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Abstract

This study investigates the structural characterization of orthodontic mini-implants made from Ti6AI4V
alloy and 316L stainless steel before and after heat treatment using X-ray diffraction (XRD). The analysis was
performed using a PANalytical X’Pert PRO MPD diffractometer to evaluate the crystallographic structure, phase
composition, and changes induced by thermal processing. Diffraction patterns revealed characteristic peaks
corresponding to the o and B phases in Ti6Al4V and specific crystallographic planes in 316L stainless steel.For
Ti6AIl4V, the results indicated consistent crystallographic structures before and after heat treatment, with
prominent peaks at approximately 30.6215° 2Theta. However, subtle modifications in peak intensity and width
suggested alterations in microstructure. Similarly, heat-treated 316L samples exhibited changes in peak positions,
intensities, and widths, reflecting shifts in lattice spacing and crystalline phases.The findings demonstrate that
heat treatment influences the structural properties of both materials, optimizing their performance for clinical
applications. The study underscores the utility of XRD in evaluating the crystallinity, phase composition, and
microstructural consistency of mini-implants, providing valuable insights for enhancing their design, stability,
and reliability in orthodontic treatments.
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Introduction (6). The use of XRD to investigate
degradation processes in titanium dental
X-ray diffraction (XRD) is implants, as described by Tepla et al. (7),
extensively used in studying the mechanical and to evaluate the cytocompatibility and
properties of Grade V titanium alloys. XRD electrochemical properties of gold-titanium
enables the characterization of phase alloys for biomedical applications, as
transformation kinetics (1), the mechanical shown by Oh et al. (8), highlights the
behavior of titanium alloys (2), and the flexibility and significance of this technique
analysis of oxide formation on titanium in material science studies.
alloys (3). Using XRD, researchers can X-ray diffraction is a non-invasive
study microstructural defect parameters in analytical technique used to investigate
titanium alloys (4), investigate the impact materials, aiming to determine their
of loading conditions on the mechanical crystalline  structure by  measuring
properties of titanium alloys (5), and symmetry, lattice dimensions, and atomic
understand phase and structural positions within the unit cell. Additionally,
transformations in binary titanium alloys XRD is used to examine crystal lattice
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defects, evaluate the size and shape of
coherent diffraction domains, and analyze
distortions present within them (9). Based
on the provided references, X-ray
diffraction (XRD) is a powerful non-
destructive technique that can be used to
determine the crystalline structure of
materials. Here is a detailed explanation of
how XRD helps determine the crystalline
structure:XRD works by directing a beam
of X-rays at a sample and analyzing the
diffraction pattern produced (10). When the
X-rays interact with the atoms in the
crystalline structure of the material, they are
scattered at specific angles depending on
the arrangement of the atoms (10). This
diffraction pattern contains valuable
information about the spatial arrangement
of the atoms in the sample and the structural
changes that occur (11).The XRD pattern
shows a series of peaks, where the position
and intensity of these peaks are
characteristic of the crystalline phases
present in the material (10). By analyzing
the positions and intensities of these peaks,
researchers can determine the crystal
structure, lattice parameters, and degree of
crystallinity of the sample (10, 12)The
crystallite size, which is the size of the
individual crystalline domains within the
material, can also be determined from the
XRD pattern using the Scherrer equation:
Crystallite size = 0.981 / (Bcos8), where A is
the X-ray wavelength, B is the peak width
at half maximum, and 0 is the diffraction
angle (13, 14).Additionally, XRD can be
used to quantify the relative amounts of
crystalline and amorphous phases in a
material (15, 16). This is particularly useful
for studying the degree of crystallinity in
partially crystalline materials, such as
polymers and biomass (17, 18).

XRD provides detailed information
about the crystalline structure and
composition of materials (19-21). This
allows  manufacturers to  precisely
characterize the materials they are working
with and ensure that they meet the required
specifications. For example, in the
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production of cement, XRD can be used to
quantify the different crystalline phases
present, which are directly related to the
cement's physical and chemical properties
(19, 20).

In the context of additive
manufacturing, XRD is particularly useful
for quality control. It can be used to detect
defects, such as cracks or voids, in 3D
printed parts (22-24). Additionally, XRD
can provide information about the
microstructure and grain size of the printed
materials, which are critical factors for
determining the mechanical properties of
the final product (25, 26).

Furthermore, XRD can be used to
monitor the consistency of material
composition and structure throughout the
manufacturing process (27).  This is
essential for ensuring the reliability and
reproducibility of the final products,
especially in high-precision applications
like the production of electronic devices
(27).

The speed and non-destructive nature of
XRD analysis make it an attractive option
for in-line quality control during
manufacturing (27). Recent advancements
in XRD instrumentation have reduced
analysis times from hours to minutes,
allowing for rapid feedback and timely
process control decisions (27). One of the
key applications of XRD in this context is
the ability to detect and analyze the

formation of new phases or the
transformation of existing phases in
materials (28,29).

The interpretation of XRD data is crucial in
characterizing materials, especially their
crystalline structure:

1. Determining crystalline structure:
XRD can identify crystal types and
interatomic distances in a material,
providing insights into its
crystalline structure.

2. Phase composition analysis:

XRD can detect the presence of
different crystalline phases in a
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material, including minor phases or
impurities.

Monitoring heat treatment:
Changes in peak patterns and
interplanar distances recorded by
XRD can highlight modifications
in a material’s crystalline structure
caused by heat treatment or other
processing methods.

Crystallinity evaluation:

The intensity and width of XRD
peaks can provide information
about the degree of crystallinity of
a material, useful in characterizing
crystalline and amorphous
materials.

Quality control:

XRD data interpretation can assess
the uniformity and crystalline
quality of a material, essential in
the manufacturing and
development of materials.

Materials and Methods

For structural analysis using X-rays, a
PANalytical X’Pert PRO MPD X-ray
diffractometer was employed, located in the
Advanced Materials Laboratory, Faculty of
Mechanics, Gheorghe Asachi Technical
University of Iasi. The scan was performed
using a goniometer system, which allows
the sample and detector to rotate relative to
the X-ray source. This enables
measurements at various diffraction angles
and data collection from multiple

(a)
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directions. Data were collected over an
angular range of 10.0116° to 99.9934°
2Theta (diffraction angle) wusing a
continuous scanning method.

The X-ray source used for scanning
was a copper (Cu) anode, with specific
wavelengths for the K-Alphal line
(1.54060 A) and the K-Alpha2 line
(1.54443 A). A total of 6,854 data points
were recorded during the scan.

The diffraction peak list includes
observed diffraction peaks, providing
information about position in degrees
2Theta, height, full width at half maximum
(FWHM), interplanar spacing (d-spacing),
and relative intensity. The "Matched"
indicator specifies whether a peak was
associated with a particular phase type or
not.Global parameters provide additional
information about the scan, such as the
profile function and background used in the
analysis, as well as various measures to
assess the quality of the model fit to the
experimental data.

Data processing was performed
using Highscore Plus software, followed by
importing and processing with
experimental data processing software to
generate the diffraction patterns of the
experimental alloys.

Results
Figure 1 shows the diffraction patterns for

Ti6Al4V and 316L mini-implants before
and after heat treatment.
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Figure 1. Diffraction Patterns of Mini-Implants: (a) Mini-implant made of Ti6AI4V alloy,
untreated; (b) Mini-implant made of Ti6AI4V alloy, heat-treated; (c) Mini-implant made of

316L.

The diffraction peaks corresponding to the
crystallographic structure of Ti6AI4V are
observed in the XRD analysis (Fig.
la).Heat treatments modify the material’s
microstructure, affecting the positions,
intensities, and widths of the peaks in the
XRD patterns (Fig. 1b).Comparison of the
XRD patterns before and after heat
treatment reveals changes in phase
composition and crystallinity.Peaks are
observed at approximately 23.1166°
2Theta, 30.6215° 2Theta, 37.1437° 2Theta,
and 40.5804° 2Theta.The highest peak
intensity occurs at 30.6215° 2Theta, with a
count of 9,234.69.The corresponding
interplanar distances for these peaks are
3.84766 A, 2.91962 A, 2.42058 A, and
2.22316 A.

The figure 1. c-d evaluate the mini implants
manufacturing -316L is a low-carbon
variant of stainless steel composed
primarily of iron (Fe), chromium (Cr),
nickel (Ni), and molybdenum (Mo).
Interpretation of XRD Patterns:The XRD
pattern traces signal intensity at various
diffraction angles. These positions
correspond to specific interatomic distances
within the sample. The most prominent peak
near 50° 2Theta likely corresponds to a
specific crystallographic plane in the 316L
stainless steel.
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Heat Treatment for 316L Stainless Steel:
Peak Positions:

e« The 2Theta values in the XRD
pattern  correspond to  X-ray
scattering angles from the crystal
lattice. Each peak represents a
specific  crystallographic  plane
within the material.

e Shifts in peak positions indicate
changes in lattice spacing due to
structural changes or phase
transformations.

Peak Intensities:
e The intensity of a peak reflects the

number of diffracted X-rays
detected.
e Intense peaks suggest high

crystallinity or a dominant phase,
while weaker peaks may correspond
to minor phases or amorphous

regions.
Peak Widths:

e Broad peaks indicate smaller
crystallite  sizes or lattice
imperfections (strain).

e« Narrow peaks suggest larger
crystallite sizes or an ordered

lattice.

Results from Figure 1c and 1d:In Fig. 1c,
the peak at 30.8522° 2Theta has the highest
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relative intensity (100%). In Fig. 1d, the
peak at 30.5664° 2Theta has the highest
relative

(@)

Y

(b)

Figure 2. Comparative XRD analysis of ti6al4v mini-implants: (a) untreated; (b) heat-treated

samples

Both graphs (Fig. 2a-b) show similar
characteristic peaks at specific 2Theta
values, indicating consistency in the
crystalline phases (likely a-Ti and B-Ti) of
the Ti6AI4V alloy.

The positions of the prominent peaks
remain largely unchanged after the heat
treatment, suggesting no significant phase
transformation.

Peak Intensities: The untreated sample (left
graph) shows slightly higher peak
intensities compared to the treated sample
(right graph).Possible Explanation: Heat
treatment can reduce crystal defects,
leading to changes in crystallinity and peak
intensities. The decrease in intensity for the
treated sample might indicate slight
microstructural rearrangements, such as
grain growth or stress relief.

Background Noise: The untreated sample
appears to have slightly more background
noise, possibly due to microstrain,
dislocations, or residual stresses in the
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material. The treated sample shows a
smoother background, suggesting reduced
internal stresses after heat treatment.
Peak Widths (FWHM): The untreated
sample has sharper peaks (narrower
FWHM), indicating smaller crystal grain
size or higher strain.
The treated sample exhibits broader peaks,
which might indicate:

o Grain growth due to heat

treatment.
o Relaxation
microstructural defects.

Phase Stability: The phase composition
appears stable as the positions of the peaks
are unchanged.
Microstructural Changes: Heat treatment
likely caused a reduction in microstrain
and defect density.
Crystallinity: Peak intensities suggest
subtle changes in crystallinity due to heat
treatment.
Grain Size: Broader peaks in the treated
sample point toward grain coarsening.

of
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Table 1. Comparison of untreated and treated mini-implants xrd results.

Material Highest Peak Highest Peak Peak Width d-spacing
Position (°2Th) Intensity (FWHM) (A)
316L | 30.5664 9221.24 0.1421 2.92475
(Untreated)
Ti6Al4V | 30.6215 9234.69 0.1034 2.91962
(Untreated)
316L (Treated) | 30.8522 6559.17 0.1421 2.89831
Ti6Al4V | 30.8522 6559.17 0.1421 2.89831
(Treated)

The XRD results comparing untreated and
treated mini-implants for 316L stainless
steel and Ti6Al4V titanium alloy ( table 1)
reveal the following trends:

1. Peak Position (°2Th):

o

@)

For both materials, the
highest peak position shifts
slightly after heat treatment:
= 316L: From
30.5664° to
30.8522°.
=  Ti6Al4V: From
30.6215° to
30.8522°.
This shift indicates
microstructural changes,
likely due to relaxation of
internal stresses or phase
adjustments induced by the
heat treatment.

2. Peak Intensity:

o

o

The highest peak intensity
decreases significantly after
heat treatment for both
materials:
= 316L: From 9221.24
t0 6559.17.
= Ti6Al4V: From
9234.69 to 6559.17.
A reduction in intensity
suggests a decrease in
crystallinity or a
reorganization of grain
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structure due to the heat
treatment.

3. Peak Width (FWHM):

@)

@)

The FWHM (Full Width at
Half Maximum) for 316L
remains constant (0.1421),
whereas for Ti6AI4V, it
increases slightly from
0.1034 to 0.1421.
This suggests that:
= For 316L, grain size
remains relatively
stable.
= For Ti6AI4V, there
may be grain
coarsening or a
slight increase in
microstrain caused
by the heat
treatment.

4. d-spacing (A):

988

@)

o

The d-spacing decreases for
both materials after heat
treatment:
=  316L: From 2.92475
Ato2.89831 A.
=  Ti6Al4V: From
2.91962 A to
2.89831 A.
This decrease indicates a
contraction of the crystal
lattice, likely due to the
reduction of residual
stresses or phase
reorganization.
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Discusion

The influence of heat treatments on
the microstructural properties of Ti6AI4V
and 316L stainless steel can be summarized
as follows:

For Ti6Al4V:Heat treatment is
typically applied to Ti6Al4V components
produced by additive manufacturing (AM)
techniques such as selective laser melting
(SLM) and electron beam melting (EBM)
(30-33).

The key effects of heat treatment on
the microstructure of Ti6AI4V are:

1. Dissolution and transformation of the
metastable o' martensite phase into a
desired two-phase (o + B) microstructure
(30-33). The heat treatment parameters
such as temperature, cooling rate, and time
play a critical role in achieving the optimal
microstructure (31,32).

2. Reduction of residual stresses and
dislocations, leading to  improved
mechanical properties such as fatigue
strength and ductility (30-32).

3. Coarsening of the microstructure, with
the formation of larger a and B grains,
which can influence the hardness and
strength of the material (30-33).

For 316L stainless steel:Heat
treatment of 316L stainless steel produced
by AM techniques, such as selective laser
melting (SLM) and directed energy
deposition (DED), has the following effects
on the microstructure:

1. Reduction of residual stresses and
dislocations, leading to a decrease in
hardness and an increase in ductility ( 34-
39)

2. Dissolution of metastable
microstructural features, such as acicular,
cellular, and dendritic structures, and the
formation of larger austenitic grains (34-
39).

3. Potential formation or dissolution of
secondary phases, such as sigma phase or
carbide-nitrides, which can affect the
corrosion  resistance and mechanical
properties of the material (36-39).
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4. Improvement in the homogeneity and
density of the microstructure, particularly
after hot isostatic pressing (HIP) treatment,
which can enhance the mechanical and
corrosion properties of the material (35-39)
Grain coarsening generally leads to a
decrease in the mechanical properties of
316L stainless steel (39-44). The increase in
grain size reduces the hardness and tensile
strength of the material (43). This is due to
the fact that larger grains provide less
resistance to dislocation movement, making
the material softer and less strong (42). In
the case of Ti6AIl4V, grain coarsening can
also have a negative impact on the
mechanical properties. Specifically, the
fusion zone of as-welded Ti6Al4V has been
reported to have low ductility due to a fine
acicular microstructure and large prior f
grain size (44). However, heat treatment in
the a+p field can increase the toughness of
Ti6Al4V, though with a slight decrease in
ductility and strength compared to the mill-
annealed material (44). The references
suggest that there is an optimal grain size
range to achieve the best balance of strength
and ductility in Ti6Al4V and 316L mini-
implants. For example, in dual-structure
Ti6AlI4V-TiBw composites, there is likely
an optimal pellet size to achieve the desired
strength-ductility synergy (45). Similarly,
in 316L stainless steel, the introduction of a
certain volume fraction of micrometer-
sized grains can improve the ductility,
while the ultrafine grains provide high
strength (46, 47). Post-processing heat
treatments can be used to control the grain
size and microstructure of these materials.
For 316L stainless steel, heat treatments at
lower temperatures (400-600°C) can
increase the tensile strength by reducing the
grain size, while higher temperature
treatments (800°C) can lead to grain
coarsening and a decrease in strength
(42).In the case of Ti6AIl4V, short heat
treatments at lower temperatures (653 K for
2 h) have been shown to improve ductility
without significantly coarsening the grain
size (48).
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The mechanisms that contribute to the
decrease in d-spacing (lattice contraction)
observed for both materials after heat
treatment are:

1. Loss of lattice-incorporated water:
During heat treatment, the materials can
lose water that was incorporated into the
lattice structure, leading to a decrease in d-
spacing (49).

2. Thermal expansion: The heat treatment
can cause thermal expansion of the lattice,
which can lead to a decrease in d-spacing
(49).

3. lon exchange: Heat treatment can result
in the exchange of ions within the lattice,
which can affect the lattice parameters and
lead to a decrease in d-spacing (49).

4. Diffusion of foreign atoms: The heat
treatment can facilitate the diffusion of
foreign atoms, such as Mg from the
substrate, into the material's lattice, causing
a change in the lattice parameters and a
decrease in d-spacing (50).

5. Slow diffusion of dopant atoms: The
incorporation of dopant atoms into the
lattice can be a slow process, requiring
long-term heat treatment to achieve the
desired substitution, which can lead to a
decrease in d-spacing (51).

6. Thermal fractures and deformation: The
heat treatment can induce thermal fractures
and deformation in the material, which can
alter the lattice structure and result in a
decrease in d-spacing. However, the
references provided do not directly support
this claim, as they focus on thermal
fractures in geological contexts rather than
materials science (52).

Based on the references provided, the
following can be summarized regarding the
phases present in Ti6Al4V mini-implants
before and after heat treatment:

Before heat treatment, Ti6Al4V mini-
implants typically exhibit a microstructure
composed of equiaxed beta-phase grains
dispersed in an alpha-phase matrix (53).The
as-received condition shows this alpha-beta
microstructure (53).After heat treatment,
the microstructure of Ti6Al4V changes
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significantly. At 800°C heat treatment, the
alpha-phase acts as a barrier, thickening and
preventing rapid grain growth of the beta-
phase (53). At higher temperatures around
1050°C, the microstructure transforms to
thin films where the alpha-phase nucleates
and diffuses across the grain boundaries of
the beta-phase, forming intercalated thin
plates of acicular alpha-phase and beta-
phase (53, 54). The heat treatment can also
induce the formation of new phases. For
example, after heat treatment at 1100°C, the
Ti6AI4V alloy can exhibit a transformed
beta microstructure with martensitic alpha'
phase and residual beta phase (55). In
summary, the as-received Ti6Al4V mini-
implants have an alpha-beta microstructure,
while heat treatment at different
temperatures can transform this to a variety
of microstructures, including acicular
alpha-beta, thickened alpha-beta, and
martensitic alpha'-beta (53-54).For 316L
mini-implants, the references do not
provide information about the phases
present before or after heat treatment. The
focus is mainly on the microstructural
changes in Ti6AI4V alloys. The evidence
suggests that heat-treated mini-implants are
superior in terms of biomechanical
properties and longevity compared to
untreated implants.Several studies have
shown that heat treatment of titanium and
stainless steel alloys used for orthodontic
mini-implants can significantly improve
their mechanical properties, fatigue
behavior, and corrosion resistance (56).
These changes induced by heat treatment
can directly enhance the performance and
longevity of these alloys in orthodontic
applications (56).Specifically, studies have
found that alkali and heat treatment of
titanium alloy implants can enhance their
bone-bonding ability and osteoconductivity
(56, 57). The heat treatment helps create a
surface layer composed of titanium dioxide
phases that promote apatite formation and
bone integration (57). Compared to
untreated implants, alkali and heat-treated
titanium alloy implants have demonstrated
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significantly ~ higher  bone-to-implant
contact and bonding strengths (57).

Limitations in characterizing
nanostructured and amorphous materials:
1.The dominance of surface facets, small
size, and poor crystalline order of
nanoparticles make their characterization
difficult using XRD. Similarly, the analysis
of amorphous materials is challenging as
XRD is primarily suited for crystalline
structures (58, 59).

2. Sensitivity to data quality and acquisition
time: The performance of XRD-based
methods is often influenced by low-quality
X-ray diffraction data. Moreover, acquiring
and analyzing XRD data can be time-
consuming, which is a bottleneck in
materials characterization and screening
(60, 61).

3. Challenges in analyzing multi-phase
materials: Interpreting XRD spectra to
identify the phases present in a sample can
be a tedious and time-consuming process,
especially for multi-phase materials.
Automated methods for phase
identification are still an active area of
research (62,63).

4. Limitations in quantifying
microstructural properties: While XRD can
provide information about the crystal

References

structure and lattice parameters, it has
limitations in accurately quantifying
microstructural properties such as preferred
orientation, crystallite size, and strain
(64,65)

5.Requirement for complementary
techniques: XRD is often used in
combination with other characterization
techniques, such as scanning electron
microscopy (SEM), energy dispersive
spectroscopy (EDS), and X-ray absorption
spectroscopy (XAS), to obtain a more
comprehensive  understanding of the
material properties (65).

Conclusion

Heat treatment has caused noticeable
changes in the crystal structure of both
materials.For both 316L and Ti6Al4V, heat
treatment resulted in a shift in peak
positions, a decrease in intensity, and a
reduction in d-spacing.Ti6Al4V shows
greater sensitivity to heat treatment, as
evidenced by the increased peak width
(FWHM), which suggests grain coarsening
or strain relaxation.These changes highlight
the influence of heat treatment on the
microstructural ~ properties of  mini-
implants, which may affect their
mechanical performance in clinical
applications.

1. Aeby-Gautier E, Bruneseaux F, Teixeira J, et al. Microstructural formation in ti alloys: in-situ
characterization of phase transformation kinetics. Jom 2007;59(1):54-58.

2. Bignon Q, Martin F, Auzoux Q, et al. Oxide formation on titanium alloys in primary water of
nuclear pressurised water reactor. Corros. Sci. 2019;150:32-41.

3. Bolzoni L, Esteban P, Ruiz-Navas E, Gordo E. Mechanical behaviour of pressed and sintered
titanium alloys obtained from master alloy addition powders. J. Mech. Behav. Biomed. Mater.

2012;15:33-45.

4. Chausov N, Khyzhun O, Brezinova J, et al. Improving of mechanical properties of titanium
alloy vt23 due to impact-oscillatory loading and the use of carbon nano-solution. Metals

2019;9(6):652-660.

5. Dobromyslov A. The regularities of phase and structural transformation in binary titanium
alloys with metals of [V—VIII groups of the periodic table. Adv. Mater. Sci. 2008;8(1):15-35.

DOI : 10.62610/RJOR.2025.1.17.93



Romanian Journal of Oral Rehabilitation

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Vol. 17, No.1 January-March 2025

Ghosh J, Chattopadhayay S, Meikap A, et al. Study of microstructural defect parameters in
vanadium—aluminium alloys using warren—averbach method and modified technique. Jpn. J.
Appl. Phys. 2005;44(9):66-78.

Tepla T, Pleshakov E, Sieniawski J, et al. Causes of degradation of titanium dental implants.
Ukr. J. Mech. Eng. Mater. Sci. 2022;8(4):31-40.

Oh K, Kang D, Choi G, et al. Cytocompatibility and electrochemical properties of Ti—Au alloys
for biomedical applications. J. Biomed. Mater. Res. B Appl. Biomater. 2007;83(2):320-326.
Bibu M. Metode si tehnici de analiza structurald a materialelor metalice. Sibiu: Ed.Universitatii
Lucian Blaga, 2000, 50-55.

Abdullah, N., Kamarudin, S., & Loh, K. (2019). Production of titanium dioxide nanofiber (tnf):
influence of electrospinning parameter on crystalline size. Malaysian Journal of Analytical
Science, 23(1). https://doi.org/10.17576/mjas-2019-2301-05

Bunaciu, A., Udristioiu, E., & Aboul-Enein, H. (2015). X-ray diffraction: instrumentation and
applications.  Critical Reviews in  Analytical  Chemistry, 45(4), 289-299.
https://doi.org/10.1080/10408347.2014.949616

Fatimah, S., Ragadhita, R., Husaeni, D., & Nandiyanto, A. (2021). How to calculate crystallite
size from x-ray diffraction (xrd) using scherrer method. Asean Journal of Science and
Engineering, 2(1), 65-76. https://doi.org/10.17509/ajse.v2i1.37647

Katz-Demyanetz, A., Bamberger, M., & Regev, M. (2020). Quantitative microstructure study
of melt-spun mg65cu25y10. Sn Applied Sciences, 2(11). https://doi.org/10.1007/s42452-020-
03522-3

Lee, T., Boey, F., & Khor, K. (1995). X-ray diffraction analysis technique for determining the
polymer crystallinity in a polyphenylene sulfide composite. Polymer Composites, 16(6), 481-
488. https://doi.org/10.1002/pc.750160606

Murthy, N., Khanna, Y., & Signorelli, A. (1994). Crystallinities of
poly(chlorotrifluoroethylene) and its copolymers by differential scanning calorimetry, x-ray
diffraction, and density measurements. Polymer Engineering & Science, 34(16), 1254-1259.
https://doi.org/10.1002/pen.760341605

Sainorudin, M., Mohammad, M., Kadir, N., Abdullah, N., & Yaakob, Z. (2018).
Characterization of several microcrystalline cellulose (mcc)-based agricultural wastes via x-
ray diffraction method. Solid State Phenomena, 280, 340-345.
https://doi.org/10.4028/www.scientific.net/ssp.280.340

Trinidad, C. (2023). Exploring the effects of repetitive corrugation and strengthening on alloy
a5083 using x-ray diffraction techniques.. https://doi.org/10.21741/97816449025615-42
Zhang, Y., Kang, X., Tan, J., & Frost, R. (2013). Influence of calcination and acidification on
structural characterization of anyang anthracites. Energy & Fuels, 27(11), 7191-7197.
https://doi.org/10.1021/ef401658p

Anderson, J., Gobbo, L., & Weeren, H. (2015). X-ray diffraction: new eyes on the process. leee
Transactions on Industry Applications, 51(1), 20-27. https://doi.org/10.1109/tia.2014.2350557
Baba, R., Jacobs, K., Harrison, B., Stevens, B., Mukai, T., & Hogg, R. (2019). Non-destructive
characterization of thin layer resonant tunneling diodes. Journal of Applied Physics, 126(12).
https://doi.org/10.1063/1.5113585

Brierley, N., Turner, N., & Kachelrie, M. (2020). Graded material inspection by x-ray
computed tomography. E-Journal of Nondestructive Testing, 25(2).
https://doi.org/10.58286/25093

Goswami, G. and Panda, J. (1999). Application of xrd in a rapid quality control system of
cement. Powder Diffraction, 14(2), 114-117. https://doi.org/10.1017/s0885715600010393
Jacobs, K., Stevens, B., Baba, R., Wada, O., Mukai, T., & Hogg, R. (2017). Valley current
characterization of high current density resonant tunnelling diodes for terahertz-wave
applications. Aip Advances, 7(10). https://doi.org/10.1063/1.4997664

992

DOI : 10.62610/RJOR.2025.1.17.93



Romanian Journal of Oral Rehabilitation

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Vol. 17, No.1 January-March 2025

Kluczynski, J., Sniezek, L., Grzelak, K., Janiszewski, J., Platek, P., Torzewski, J., ... &
Gocman, K. (2020). Influence of selective laser melting technological parameters on the
mechanical properties of additively manufactured elements using 3161 austenitic steel.
Materials, 13(6), 1449. https://doi.org/10.3390/ma13061449

Martin, J., Yahata, B., Hundley, J., Mayer, J., Schaedler, T., & Pollock, T. (2017). 3d printing
of high-strength aluminium alloys. Nature, 549(7672), 365-369.
https://doi.org/10.1038/nature23894

Paul, M. (2018). Quality control of autoclaved aerated concrete by means of x-ray diffraction.
Ce/Papers, 2(4), 111-116. https://doi.org/10.1002/cepa.894

Platek, P., Sienkiewicz, J., Janiszewski, J., & Jiang, F. (2020). Investigations on mechanical
properties of lattice structures with different values of relative density made from 3161 by
selective laser melting (slm).. https://doi.org/10.20944/preprints202005.0112.v1

Lee, S., Yu, Y., Chung, H., & Lim, S. (2017). Effect of dry heating on physicochemical
properties of pregelatinized rice starch. Cereal Chemistry, 94(6), 928-933.
https://doi.org/10.1094/cchem-03-17-0045-r

Lin, S., Hsu, K., Hsu, C., & Chen, D. (2013). Hydrogen treatment-improved uniform deposition
of ag nanoparticles on zno nanorod arrays and their visible-light photocatalytic and surface-
enhanced raman  scattering  properties.  Nanoscale  Research  Letters, 8(1).
https://doi.org/10.1186/1556-276x-8-325

Galarraga, H., Warren, R., Lados, D., Dehoff, R., Kirka, M., & Nandwana, P. (2017). Effects
of heat treatments on microstructure and properties of ti-6al-4v eli alloy fabricated by electron
beam melting (ebm). Materials Science and Engineering A, 685, 417-428.
https://doi.org/10.1016/j.msea.2017.01.019

Lekoadi, P., Tlotleng, M., Annan, K., Maledi, N., & Masina, B. (2021). Evaluation of heat
treatment parameters on microstructure and hardness properties of high-speed selective laser
melted ti6aldv. Metals, 11(2), 255.

Raghavan, S., Nai, M., Wang, P., Sin, W., Li, T., & Wei, J. (2018). Heat treatment of electron
beam melted (ebm) ti-6al-4v: microstructure to mechanical property correlations. Rapid
Prototyping Journal, 24(4), 774-783. https://doi.org/10.1108/rpj-05-2016-0070

Xiu, M., Tan, Y., Raghavan, S., Goh, M., & Nai, M. (2021). The effect of heat treatment on
microstructure, microhardness and pitting corrosion of ti6al4v produced by electron beam
melting additive manufacturing process.. https://doi.org/10.21203/rs.3.rs-1071502/v1
Andreatta, F., Lanzutti, A., Revilla, R., Vaglio, E., Totis, G., Sortino, M., Fedrizzi, L. (2022).
Effect of thermal treatment on corrosion behavior of aisi 3161 stainless steel manufactured by
laser powder bed fusion. Materials, 15(19), 6768. https://doi.org/10.3390/mal5196768
Chadha, K., Tian, Y., Spray, J., & Aranas, C. (2020). Effect of annealing heat treatment on the
microstructural evolution and mechanical properties of hot isostatic pressed 316l stainless steel
fabricated by laser powder bed fusion. Metals, 10(6), 753.

Fonda, R., Rowenhorst, D., Feng, C., Levinson, A., Knipling, K., Olig, S., Rayne, R. (2020).
The effects of post-processing in additively manufactured 316l stainless steels. Metallurgical
and Materials Transactions A, 51(12), 6560-6573.

Lei, J.,, Ge, Y., Liu, T., & Wei, Z. (2021). Effects of heat treatment on the microstructure and
mechanical properties of selective laser melting 3161 stainless steel. Shock and Vibration,
2021(1). https://doi.org/10.1155/2021/6547213

Puichaud, A., Flament, C., Chniouel, A., Lomello, F., Rouesne, E., Giroux, P., Béchade, J.
(2019). Microstructure and mechanical properties relationship of additively manufactured 3161
stainless steel by selective laser melting. Epj Nuclear Sciences & Technologies, 5, 23.

Ozer, G. (2023). Heat treatment, microstructure and corrosion relationship on 3161 ss produced
by am. Materials Science and Technology, 39(6), 671-682.

993

DOI : 10.62610/RJOR.2025.1.17.93



Romanian Journal of Oral Rehabilitation

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Vol. 17, No.1 January-March 2025

Wang, M., Bu, Y., Dai, Z., & Zeng, S. (2021). Characterization of grain size in 316l stainless
steel using the attenuation of rayleigh wave measured by air-coupled transducer. Materials,
14(8), 1901. https://doi.org/10.3390/ma14081901

Zhang, Q. (2023). Hardening behavior and model of a 3161 sheet considering macro and micro
size effects. Metals, 13(12), 1926. https://doi.org/10.3390/met13121926

Ozer, G. (2023). Heat treatment, microstructure and corrosion relationship on 3161 ss produced
by am. Materials Science and Technology, 39(6), 671-682.

Gardi, R. (2012). Tensile strength determination of heat treated austenitic stainless steel aisi
3161 wusing (abi) method. Al-Rafdain Engineering Journal (Arej), 20(2), 98-105.
https://doi.org/10.33899/rengj.2012.47287

Lu, M. Tsay, L., & Chen, C. (2012). Notched tensile fracture of
ti&amp;ndash;6al&amp;ndash;4v laser welds at elevated temperatures. Materials Transactions,
53(6), 1042-1047. https://doi.org/10.2320/matertrans.m2011340

Liu, L., Li, S., Pan, D., Dai, H., Zhang, X., Li, B., ... & Chen, W. (2023). Loss-free tensile
ductility of dual-structure titanium composites via an interdiffusion and self-organization
strategy.  Proceedings of the National Academy of Sciences, 120(28).
https://doi.org/10.1073/pnas.2302234120

Lan, H., Du, L., Wang, X., & Li, X. (2012). Ultrafine grained steels with improved ductility
fabricated by repetitive thermo-mechanical processing. Steel Research International, 83(2),
139-145. https://doi.org/10.1002/srin.201100169

Wiezorek, J., Facco, G., Idell, Y., Kulovits, A., & Shankar, M. (2014). Nano-structuring of 3161
type steel by severe plastic deformation processing using two-dimensional linear plane strain
machining. Materials Science Forum, 783-786, 2720-2725.
https://doi.org/10.4028/www.scientific.net/msf.783-786.2720

An, F., Zhang, B., Yan, Y., & Wang, L. (2021). Effect of vanadium contents on microstructure
and mechanical properties of ti—6al-xv components produced by wire + arc additive
manufacturing. Materials Transactions, 62(8), 1071-1078.
https://doi.org/10.2320/matertrans.mt-m202103 1

Hazan, R. and Oron, U. (1993). Enhancement of bone growth into metal screws implanted in
the medullary canal of the femur in rats. Journal of Orthopaedic Research®, 11(5), 655-663.
https://doi.org/10.1002/jor.1100110507

Kawai, T., Takemoto, M., Fujibayashi, S., Akiyama, H., Tanaka, M., Yamaguchi, S., ... &
Matsuda, S. (2014). Osteoinduction on acid and heat treated porous ti metal samples in canine
muscle. Plos One, 9(2), €88366. https://doi.org/10.1371/journal.pone.0088366

Kawai, T., Takemoto, M., Fujibayashi, S., Tanaka, M., Akiyama, H., Nakamura, T., ... &
Matsuda, S. (2014). Comparison between alkali heat treatment and sprayed hydroxyapatite
coating on thermally-sprayed rough ti surface in rabbit model: effects on bone-bonding ability
and osteoconductivity. Journal of Biomedical Materials Research Part B Applied Biomaterials,
103(5), 1069-1081. https://doi.org/10.1002/jbm.b.33281

Komasa, S., Su, Y., Taguchi, Y., Yamawaki, 1., Yoshifumi, T., Kusumoto, T., ... & Okazaki, J.
(2015). Bioactivity of titanium surface nanostructures following chemical processing and heat
treatment. Journal of Hard Tissue Biology, 24(3), 257-266. https://doi.org/10.2485/jhtb.24.257
Nishiguchi, S., Fujibayashi, S., Kim, H., Kokubo, T., & Nakamura, T. (2003). Biology of alkali-
and heat-treated titanium implants. Journal of Biomedical Materials Research Part A, 67A(1),
26-35. https://doi.org/10.1002/jbm.a.10540

Nishiguchi, S., Katd, H., Fujita, H., Kim, H., Miyaji, F., Kokubo, T., ... & Nakamura, T. (1999).
Enhancement of bone-bonding strengths of titanium alloy implants by alkali and heat
treatments.  Journal of Biomedical = Materials  Research, 48(5), 689-696.
https://doi.org/10.1002/(sici)1097-4636(1999)48:53.0.co;2-c

994

DOI : 10.62610/RJOR.2025.1.17.93



Romanian Journal of Oral Rehabilitation

55.

56.

57.

38.

59.

60.

61.

62.

63.

64.

65.

Vol. 17, No.1 January-March 2025

Oron, U. (2017). Heat treatment of metal implants significantly increases their osseointegration
with the host bone. Orthopedics and Rheumatology Open Access Journal, 5(3).
https://doi.org/10.19080/0r0aj.2017.05.555665

Panaite, T. (2024). Heat treatment’s vital role: elevating orthodontic mini-implants for superior
performance and  longevity—pilot  study. Dentistry  Journal, 12(4), 103.
https://doi.org/10.3390/dj12040103

Yamamoto, K., Yamaguchi, S., Matsushita, T., Mori, S., Hirata, A., Kato-Kogoe, N., ... &
Ueno, T. (2018). Osteogenic capacity of mixed-acid and heat-treated titanium mesh prepared
by a selective laser melting technique. RSC Advances, 8(46), 26069-26077.
https://doi.org/10.1039/c8ra04193h

Linker, S. (2023). Crystallite growth limits in amorphous oxides. Classical and Quantum
Gravity, 41(2), 025003. https://doi.org/10.1088/1361-6382/ad14b7

Moreau, L., Ha, D., Zhang, H., Hovden, R., Muller, D., & Robinson, R. (2013). Defining
crystalline/amorphous phases of nanoparticles through x-ray absorption spectroscopy and x-
ray diffraction: the case of nickel phosphide. Chemistry of Materials, 25(12), 2394-2403.
https://doi.org/10.1021/cm303490y

Li, Y., Dong, R., Yang, W., & Hu, J. (2021). Composition based crystal materials symmetry
prediction using machine learning with enhanced descriptors..
https://doi.org/10.48550/arxiv.2105.07303

Oviedo, F., Ren, Z., Sun, S., Settens, C., Liu, Z., Hartono, N., Buonassisi, T. (2019). Fast and
interpretable classification of small x-ray diffraction datasets using data augmentation and deep
neural networks. NPJ Computational Materials, 5(1). https://doi.org/10.1038/s41524-019-
0196-x

Stanev, V., Vesselinov, V., Kusne, A., Antoszewski, G., Takeuchi, I., & Alexandrov, B. (2018).
Unsupervised phase mapping of x-ray diffraction data by nonnegative matrix factorization
integrated ~ with  custom  clustering. NPJ  Computational = Materials,  4(1).
https://doi.org/10.1038/s41524-018-0099-2

Szymanski, N., Bartel, C., Zeng, Y., Tu, Q., & Ceder, G. (2021). Probabilistic deep learning
approach to automate the interpretation of multi-phase diffraction spectra. Chemistry of
Materials, 33(11), 4204-4215. https://doi.org/10.1021/acs.chemmater.1c01071

Kumar, B. and Hymavathi, B. (2017). X-ray peak profile analysis of solid-state sintered
alumina doped zinc oxide ceramics by williamson—hall and size-strain plot methods. Journal
of Asian Ceramic Societies, 5(2), 94-103. https://doi.org/10.1016/j.jascer.2017.02.001

Peck, M. and Langell, M. (2012). Comparison of nanoscaled and bulk nio structural and
environmental characteristics by xrd, xafs, and xps. Chemistry of Materials, 24(23), 4483-4490.
https://doi.org/10.1021/cm300739y

995

DOI : 10.62610/RJOR.2025.1.17.93



