International Journal of Research Publication and Reviews, Vol (7), Issue (10), October (2026), Page — 9175-9184

International Journal of Research Publication and Reviews

Journal homepage: www.ijrpr.com ISSN 2582-7421

WWW.IJRPR.COM

Seeing the Invisible Lattice: Powder X-ray Diffraction as the
Crystallographic Conscience of Dental Materials- A Systematic Review.

Dr. B. LakshmanaRao’, Dr. Vikas Punia ?, Dr. P. Vaibhav >

! Prof & HOD, Department of Prosthodontics, Lenora Institute of Dental Sciences, Rajahmundry, Andhra Pradesh, India,
2, Principal, Prof & HOD, Department of Prosthodontics, Geetanjali Dental College, Jaipur, Rajasthan, India,

3. Senior Resident, Dept of Prosthodontics, Govt Dental College and Hospital, Vijayawada, Andhra Pradesh, India.
Corresponding Author: Dr B. LakshmanaRao,

Mail: kushulubathala@gmail.com

ABSTRACT :

Background: Most materials used in dentistry, such as zirconia, glass-ceramics, calcium-silicate cements, titanium, hydroxyapatite, and the minerals found in
enamel and dentin, are crystalline. Their clinical behaviour depends on the types and proportions of crystalline phases present, and how these change during
processing, adjustment, and use in the mouth. Powder X-ray diffraction (PXRD) is the main technique for studying these aspects. However, its applications cover

many specialties, and reporting practices are inconsistent.

Objective: To systematically review and summarise the use of PXRD in dental research, particularly for prosthodontic materials, and to propose a minimum

reporting standard for future studies.

Methods: PubMed/MEDLINE was searched up to October 2026 using eleven specific search strategies that combined "X-ray diffraction" with material and tissue
terms. Studies using in vitro, ex vivo, or animal models that reported and interpreted XRD data for dental materials or tissues were included. Information on the
material, the purpose of XRD, the quantification method, and the main crystallographic findings was collected and summarised by domain, following PRISMA
2020 guidelines.

Results: The searches returned 1,279 records; 48 primary studies were included. Zirconia ceramics were the most studied domain (n = 14), followed by glass-
ceramics (n = 8), calcium-silicate cements (n = 6), dental hard tissues and remineralisation (n = 6), implants and coatings (n = 4), alloys and orthodontic wires (n =
3), bone substitutes, pulp stones and forensic odontology (n =2 each) and resin composites (n = 1). PXRD was used for five recurring purposes: phase identification,
quantification of tetragonal-to-monoclinic phase transformation in zirconia, monitoring crystallisation in glass-ceramics, crystallite size/crystallinity of apatites,
and residual-stress analysis. Hydrothermal ageing increased the monoclinic content in 3Y-TZP to about 70%, whereas cubic-rich 4Y/5Y zirconias showed little or
no transformation and lacked transformation toughening. Under-firing of lithium (di)silicate left residual lithium metasilicate and markedly reduced strength.

Reporting of scan parameters and quantification methods was heterogeneous.

Conclusions: PXRD is essential for connecting the processing, adjustment, and ageing of dental ceramics to their mechanical reliability, and for studying bioactive
cements and mineralised tissues. Its surface sensitivity, detection limits for minor phases, and the need for complementary techniques should be considered. A 12-

item PXRD reporting checklist is suggested to improve reproducibility.

Keywords: Powder X-ray diffraction (PXRD); Crystallography; Low-temperature degradation; Mineral trioxide aggregate; Dental materials.

Introduction

Clinical dentistry relies heavily on solid-state science. The strength of a monolithic zirconia crown, the translucency of a lithium disilicate veneer, the
setting of a calcium-silicate pulp-capping agent, and the acid resistance of enamel all depend on the arrangement of atoms in crystalline lattices. When a
technician over-sinters a zirconia framework, a clinician grinds an occlusal contact or sandblasts an intaglio surface, or a restoration remains in a warm,
wet mouth for years, the phases within the material can change. Sometimes these changes are invisible, but they can affect fracture resistance. !

Since W.H. and W.L. Bragg showed that crystals diffract X-rays in a predictable way,? X-ray diffraction (XRD) has become the main tool for identifying
crystalline phases and measuring their proportions. In its most common laboratory form, called powder or polycrystalline XRD (PXRD), a monochromatic
beam hits a sample with many randomly oriented crystallites. The resulting pattern of peaks serves as a fingerprint for each crystalline phase present. In
addition to identification, the positions, intensities, and widths of the peaks provide information on lattice parameters, phase fractions, crystallite size,
and residual stress.>*
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In dentistry, PXRD is used regularly but is rarely the main focus of a paper. It is usually just one of several techniques used in a materials characterisation
study. As a result, the knowledge it provides is scattered across prosthodontics, endodontics, conservative dentistry, implantology, orthodontics, and
forensic odontology. Clinicians and postgraduate students often encounter statements such as "XRD revealed 12% monoclinic phase" without knowing
how that number was determined, how reliable it is, or what it means in practice.

This systematic review aimed to: (i) summarise the physical basis and quantitative tools of PXRD relevant to dental readers; (ii) identify and map dental
studies that used PXRD; (iii) bring together the main findings by material and tissue type, focusing on prosthodontic ceramics; and (iv) point out
methodological weaknesses and suggest a minimum reporting checklist.

Fundamentals of PXRD in Dentistry
1 Bragg's law and the diffraction pattern

A crystal is made up of atoms arranged in a repeating three-dimensional pattern, which can be thought of as groups of parallel planes separated by a
specific distance. X-rays with wavelength A scatter off these planes, and the scattered rays reinforce each other only when the additional path length of
the deeper ray matches a whole number of wavelengths. This relationship is described by Bragg's law: n\ = 2d sinf (Figure 1). Each crystalline phase has
its own set of d-spacings, so when the detector scans through different angles (usually shown as 26), it creates a unique pattern of peaks for each phase.

Incident X-rays (Cu Ka, A = 1.5406 A) Diffracted (in-phase) beam

@ plane 1

————————————————— @--- plane 2

- Q@@ Q@@ @@ Q- ® - @ plane 3

Constructive interference only when the extra path nA = 2d sin®
length equals a whole number of wavelengths

Figure 1. Bragg diffraction happens when X-rays reflect off different layers in a crystal. The reflected waves reinforce each other only if the path
difference, 2d sin 6, equals an integer number of wavelengths. Using Cu Ka radiation (A = 1.5406 A), each phase produces its own set of 20 peaks.

Each peak has three features that provide information. The position (20) shows which phase is present and, with small shifts, can reveal lattice strain or
ionic substitution, such as fluoride or carbonate in apatite. The intensity shows how much of the phase is present and is used for quantitative phase
analysis. The width of the peak shows crystallite size and micro-strain. Very small crystallites, like those in biological apatite, produce broad peaks. In
contrast, well-crystallised sintered ceramics produce sharp peaks.?

2 Instrumentation and specimen preparation

A conventional laboratory diffractometer uses a copper anode (Cu Ka), a goniometer in Bragg—Brentano 626 geometry, and a scintillation or solid-state
detector. True powder specimens, which are finely ground to a few micrometres and packed into a zero-background holder, provide the most reliable
intensities because the crystallite orientation is random. However, many dental studies analyse flat bulk specimens, such as sintered zirconia discs, glass-
ceramic bars, or tooth slabs, to preserve the surface condition produced by grinding, sandblasting, or ageing. This approach is valid and often necessary,
but it changes what is being measured. For Cu Ka, the information depth in zirconia is only a few micrometres, so a bulk scan describes just the surface
layer rather than the entire restoration.1 The studies included also used micro-XRD for small or curved regions, synchrotron XRD for high resolution and
strain measurement, and grazing-incidence XRD for thin coatings (Figure 2).
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Figure 2. Typical PXRD workflow in a dental-materials study, from specimen preparation to clinical interpretation.
3 Quantitative tools

Table 1 shows the quantitative relationships most often used in the studies discussed. For zirconia, the monoclinic fraction is typically calculated from
the integrated intensities of the monoclinic (—111) and (111) reflections and the tetragonal (101) reflection using the Garvie-Nicholson relation,® and then
converted to a volume fraction using the Toraya calibration.6 Rietveld refinement matches the whole calculated pattern to the measured one and is now
considered the most rigorous method for multiphase materials, such as cubic-containing zirconias and lithium (di)silicate glass-ceramics.*

Parameter Expression / method Dental application

Phase identification

Confirms constituents of MTA, sealers,
glass-ceramics, coatings, pulp stones

Match d-spacings / 26 of the three strongest peaks to
ICDD-PDF or COD reference cards

Xm = [Im(—111) + Im(111)]/ [Im(-111) + Im(111) +
1t(101)]°

Vm=1311Xm/ (1 +0.311Xm)6

Zirconia ageing (LTD), grinding, airborne-
particle abrasion
Corrects Xm for non-linear intensity

Monoclinic fraction (Xm)

Monoclinic volume (Vm)

response
Crystallite size (D) Scherrer: D =K\ / (B cosf), K= 0.9, B = peak breadth in | Apatite in enamel/dentin, remineralisation,
radians3 bumnt teeth, HA coatings
Crystallinity index Ratio of crystalline peak area to total (crystalline + Bone substitutes,

demineralised/remineralised dentin, MTA
portlandite

amorphous) area

Rietveld refinement of structure and scale factors ® Cubic/tetragonal/rhombohedral zirconia;
Li2Si205 vs Li2Si03; residual glass
Implant surfaces, ATZ composites,

cement-induced dentin strain

Full-pattern quantification

Residual stress / lattice strain | sin2y method or peak shift relative to stress-free

reference

Materials and Methods
1 Protocol and reporting

This review followed the PRISMA 2020 statement.” Since the evidence comes from laboratory studies with different designs and outcomes, we planned
a qualitative (narrative) synthesis instead of a meta-analysis from the start.

2 Focused question (PICOS-adapted)

Population/specimens: dental restorative, prosthodontic, endodontic, implant, and orthodontic materials, as well as human dental hard tissues and
calcifications.

Intervention/exposure: characterization using powder or polycrystalline X-ray diffraction, including micro, synchrotron, and grazing-incidence methods.

Comparison: untreated, as-received, or control specimens when relevant.

Outcomes: phase composition, phase transformation, crystallite size, crystallinity, lattice strain or residual stress, and their relationships to mechanical,
biological, or clinical outcomes.
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Study designs: in vitro, ex vivo, and animal studies, as well as clinical studies that include an XRD component.

Focused question: For dental materials and tissues, what information has PXRD provided, and how has it helped explain processing, aging, and clinical
behavior?

3 Information sources and search strategy

We searched PubMed/MEDLINE up to October 2026. Instead of using a single broad query, we applied 11 domain-specific strategies to identify studies
in which XRD was a secondary technique. Table 2 lists these strategies and their results.

Table 2.Search strategies and yields (PubMed/MEDLINE, October 2026)

Search string (PubMed) Records
"X-ray diffraction" AND zirconia AND (monoclinic OR "phase transformation") AND dental 295
"X-ray diffraction" AND ("lithium disilicate" OR "glass-ceramic") AND crystalline phase AND dental 41
"X-ray diffraction" AND ("mineral trioxide aggregate" OR "calcium silicate cement" OR Biodentine) 217
"X-ray diffraction" AND (enamel OR dentin) AND (crystallinity OR hydroxyapatite crystallite) 255
"X-ray diffraction" AND dental implant AND (hydroxyapatite coating OR titanium surface OR anatase) 372
"X-ray diffraction" AND ("dental calculus" OR "salivary calculi" OR "pulp stones") 56
"X-ray diffraction" AND (bone substitute OR "bone graft") AND (deproteinized bovine OR xenograft) AND crystallinity | 10
"X-ray diffraction" AND (nickel-titanium OR NiTi) AND orthodontic wire AND phase 10
"X-ray diffraction" AND (burned OR cremated OR incinerated) AND teeth AND forensic 6
"X-ray diffraction" AND cobalt-chromium AND (selective laser melting OR casting) AND dental 13
"X-ray diffraction" AND (CAD-CAM OR "3D-printed") AND (denture base OR resin composite) AND filler 4
Total records identified (before de-duplication) 1279

4 Eligibility criteria

Studies were included if they were original research on dental materials or human dental tissue that presented and interpreted XRD data and were published
in English. Exclusion criteria comprised reviews, editorials, and conference abstracts; studies in which the substrate was not a dental material or tissue
(for example, construction cements or orthopaedic bone cements); and studies that mentioned XRD without reporting its results.

5 Study selection, data extraction and synthesis

Records were screened by title and abstract, followed by assessment of the full report against the eligibility criteria. For each included study, the following
data were extracted: material or tissue, XRD variant and purpose, quantification method (Garvie—Nicholson, Toraya, Rietveld, Scherrer, or other),
principal crystallographic finding, and any correlation with mechanical, biological, or clinical outcomes. Studies were grouped into ten domains and
synthesised narratively.

6 Methodological appraisal

No validated risk-of-bias tool exists for crystallographic characterisation. Therefore, each study was appraised descriptively for the transparency of XRD
reporting, including the instrument, radiation source, scan range, step size, specimen form, reference database, and quantification method. These
observations informed the reporting checklist proposed in Section. °

Results

1 Study selection and characteristics

The eleven searches identified 1,279 records. After screening and eligibility assessment, 48 primary studies met the inclusion criteria (Figure 3); studies
on non-dental cement and bone cement substrates were excluded. Eight methodological and standards sources were additionally used to define the
analytical framework. The distribution of included studies across domains is shown in Figure 4, and their characteristics are summarised in Table 3.
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=48 Zirconia ceramics 14
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Forensic odontology 2
Resin composites 1

Plus 8 methodological / standards
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Garvie-Nicholson, Toraya, Chevalier,
1SO 13356, PRISMA 2020)

Figure 3. PRISMA 2020 flow diagram. Identification count is from the executed searches; intermediate screening counts are to be finalised
after duplicate independent screening by the review team.
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Figure 4. Evidence map: distribution of the 48 included studies across application domains.

The majority of studies (n = 30) investigated restorative and prosthodontic materials. In only a limited number of studies was XRD the primary outcome;
more commonly, it was employed in conjunction with three to six complementary techniques, including scanning electron microscopy (SEM), energy-
dispersive spectroscopy, Raman or FTIR spectroscopy, and mechanical testing.

2 Zirconia ceramics: the tetragonal-monoclinic story

Yttria-stabilised zirconia derives its toughness from the stress-induced transformation of metastable tetragonal (t) grains into the monoclinic (m) phase,
accompanied by an approximately 4% volume increase that impedes crack propagation.
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When this transformation is initiated by water at intra-oral temperature, it is referred to as low-temperature degradation (LTD) or hydrothermal ageing.
This process progresses from the surface inward, increases surface roughness, and can ultimately reduce material strength.l PXRD is the standard
technique for detecting and quantifying this transformation (Figure 5), and ISO 13356 for zirconia implant ceramics mandates an XRD-based accelerated-
ageing assessment.®

A. Ageing of conventional 3Y-TZP

Autoclave ageing (134 °C, 2 bar, 24 h) increased the monoclinic content of two commercial 3Y-TZPs from 0% to 66—71%. Despite this, biaxial flexural
strength increased, indicating that early transformation induces protective compressive stresses prior to the onset of roughening and microcracking.’
Pandoleon et al. used XRD, XPS, and FTIR to demonstrate that the t—m transformation was associated with yttrium depletion and oxygen loss.

These findings support a mechanistic model in which water-driven destabilisation creates vacancies at the surface.'” Additionally, exposure to ionising
radiation at levels used in head-and-neck radiotherapy (70 Gy) resulted in a 7% increase in the monoclinic content of translucent zirconia. '

B. Translucent 4Y/5Y zirconias and the cubic phase

Higher-yttria grades contain a substantial cubic phase, which enhances translucency but does not undergo transformation. PXRD consistently confirmed
their superior ageing resistance: zirconias with more than approximately 30 vol% cubic phase exhibited no monoclinic peaks after autoclaving.12
Furthermore, 5Y zirconia demonstrated significantly greater LTD resistance compared to 3Y.'* However, this improvement comes at the cost of reduced
strength and toughness. Harada et al. reported characteristic strengths of approximately 620 MPa for 5Y and 950 MPa for 3Y zirconia, and observed that
even a small monoclinic fraction in fine-grained regions of 5Y decreased reliability.'* In four-unit monolithic fixed dental prostheses, ageing and chewing
simulation increased monoclinic content in 3Y and 4Y frameworks but not in 5Y; the lack of transformability in 5Y was associated with cracks at
abutment walls and margins, prompting the authors to advise against the use of 5Y-PSZ for four-unit FDPs.'* Ageing responses varied among 3Y, 4Y,
and 5Y compositions in both surface and bulk properties.'®

Rietveld refinement has provided a more detailed understanding of these materials. In two 5Y zirconias, the predominant phase was pseudocubic (66-81
mass%). Airborne-particle abrasion generated approximately 37 mass% of the rhombohedral phase, whereas LTD resulted in only 0.9-2.8 mass% of the
monoclinic phase.'® These distinctions are not detectable using the simple Garvie—Nicholson ratio, which assumes a two-phase t/m system.

C. Laboratory and chairside procedures

PXRD has documented how routine procedures alter zirconia surfaces. Hydrofluoric acid alone produced minimal transformation (0.8%), but liner
application with HF produced 8.7%; unveneered zirconia aged to 70.25% monoclinic, whereas veneering porcelain applied by layering (4.41%) or
pressing (11.57%) protected the framework.!” Finishing and polishing systems differed in the degree of partial transformation they induced, with the
smoothest protocols also producing the least biofilm.'® In implant applications, XRD confirmed coexisting monoclinic and tetragonal phases on UV -
treated zirconia,'® and accelerated ageing of Y-TZP dental implants produced limited degradation that did not reproduce the failure pattern of retrieved
orthopaedic femoral heads.?

D. Alumina-toughened zirconia (ATZ)

XRD-based residual-stress analysis revealed that ATZ exhibited higher compressive residual stresses compared to 3Y-TZP. Although both materials
underwent transformation after ageing, ATZ experienced less strength loss.?' Subsequent studies on experimental ATZ demonstrated the presence of the
monoclinic phase after both autoclave and hydrothermal-reactor ageing, yet ATZ maintained greater microstructural stability than 3Y-TZP, supporting
its suitability for long-span frameworks.??

3 Glass-ceramics: watching crystallisation happen

For glass-ceramics, PXRD addresses whether the intended crystalline phase has formed in the desired quantity. CAD-CAM lithium disilicate is initially
milled in a partially crystallised lithium metasilicate (Li2SiO3) state and subsequently converted to lithium disilicate (Li2Si205) during crystallisation
firing. Using a combination of DSC, XRD, and SEM, Lien et al. identified three distinct microstructural stages and demonstrated that rapid lithium
disilicate growth commenced only after metasilicate formation was complete.? Firing at 820 °C, rather than the recommended 840 °C, resulted in residual
metasilicate and glass, reducing flexural strength by approximately 71%, highlighting the clinical significance of precise furnace calibration.*

Quantitative XRD has demonstrated that not all "lithium silicates" possess identical properties. Suprinity PC retained a substantial fraction of lithium
metasilicate after crystallisation, whereas IPS e.max CAD developed surface cristobalite. In both materials, cracks introduced by CAM grinding were
healed during crystallisation firing.?® In Obsidian, the metasilicate fraction decreased from 41 to 37 vol% with the formation of approximately 6 vol%
lithium phosphate, accompanied by an increase in fracture toughness from 1.63 to 1.84 MPaVm.? Following clinical adjustment, XRD was employed to
characterise the crystalline phases of heat-pressed lithium disilicate subjected to etching, refiring, diamond adjustment, and air abrasion.?’

Other systems include leucite-reinforced veneering porcelain, where leucite is the only crystalline phase. Adding silver vanadate introduces a second
microcline phase.?® There are also machinable calcium-mica/fluorapatite glass-ceramics,” as well as wollastonite and cristobalite glass-ceramics, which



International Journal of Research Publication and Reviews, Vol (7), Issue (10), October (2026), Page — 9175-9184 9181

have been suggested for one-piece implants.*
4 Calcium-silicate cements and root-canal sealers

One of the earliest dental uses of PXRD in this area showed that ProRoot MTA and Portland cement share the same main phases: tricalcium silicate,
dicalcium silicate, tricalcium aluminate, and tetracalcium aluminoferrite. In MTA, bismuth oxide is added as a radiopacifier.*'PXRD later became the
standard tool for checking the composition and setting products of new calcium-silicate materials. Four commercial cements exhibited similar patterns,
even though their particle sizes and cytocompatibilities differed.*? The hydration product portlandite (calcium hydroxide), which is responsible for the
alkalinity and bioactivity of these cements, was most abundant and most crystalline when MTA set at neutral pH. It was least abundant in acidic conditions,
which is relevant to inflamed periapical tissues.>

For sealers, XRD showed calcium hydroxide peaks after setting in an experimental tricalcium silicate sealer and in Apexit Plus, but not in MTA Fillapex.>*
Premixed bioceramic sealers contained tricalcium silicate, dicalcium silicate, and zirconium oxide, but did not produce detectable calcium hydroxide,
even though calcium was released into solution.>* XRD also helped explain why resin-modified TheraCal LC reacts more slowly than water-based
Biodentine and Retro MTA.%

5 Enamel, dentin and remineralisation

Biological apatite is a non-stoichiometric, carbonate-substituted hydroxyapatite with nanometre-sized crystallites, resulting in broad diffraction peaks.
XRD, along with density-functional modelling, showed that chemical gradients within enamel crystallites, such as a magnesium-rich layer surrounding
a core rich in sodium, fluoride, and carbonate, create residual stresses. These stresses may explain why the core dissolves more easily in acid.?’

In remineralisation research, XRD and Raman spectroscopy showed that topical application of 5% NaF reduced dentin crystallite size and crystallinity.
In contrast, cathodal iontophoresis increased the mineral's crystallinity and formed fluorohydroxyapatite.*® Using the Scherrer equation, researchers found
that hydroxyapatite-based endodontic sealers led to immature, poorly crystalline apatite in cervical radicular dentin.** Zinc-doped polymeric nanoparticles
increased crystallinity and strengthened apical dentin.*’ Radiotherapy at 60 Gy caused only a slight decrease in the XRD peaks of cervical inner enamel.*!

In prosthodontics, synchrotron XRD showed that dentin had greater lattice strain with dual-cure resin cement than with resin-modified glass ionomer
cement. Postoperative sensitivity was also higher with the resin cement immediately after cementation, but there was no significant link between lattice
strain and sensitivity.*?

6 Implant surfaces, coatings and bone substitutes

XRD confirmed that calcium-phosphate coatings on titanium have a composition similar to bone mineral.** It also showed that an a-tricalcium phosphate
film made with a pulsed Er:YAG laser turned into hydroxyapatite in artificial saliva.** XRD was also used to study chitosan and hydroxyapatite coatings
on stainless steel.* For hybrid titanium implants, XRD residual-stress analysis found compressive stresses of —201.2 MPa on the rough part and —20.2
MPa on the smooth part. This difference created a galvanic potential at the interface, where pitting was observed.*

Substitutes: Increasing the deproteinisation temperature of bovine bone increased crystallinity, as observed by XRD, implying slower in vivo resorption.
Therefore, processing temperature can be used to tailor graft behaviour.*” A porous phosphate-glass graft was confirmed to be amorphous.*

7 Dental alloys and orthodontic wires

In metals, XRD distinguishes allotropic and martensitic phases. Micro-XRD detected martensite in Sentalloy NiTi wires after combined thermocycling
and bending, consistent with reduced stability of the austenite—martensite transformation under simulated intra-oral conditions.*’

Stainless-steel archwires contained both austenite and martensite, while NiTi wires were mostly austenitic.*® In selectively laser-melted cobalt—chromium,
the annealing temperature altered the e-phase and second-phase precipitates observed by XRD. These changes affected how well the metal bonded with
ceramic, and samples annealed at 1150 °C had the strongest bonds.”'

8 Pathological calcifications and forensic odontology

XRD showed that pulp stones are composed of partially carbonated apatite,’> which has a structure similar to that of nearby dentin but contains more
copper and zinc.53 In forensic odontology, XRD can be used on whole teeth without causing damage. When teeth are burned, the size of hydroxyapatite
crystals grows as the temperature rises, which may help estimate how hot the fire was.> Peer and Sarig found that heating teeth to about 400 °C made
dentin apatite crystals much smaller, while heating to about 700 °C slightly increased enamel crystal size and reduced dentin volume by up to 36%.>

9 Resin composites

Resin-based materials are mostly amorphous, so XRD is not often used. However, it was used to study the surfaces of CAD-CAM and direct resin
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composites, and research found that less biofilm formed on CAD-CAM blocks.56

Discussion
1 Principal findings

This review identified five recurring roles for PXRD in dentistry: phase identification; phase-transformation quantification in zirconia; crystallisation
monitoring in glass-ceramics; crystallite size and crystallinity of apatitic tissues and grafts; and residual stress or lattice strain measurement. Across these
roles, the technique's value lay less in the numbers themselves than in the links it established among processing, chairside handling, ageing, and clinical
performance.

2 Relevance to prosthodontic practice

For prosthodontists, the findings about zirconia and glass-ceramics have clear implications. First, using highly translucent 4Y/5Y zirconias means giving
up some transformation toughening in exchange for better ageing resistance. PXRD shows these materials hardly transform, which explains why they are
weaker and less resistant to damage.'>”'* When choosing materials for long-span or high-stress posterior FDPs, this trade-off should be considered.
Second, procedures such as airborne-particle abrasion, grinding, and polishing alter the crystalline surface layer.'*"'® If adjustments are needed, it is best
to polish systematically and, if the manufacturer recommends it, use regeneration firing. Third, lithium (di)silicate restorations require a complete and
properly calibrated crystallisation firing. If the temperature is 20 °C too low, residual metasilicate remains, and strength drops sharply.** Regular furnace
calibration is therefore essential for quality assurance, not just a technical detail.

3 Methodological heterogeneity

Reporting varied a lot. Many studies did not specify the scan range, step size, count time, the reference database for phase matching, whether specimens
were powders or bulk surfaces, or whether monoclinic content was measured as a Garvie—Nicholson intensity ratio, a Toraya-corrected volume fraction,
or a Rietveld mass fraction. These methods are not interchangeable. As a result, values such as "10% monoclinic" from different labs are difficult to
compare, and using a two-phase t/m model without accounting for cubic or rhombohedral zirconias can yield a misleading picture of the actual phase
composition,>*1°

4 Limitations of PXRD and complementary techniques

PXRD has some built-in limitations that dental researchers should keep in mind. In dense ceramics, it provides information only from a few micrometres
deep, so it cannot show how far the transformation has progressed unless you use cross-sectioning or other methods. Minor phases below about 1-5 wt%
might not be detected, and amorphous content, such as residual glass in glass-ceramics or amorphous calcium phosphate in early remineralisation, appears
only as a broad hump unless an internal standard is used. Factors like preferred orientation, peak overlap, and curved or rough clinical specimens can also
distort the results.

5 Future directions

Several advances are expected to broaden the use of PXRD in dentistry. These include in situ and temperature-resolved XRD for tracking crystallisation
and sintering as they happen, grazing-incidence XRD for non-destructive depth profiling, and routine Rietveld analysis for multiphase translucent and
gradient zirconias. XRD is also being used to study additively manufactured zirconia, glass-ceramics, and Co-Cr, where post-processing affects phase
content.’' Machine learning is starting to help with phase identification. To combine data from different studies, standardised reporting will be crucial.

6. Limitations of this Review

This review only searched PubMed/MEDLINE. Including Scopus, Web of Science, and Embase would likely have yielded more studies, especially from
materials science journals. Since XRD is often a secondary method, it may not be mentioned in titles, abstracts, or MeSH terms, so some relevant studies
may have been missed. Most of the included studies were in vitro and used different protocols, making meta-analysis impossible. There is no validated
tool to assess risk of bias in crystallographic characterisation. Also, the de-duplication and screening numbers in the PRISMA diagram should be checked
by an independent reviewer before submission.

Conclusions

Given the limitations of this systematic review, these conclusions can be made:

1.PXRD is the main method for identifying and measuring crystalline phases in dental materials and tissues. It has been used in ten different areas of
dentistry.
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2. For zirconia, PXRD has shown that hydrothermal ageing, irradiation, adjustment, and surface treatment change the balance between tetragonal and
monoclinic phases. Cubic-rich translucent zirconias forgo transformation toughening in exchange for improved ageing resistance.

3. In lithium (di)silicate glass-ceramics, PXRD has shown that complete crystallisation is important for mechanical performance, and that commercial
products vary in their remaining phases.

4. For calcium-silicate cements, mineralised tissues, coatings, and grafts, PXRD helps determine composition, hydration products, crystallinity, and
crystallite size. It also supports forensic estimates of heat exposure.

5. Inconsistent reporting makes it hard to compare studies. Using a minimum reporting checklist, such as the proposed PXRD-Dent, is recommended.

REFERENCES :

1.  1.Chevalier J. What future for zirconia as a biomaterial? Biomaterials. 2006;27(4):535-43.

2.  2.Bragg WH, Bragg WL. The reflection of X-rays by crystals. Proc R Soc Lond A. 1913;88(605):428-38.

3. 3.Scherrer P. Bestimmung der Grosse und der inneren Struktur von Kolloidteilchen mittels Rontgenstrahlen. Nachr Ges Wiss Gottingen.
1918;26:98-100.

4.  4.Rietveld HM. A profile refinement method for nuclear and magnetic structures. J Appl Crystallogr. 1969;2(2):65-71.

5. 5.Garvie RC, Nicholson PS. Phase analysis in zirconia systems. J Am Ceram Soc. 1972;55(6):303-5.

6. 6.Toraya H, Yoshimura M, Somiya S. Calibration curve for quantitative analysis of the monoclinic-tetragonal ZrO2 system by X-ray
diffraction. ] Am Ceram Soc. 1984;67(6):C119-21.

7. 7.Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: an updated guideline for
reporting systematic reviews. BMJ. 2021;372:n71.

8.  8.International Organization for Standardization. ISO 13356:2015. Implants for surgery — Ceramic materials based on yttria-stabilized
tetragonal zirconia (Y-TZP). Geneva: ISO; 2015.

9. 9.Mota YA, Cotes C, Carvalho RF, Machado JPB, Leite FPP, Souza ROA, et al. Monoclinic phase transformation and mechanical durability
of zirconia ceramic after fatigue and autoclave aging. J Biomed Mater Res B Appl Biomater. 2017;105(7):1972-7. doi:10.1002/jbm.b.33720

10. 10.Pandoleon P, Kontonasaki E, Kantiranis N, Pliatsikas N, Patsalas P, Papadopoulou L, et al. Aging of 3Y-TZP dental zirconia and yttrium
depletion. Dent Mater. 2017;33(11):€385-92. doi:10.1016/j.dental.2017.07.011

11. 11.Hajhamid B, Mohammad Rahimi R, Bahr DF, De Souza GM. Effect of ionizing radiation and chewing simulation on human enamel and
zirconia. J Prosthodont Res. 2021;65(1):67-72. doi:10.2186/jpr.JPOR_2019 592

12. 12.Kengtanyakich S, Peampring C. An experimental study on hydrothermal degradation of cubic-containing translucent zirconia. J Adv
Prosthodont. 2020;12(5):265-72. doi:10.4047/jap.2020.12.5.265

13. 13.Harada A, Shishido S, Barkarmo S, Inagaki R, Kanno T, Ortengren U, et al. Mechanical and microstructural properties of ultra-translucent
dental zirconia ceramic stabilized with 5 mol% yttria. J Mech Behav Biomed Mater. 2020;111:103974. doi:10.1016/j.jmbbm.2020.103974

14. 14.Spies BC, Zhang F, Wesemann C, Li M, Rosentritt M. Reliability and aging behavior of three different zirconia grades used for monolithic
four-unit fixed dental prostheses. Dent Mater. 2020;36(11):329-39. doi:10.1016/j.dental.2020.08.002

15. 15.Alfrisany NM, De Souza GM. Surface and bulk properties of zirconia as a function of composition and aging. J Mech Behav Biomed
Mater. 2022;126:104994. doi:10.1016/j jmbbm.2021.104994

16. 16.Nakamura K, Tarkeshi A, Niklasson A, Shishido S, Svanborg P, Barkarmo S, et al. Influence of crystalline phase transformation induced
by airborne-particle abrasion and low-temperature degradation on mechanical properties of dental zirconia ceramics stabilized with over 5
mol% yttria. J Mech Behav Biomed Mater. 2022;125:104890. doi:10.1016/j.jmbbm.2021.104890

17. 17.Alghazzawi TF, Janowski GM. Evaluation of zirconia-porcelain interface using X-ray diffraction. Int J Oral Sci. 2015;7(3):187-95.
doi:10.1038/ijos.2015.20

18. 18.Mai HN, Hong SH, Kim SH, Lee DH. Effects of different finishing/polishing protocols and systems for monolithic zirconia on surface
topography, phase transformation, and biofilm formation. J Adv Prosthodont. 2019;11(2):81-7. doi:10.4047/jap.2019.11.2.81

19. 19.Att W, Takeuchi M, Suzuki T, Kubo K, Anpo M, Ogawa T. Enhanced osteoblast function on ultraviolet light-treated zirconia. Biomaterials.
2009;30(7):1273-80. doi:10.1016/j.biomaterials.2008.11.024

20. 20.GilJ, Delgado-Garcia-Menocal JA, Velasco-Ortega E, Bosch B, Delgado L, Pérez-Antofianzas R, et al. Comparison of zirconia degradation
in dental implants and femoral balls: an X-ray diffraction and nanoindentation study. Int J Implant Dent. 2021;7(1):103. doi:10.1186/s40729-
021-00383-2.

21. 21.Bergamo ETP, Cardoso KB, Lino LFO, Campos TMB, Monteiro KN, Cesar PF, et al. Alumina-toughened zirconia for dental applications:
physicochemical, mechanical, optical, and residual stress characterization after artificial aging. J Biomed Mater Res B Appl Biomater.
2021;109(8):1135-44. doi:10.1002/jbm.b.34776

22. 22.Carvalho LF, Bergamo ETP, Campos TMB, Fermino ES, Alves LMM, Benalcazar-Jalkh EB, et al. Characterization of a hydrothermally
aged experimental alumina-toughened zirconia composite. Dent Mater. 2024;40(9):1464-76. doi:10.1016/j.dental.2024.06.023

23. 23.Lien W, Roberts HW, Platt JA, Vandewalle KS, Hill TJ, Chu TMG. Microstructural evolution and physical behavior of a lithium disilicate
glass-ceramic. Dent Mater. 2015;31(8):928-40. doi:10.1016/j.dental.2015.05.003

24. 24.Simba BG, Ribeiro MV, Suzuki PA, Alves MFRP, Strecker K, Dos Santos C. Mechanical properties of lithium metasilicate after short-
term thermal treatments. ] Mech Behav Biomed Mater. 2019;98:179-86. doi:10.1016/j.jmbbm.2019.06.011

25. 25.Belli R, Lohbauer U, Goetz-Neunhoeffer F, Hurle K. Crack-healing during two-stage crystallization of biomedical lithium (di)silicate
glass-ceramics. Dent Mater. 2019;35(8):1130-45. doi:10.1016/j.dental.2019.05.013

26. 26.Lubauer J, Hurle K, Cicconi MR, Petschelt A, Peterlik H, Lohbauer U, et al. Toughening by revitrification of Li2SiO3 crystals in Obsidian®



International Journal of Research Publication and Reviews, Vol (7), Issue (10), October (2026), Page — 9175-9184 9184

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

dental glass-ceramic. J Mech Behav Biomed Mater. 2021;124:104739. doi:10.1016/j.jmbbm.2021.104739

27.Gorman CM, de Faoite D, Flannery D, Ratajczak M, Kelly T, Stanton KT. Alteration of the intaglio surface of lithium disilicate glass-
ceramic. J Prosthet Dent. 2019;122(4):411.e1-411.e10. doi:10.1016/j.prosdent.2019.06.010

28.Baptista 10, Alves MFRP, Ferreira S, Santos C, Vieira SI, Fernandes MHV. Antibacterial activity improvement of dental glass-ceramic by
incorporation of AgVO3 nanoparticles. Dent Mater. 2022;38(11):1679-88. doi:10.1016/j.dental.2022.08.009

29.Chaysuwan D, Sirinukunwattana K, Kanchanatawewat K, Heness G, Yamashita K. Machinable glass-ceramics forming as a restorative
dental material. Dent Mater J. 2011;30(3):358-67. d0i:10.4012/dm;j.2010-154

30.Saadaldin SA, Rizkalla AS. Synthesis and characterization of wollastonite glass-ceramics for dental implant applications. Dent Mater.
2014;30(3):364-71. doi:10.1016/j.dental.2013.12.007

31.Islam I, Chng HK, Yap AUIJ. X-ray diffraction analysis of mineral trioxide aggregate and Portland cement. Int Endod J. 2006;39(3):220-
5.doi:10.1111/).1365-2591.2006.01077.x

32.Chang SW, Gaudin A, Tolar M, Oh S, Moon SY, Peters OA. Physicochemical and biological properties of four calcium silicate-based
endodontic cements. J Dent Sci. 2022;17(4):1586-94. doi:10.1016/j.jds.2022.04.001

33.Akhavan H, Mohebbi P, Firouzi A, Noroozi M. X-ray diffraction analysis of ProRoot mineral trioxide aggregate hydrated at different pH
values. Iran Endod J. 2016;11(2):111-3. doi:10.7508/iej.2016.02.007

34.Camilleri J. Sealers and warm gutta-percha obturation techniques. J Endod. 2015;41(1):72-8. doi:10.1016/.joen.2014.06.007

35.Hadis M, Camilleri J. Characterization of heat resistant hydraulic sealer for warm vertical obturation. Dent Mater. 2020;36(9):1183-9.
doi:10.1016/j.dental.2020.05.008

36.Meraji N, Nekoofar MH, Yazdi KA, Sharifian MR, Fakhari N, Camilleri J. Bonding to caries affected dentine. Dent Mater.
2018;34(9):236-45. doi:10.1016/j.dental.2018.05.017

37.DeRocher KA, Smeets PIM, Goodge BH, Zachman MJ, Balachandran PV, Stegbauer L, et al. Chemical gradients in human enamel
crystallites. Nature. 2020;583(7814):66-71. doi:10.1038/s41586-020-2433-3

38.Ajcharanukul O, Kosakarn P, Sujjapong M, Berkbandee S, Bussabong P. Increased fluorohydroxyapatite across dentin after fluoride
iontophoresis. J Dent Res. 2024;103(8):830-8. doi:10.1177/00220345241254017

39.Toledano-Osorio M, Aguilera FS, Osorio R, Mufioz-Soto E, Pérez-Alvarez MC, Lopez-Lopez MT, et al. Hydroxyapatite-based cements
induce different apatite formation in radicular dentin. Dent Mater. 2020;36(1):167-78. doi:10.1016/j.dental.2019.11.023

40.Toledano M, Osorio E, Aguilera FS, Muiioz-Soto E, Toledano-Osorio M, Lopez-Lopez MT, et al. Polymeric nanoparticles for endodontic
therapy. ] Mech Behav Biomed Mater. 2020;103:103606. doi:10.1016/j.jmbbm.2019.103606

41.Deniz Y, Aktas C, Misilli T, Caritk¢ioglu B. Effects of radiotherapeutic X-ray irradiation on cervical enamel. Int J Radiat Biol.
2021;97(12):1667-74. doi:10.1080/09553002.2021.1987560

42.Balaji A, Jei JB, Muthukumar B. Comparison and evaluation of the effect of polymerization of resin-modified glass ionomer cement and
dual-cure resin cement on the crystalline structure of dentin using synchrotron X-ray diffraction and its clinical correlation with postoperative
sensitivity. J Indian Prosthodont Soc. 2023;23(2):119-26. doi:10.4103/jips.jips_84 22

43.Kulkarni Aranya A, Pushalkar S, Zhao M, LeGeros RZ, Zhang Y, Saxena D. Antibacterial and bioactive coatings on titanium implant
surfaces. J Biomed Mater Res A. 2017;105(8):2218-27. doi:10.1002/jbm.a.36081.

44.Kuki Y, Morinaga K, Uemura N, Okamura T, Hontsu S, Hashimoto Y, et al. Biocompatibility of dental implants coated with hydroxyapatite
using pulsed Er:YAG laser deposition. Dent Mater J. 2024;43(2):269-75. doi:10.4012/dm;j.2023-235

45.Anees E, Riaz M, Imtiaz H, Hussain T. Electrochemical corrosion study of chitosan-hydroxyapatite coated dental implant. ] Mech Behav
Biomed Mater. 2024;150:106268. doi:10.1016/j.jmbbm.2023.106268

46.Robles D, Brizuela A, Fernandez-Dominguez M, Gil J. Corrosion resistance and titanium ion release of hybrid dental implants. Materials
(Basel). 2023;16(10):3650. doi:10.3390/mal16103650

47.Abdelmoneim D, Porter GC, Coates DE, Duncan WJ, Waddell JN, Hammer N, et al. The effect of low-processing temperature on the
physicochemical and mechanical properties of bovine hydroxyapatite bone substitutes. Materials (Basel). 2022;15(8):2798.
doi:10.3390/ma15082798

48.Chauhan N, Lakhkar N, Chaudhari A. Development and physicochemical characterization of novel porous phosphate glass bone graft
substitute and in vitro comparison with xenograft. J] Mater Sci Mater Med. 2021;32(6):60. doi:10.1007/s10856-021-06532-8

49.Huang CL, Chang CJ, Chen KC, Cheng SW, Liu JK, Lee TM. Effect of thermocycling-induced stress on properties of orthodontic NiTi
wires. J Dent Sci. 2022;17(4):1788-95. doi:10.1016/j.jds.2022.07.017

50.Polychronis G, Al Jabbari YS, Eliades T, Zinelis S. Galvanic coupling of steel and gold alloy lingual brackets with orthodontic wires: is
corrosion a concern? Angle Orthod. 2018;88(4):450-7. doi:10.2319/092917-655.1

51.Zhou Y, Dong X, Li N, Yan J. Effects of post-treatment on metal-ceramic bond properties of selective laser melted Co-Cr dental alloy.
Part 1: Annealing temperature. J Prosthet Dent. 2023;129(4):657.e1-657.€9. doi:10.1016/j.prosdent.2022.11.029

52.Beres F, Isaac J, Mouton L, Rouziére S, Berdal A, Simon S, et al. Comparative physicochemical analysis of pulp stone and dentin. J Endod.
2016;42(3):432-8. doi:10.1016/j.joen.2015.11.007

53.Milcent CPF, da Silva TG, Baika LM, Grassi MT, Carneiro E, Franco A, et al. Morphologic, structural, and chemical properties of pulp
stones in extracted human teeth. J Endod. 2019;45(12):1504-12. d0i:10.1016/j.joen.2019.09.009

54.Pate ML, Aguilar-Caballos MP, Beltran-Aroca CM, Pérez-Vicente C, Lozano-Molina M, Girela-Lopez E. Use of XRD and SEM/EDX to
predict age and sex from fire-affected dental remains. Forensic Sci Med Pathol. 2018;14(4):432-41. doi:10.1007/s12024-018-0028-1

55.Peer M, Sarig R. The effect of burning on dental tissue: a macroscopic and microscopic investigation. Forensic Sci Int. 2024;358:111987.
doi:10.1016/j.forsciint.2024.111987

56.Ionescu AC, Hahnel S, Konig A, Brambilla E. Resin composite blocks for dental CAD/CAM applications reduce biofilm formation in
vitro. Dent Mater. 2020;36(5):603-16. doi:10.1016/j.dental.2020.03.016



	Introduction
	Fundamentals of PXRD in Dentistry
	Materials and Methods
	Results
	Discussion
	Conclusions

