

Figure 2.3: Electron Backscatter Diffraction (EBSD) Orientation Map 
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2.4 Small-Angle and Synchrotron Scattering 

Small-angle X-ray and neutron scattering examine structural characteristics on length scales ranging from 

approximately one to several hundred nanometers, making them particularly adept at characterizing 

nanoparticle size distributions, porosity, and precipitate populations in nanocrystalline matrices, averaged 

across macroscopic specimen volumes and thus devoid of the small-sampling-volume constraints of 

electron microscopy. Synchrotron sources facilitate high-energy X-ray diffraction with superior counting 

statistics and, when integrated with pair distribution function analysis, permit the investigation of local 

atomic-scale structures in materials devoid of long-range crystalline order, which is crucial for the 

disordered or highly strained grain-boundary regions typical of nanocrystalline solids. In situ synchrotron 

diffraction while heating, applying strain, or undergoing electrochemical cycling enables real-time 

monitoring of grain growth, phase transitions, and strain development with exceptional statistical 

accuracy. 

 

Figure 2.4: Small-Angle X-ray Scattering (SAXS) Pattern 
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2.5 Scanning Probe Microscopy 

Atomic force microscopy (AFM) and scanning tunneling microscopy (STM) offer direct imaging of 

surface topography and, in the case of STM, local electronic structure, with resolutions near the atomic 

scale under optimal conditions. AFM is extensively employed to analyze the surface grain architecture of 

thin films and coatings made from nanocrystalline materials, eliminating the need for the extensive 

specimen preparation necessary for TEM, while phase-contrast and conductive AFM modes yield 

supplementary insights into the local variations in mechanical and electrical properties across grains and 

grain boundaries at the surface. A common constraint of all scanning probe methodologies is their 

confinement to surface or near-surface data, implying that grain structures deduced from AFM topography 

may not accurately reflect the underlying bulk microstructure, especially in materials where processing 

results in a surface layer exhibiting grain size or texture that differs from the bulk. Scanning Tunneling 

Microscopy (STM), which necessitates electrically conductive samples and usually ultra-high-vacuum 

environments for atomic resolution, is employed more judiciously; however, it offers unparalleled insights 

into local density-of-states data through scanning tunneling spectroscopy, which is crucial for examining 

the effects of quantum confinement and grain-boundary states on the local electronic architecture of 

nanocrystalline semiconductors and metals. 

 

Figure 2.5: Atomic Force Microscopy (AFM)  

3. Chemical and Spectroscopic Characterization 

Table 3.1 Chemical Characterization Techniques 

Technique Information Resolution Application 
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APT 3D elemental mapping Atomic Grain boundary chemistry 

XPS Surface composition ~5 nm Oxidation state 

Raman Crystal defects Micrometer Stress analysis 

XAS Local atomic environment Atomic Electronic structure 

 

3.1 Atom Probe Tomography 

Atom probe tomography (APT) offers three-dimensional, near-atomic-resolution chemical mapping with 

single-ion mass sensitivity, rendering it particularly effective for investigating solute segregation at grain 

boundaries, triple junctions, and interfaces in nanocrystalline materials — a critical phenomenon as grain-

boundary segregation can significantly influence thermal stability, given that solute drag on boundary 

migration frequently serves as the primary mechanism hindering grain growth in nanocrystalline alloys at 

high temperatures. APT specimen preparation, generally achieved through focused ion beam milling into 

a needle-like tip, necessitates meticulous execution to prevent preferential milling artifacts and gallium 

ion implantation that could jeopardize compositional precision at surfaces and interfaces. The limited 

analytical volume of the approach, typically involving only a few grains, indicates that APT findings are 

most effectively understood when integrated with lower-resolution, higher-statistics methods rather than 

considered independently. 

 

Figure 3.1: Atom Probe Tomography (APT)  
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3.2 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) delivers quantitative data on the chemical composition and 

oxidation states at the surface and near-surface levels, with a probing depth of several nanometers, thus 

being pertinent to the surface-centric characteristics of numerous nanocrystalline powders and thin films. 

Depth-profiling XPS, executed through the alternation of ion-beam sputtering and spectral collection, 

enhances this functionality into the near-surface bulk; however, it necessitates careful interpretation in 

nanocrystalline substances due to preferential sputtering and ion-beam-induced mixing, which may skew 

the authentic composition profile, especially at grain boundaries. 

 

Figure 3.2: X-ray Photoelectron Spectroscopy (XPS) Spectrum 
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3.3 Raman and Infrared Spectroscopy 

Raman spectroscopy exhibits sensitivity to phonon confinement phenomena, lattice deformation, and 

phase composition, with notable shifts and broadening of Raman peaks correlating with reduced crystallite 

dimensions serving as an indirect measure of grain size in various nanocrystalline semiconductors and 

oxides. Due to the capability of confocal optics to create diminutive Raman scattering volumes, the 

method enables spatially resolved mapping of phase distribution and strain on a specimen's surface. 

Infrared spectroscopy enhances Raman by examining vibrational modes governed by distinct selection 

criteria and is especially effective in detecting surface hydroxyl groups and adsorbed entities pertinent to 

the catalytic properties of nanocrystalline oxide powders. 

 

Figure 3.3: Raman Spectrum 

3.4 X-ray Absorption Spectroscopy 

X-ray absorption near-edge structure and extended X-ray absorption fine structure spectroscopy yield 

element-specific insights into the local coordination environment and oxidation state, independent of long-

range crystalline order. The specificity and sensitivity of this element to short-range order render X-ray 

absorption spectroscopy exceptionally beneficial for nanocrystalline and nanoparticle systems, where 

surface and grain-boundary atoms may exhibit coordination environments that differ from those in the 

crystalline interior, and where a considerable portion of the total atom population may not coherently 

contribute to diffraction signals. 

4. Mechanical Characterization at the Nanoscale 

Table 4.1 Mechanical Characterization 

Technique Property Measured Scale 
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Nanoindentation Hardness Nano 

Micro Compression Yield strength Micro 

In-situ TEM Deformation Atomic 

 

 

4.1 Nanoindentation 

Nanoindentation involves the application of a rigid indenter tip into a specimen surface with meticulously 

regulated load and displacement, yielding localized assessments of hardness and elastic modulus at sizes 

comparable to single grains or tiny clusters of grains in nanocrystalline substances. Continuous stiffness 

measurement techniques facilitate the extraction of hardness and modulus as a continuous function of 

indentation depth, thereby permitting the exploration of indentation size effects that are often significant 

in nanocrystalline metals due to the restricted presence of mobile dislocations within individual nanoscale 

grains. Statistical nanoindentation, which utilizes arrays of densely packed indents, enables the mapping 

of local mechanical properties throughout a nanocrystalline microstructure and their correlation with local 

grain size or phase, as long as the indent spacing is selected to prevent the overlap of plastic zones from 

adjacent indents. 

 

Figure 4.1: Nanoindentation Load–Displacement Curve 
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4.2 In Situ Micromechanical Testing 

In situ micromechanical testing, conducted within a scanning or transmission electron microscope while 

directly observing microstructural changes, has emerged as a crucial method for correlating 

nanocrystalline deformation mechanisms — such as grain-boundary sliding, grain rotation, dislocation 

nucleation from grain boundaries, and deformation twinning — with macroscopic mechanical behavior. 

Micropillar compression and microtensile assessments of specimens produced via focused ion beam 

milling enable the isolation of single- or few-grain mechanical properties from the averaging influences 

of bulk testing, albeit at the expense of potential ion-beam damage that must be considered in data 

analysis. 

5. In Situ and Operando Characterization 

A consistent motif throughout the aforementioned techniques is the growing significance of in situ and 

operando measurement, where structural or chemical changes are monitored in real-time during thermal 

treatment, mechanical stress, electrochemical cycling, or interaction with gaseous or liquid environments, 

instead of being deduced from comparisons of distinct specimens analyzed pre- and post-process. This is 

especially crucial for nanocrystalline materials due to their enhanced interfacial energy, rendering them 

thermodynamically metastable concerning grain formation, therefore any ex situ characterisation 

involving high temperatures may modify the microstructure being examined. In situ heating transmission 

electron microscopy (TEM) and synchrotron diffraction investigations of nanocrystalline grain growth 

kinetics, in situ electrochemical TEM examinations of nanocrystalline battery electrode progression, and 

environmental TEM analyses of nanocrystalline catalyst particles in reactive gas environments exemplify 

this trend, with ongoing advancements in specimen holders and detector technology designed to function 

under progressively realistic in situ conditions—elevated pressure, increased temperature, and liquid 

environments—representing a significant focus of contemporary instrumentation development. 
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Figure 5.1: In-situ TEM Heating Experiment 

 

 

Table 5.1 In-Situ Characterization Methods 

Technique Environment Observation 

In-situ TEM Heating Grain growth 

Synchrotron XRD Loading Phase evolution 

Environmental TEM Gas Surface reactions 
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5.1 Thermal Analysis 

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) yield complimentary data 

concerning the stability of nanocrystals. Differential Scanning Calorimetry (DSC) quantifies the thermal 

energy changes linked to grain growth, recrystallization, and phase transitions as a nanocrystalline sample 

is subjected to heating, and the exothermic indication of grain growth — resulting from the liberation of 

accumulated grain-boundary energy — can facilitate the determination of activation energies for boundary 

migration via variable heating-rate (Kissinger-type) assessment. TGA offers supplementary insights 

regarding mass alterations linked to desorption, oxidation, or decomposition, especially pertinent for 

nanocrystalline powders characterized by elevated specific surface area, where surface reactions can yield 

a significantly greater mass signal compared to coarse-grained substances. Grain growth in 

nanocrystalline substances often serves as the primary thermally activated mechanism restricting high-

temperature usage; thus, thermal analysis is typically employed in conjunction with diffraction or 

microscopy techniques for grain-size assessment at various stages of a heating protocol to directly 

formulate grain-growth kinetics. 

5.2 Magnetic Characterization 

Vibrating-sample and superconducting quantum interference device (SQUID) magnetometry yield the 

bulk magnetic response of nanocrystalline magnetic materials in relation to applied field and temperature, 

enabling the extraction of parameters like saturation magnetization, coercivity, and blocking temperature. 

Due to the pronounced size-dependence of magnetic properties in nanocrystalline and nanoparticle 

systems—where single-domain behavior and superparamagnetism manifest below specific critical sizes 

that differ by material—magnetometry data is often analyzed in conjunction with independently obtained 

grain-size distributions from diffraction or microscopy, enabling a quantitative correlation between 

magnetic response and the fundamental microstructure instead of considering it as a separate bulk 

characteristic. 

6. Correlative and Multimodal Approaches 
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Due to the inability of any singular method to concurrently assess grain size distribution, boundary 

chemistry, defect content, phase identity, and local mechanical properties, the adoption of correlative 

characterization workflows that analyze the same specimen area through various complementary 

techniques in succession has become a prevalent practice for nanocrystalline materials. A typical 

procedure may integrate site-specific focused-ion-beam specimen preparation, informed by previous 

scanning electron microscopy and EBSD mapping to identify a region of interest, followed by TEM or 

STEM imaging and diffraction, culminating in atom probe tomography of the identical region to acquire 

three-dimensional chemical data. The integration of data from different modalities, increasingly supported 

by machine-learning-driven image segmentation and registration algorithms, enables the establishment of 

structure–property connections with a certainty unattainable by any solitary technique. 

 

Figure 6.1: Correlative Characterization Workflow 

 

Table 6.1 Comparison of Advanced Characterization Techniques 

Technique Spatial Resolution Chemical Analysis 3D Analysis In-situ Capability 

XRD Low No No Yes 

TEM Atomic Limited No Yes 

STEM Atomic Yes No Yes 

APT Atomic Excellent Yes Limited 

AFM Surface No No Limited 
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XPS Surface Excellent No No 

Raman Micrometer Moderate No Yes 
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6.1 Computational and Data-Driven Support 

The characterization of nanocrystalline materials is progressively enhanced by computational techniques 

that either model anticipated signals for experimental comparison or derive quantitative structural data 

from intricate experimental records. Molecular dynamics and Monte Carlo simulations of nanocrystalline 

microstructures produce synthetic diffraction patterns, high-resolution imagery, and mechanical responses 

that can be directly compared to experimental data, aiding in the validation of interpretative models and 

the investigation of parameter ranges that are challenging to access experimentally, particularly regarding 

the behavior of grain sizes under a few nanometers where experimental characterization is notably 

difficult. In the realm of data analysis, machine-learning algorithms, especially convolutional neural 

networks, are progressively utilized to automate grain segmentation in electron and scanning-probe 

micrographs, classify grain-boundary characteristics from diffraction patterns, and identify nuanced 

features like point-defect clusters or early-stage precipitation in atom probe tomography reconstructions, 

significantly enhancing the efficiency of quantitative microstructural analysis compared to manual 

techniques and minimizing operator-dependent variability in feature recognition. 

7. Challenges and Future Directions 
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Numerous obstacles remain in the sophisticated characterisation of nanocrystalline substances. Obtaining 

statistically representative samples is challenging, as the most advanced techniques—atom probe 

tomography and high-resolution TEM—examine minuscule specimen volumes, whereas methods that 

allow for larger, more representative sampling often compromise spatial resolution or yield only indirect, 

averaged data. Artifacts from specimen preparation, especially those caused by ion-beam-induced 

amorphization, gallium implantation, and preferential thinning at grain boundaries, remain a significant 

issue in nearly all high-resolution methods utilized for nanocrystalline materials, and their impacts can be 

challenging to differentiate from authentic microstructural characteristics without meticulous control 

experiments. Radiation-induced damage from high-energy electron or ion beams during characterization 

can modify the nanocrystalline structure being examined, especially in beam-sensitive materials like 

various battery electrode compounds and metal-organic frameworks, prompting ongoing advancements 

in low-dose imaging techniques and cryogenic specimen management. Ultimately, the quantitative three-

dimensional analysis of grain-boundary character distribution — encompassing not only boundary 

position but also complete crystallographic misorientation and inclination — across statistically 

significant quantities of boundaries is a considerable challenge, typically necessitating serial sectioning 

or tomographic methods that are both time-intensive and destructive. Anticipating future developments, 

ongoing progress in detector technology, such as direct electron detectors facilitating low-dose, high-

speed imaging, along with automated  data analysis through machine learning for identifying defects and 

grain boundaries, is expected to significantly enhance the throughput and statistical reliability of 

nanocrystalline materials characterization. The ongoing advancement of in situ and  operando techniques, 

alongside these innovations, is expected to gradually reduce the disparity between the idealized, singular 

specimen representation  

derived from any advanced method and the statistically representative, dynamically changing reality of 

actual nanocrystalline microstructures. 

7.1 Illustrative Case Studies 
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The significance of integrating several sophisticated characterisation methods is effectively demonstrated 

by research on thermal stability in nanocrystalline alloys that are fortified against grain formation through 

solute segregation. In these systems, X-ray diffraction line-profile analysis offers a swift, statistically 

averaged assessment of the progression of mean grain size with respect to annealing time and temperature, 

whereas atom probe tomography of samples subjected to the same conditions uncovers the associated 

changes in solute concentration at grain boundaries, enabling direct verification of the solute drag 

mechanism that underpins stability, rather than relying solely on grain-size data. In investigations of 

nanocrystalline battery electrode materials, in situ synchrotron diffraction conducted during 

electrochemical cycling monitors bulk phase transformations and lattice-parameter variations in real time, 

while ex situ atom probe tomography and STEM–energy-dispersive spectroscopy of cycled samples 

disclose the corresponding changes in cation ordering and interfacial chemistry at the nanoscale, 

collectively offering a significantly more comprehensive understanding of degradation mechanisms than 

either method could achieve independently. These instances demonstrate a common trend in the study of 

nanocrystalline materials: comprehensive, statistically sound methods reveal the overarching pattern, 

whereas spatially and chemically detailed techniques elucidate the fundamental mechanisms, and neither 

approach independently suffices for a thorough comprehension of structure–property relationships. 

8. Conclusion 

The unique characteristics of nanocrystalline materials stem from their elevated density of grain 

boundaries and interfaces, and comprehending and utilizing these traits relies on characterization 

instruments that can discern structure, chemistry, and mechanical behavior at corresponding length scales. 

No solitary method is adequate: diffraction techniques yield statistically averaged bulk data but lack 

spatial resolution; electron microscopy and atom probe tomography offer remarkable spatial and, in the 

latter's case, chemical resolution, yet have restricted sampling volumes; spectroscopic and scattering 

techniques furnish supplementary chemical and phase data. The integration of these methodologies into 

correlative and progressively in situ characterization workflows epitomizes the pinnacle of current 

advancements, and ongoing progress in this area is crucial for fully harnessing the technical capabilities 

of nanocrystalline materials. As instrumentation advances — via swifter and more sensitive detectors, 

enhanced in situ environments, and progressively automated, machine-learning-facilitated data analysis 

— the discipline is steadily advancing toward a more comprehensive, dynamic, and statistically 

representative depiction of nanocrystalline microstructure than was possible a decade prior, and this 

evolution is expected to remain intricately linked to improvements in the synthesis and processing of 

nanocrystalline materials. 
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