
Romanian Journal of Oral Rehabilitation 

Vol. 17, No.1 January-March 2025 

 

983 
DOI : 10.62610/RJOR.2025.1.17.93 

STRUCTURAL CHARACTERIZATION OF MINI-IMPLANTS BEFORE 

AND AFTER HEAT TREATMENT USING X-RAY DIFFRACTION 

(XRD) 

Tinela Panaite1, Cristian Liviu Romanec1*, , Mihnea Iacob1, Raluca-Maria Vieriu1, Alice 

Chehab 1, Irina Nicoleta Zetu1,  Carina Balcos1, Carmen Savin1 

 

1Department of Oral and Maxillofacial Surgery, Faculty of Dental Medicine, “Grigore T. Popa” University of 

Medicine and Pharmacy, 16 Universitatii Str., 700115 Iasi, Romania; tinela-panaite@umfiasi.ro (T.P); 

carina.balcos@umfiasi.ro (C.B.); carmen.savin@umfiasi.ro (C.S.); mihnea.iacob@umfiasi.ro (M.I); 

liviu.romanec@umfiasi.ro (C.L.R.); raluca-maria.vieriu@umfiasi.ro (R.M.V.);   alice-chehab@umfiasi.ro 

(A.C);irina.zetu@umfiasi.ro (I.Z.) 

 

*Corresponding author:  Cristian Liviu Romanec: Liviu.romanec@umfiasi.ro (C.L.R.)  

Abstract 

This study investigates the structural characterization of orthodontic mini-implants made from Ti6Al4V 

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 α and β phases in Ti6Al4V and specific crystallographic planes in 316L stainless steel.For 

Ti6Al4V, 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 

X-ray diffraction (XRD) is 

extensively used in studying the mechanical 

properties of Grade V titanium alloys. XRD 

enables the characterization of phase 

transformation kinetics (1), the mechanical 

behavior of titanium alloys (2), and the 

analysis of oxide formation on titanium 

alloys (3). Using XRD, researchers can 

study microstructural defect parameters in 

titanium alloys (4), investigate the impact 

of loading conditions on the mechanical 

properties of titanium alloys (5), and 

understand phase and structural 

transformations in binary titanium alloys 

(6). The use of XRD to investigate 

degradation processes in titanium dental 

implants, as described by Tepla et al. (7), 

and to evaluate the cytocompatibility and 

electrochemical properties of gold-titanium 

alloys for biomedical applications, as 

shown by Oh et al. (8), highlights the 

flexibility and significance of this technique 

in material science studies. 

X-ray diffraction is a non-invasive 

analytical technique used to investigate 

materials, aiming to determine their 

crystalline structure by measuring 

symmetry, lattice dimensions, and atomic 

positions within the unit cell. Additionally, 

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 = 0.98λ / (βcosθ), where λ is 

the X-ray wavelength, β is the peak width 

at half maximum, and θ 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 

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. 

3. 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. 

4. 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. 

5. 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 Iași. 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 

directions. Data were collected over an 

angular range of 10.0116° to 99.9934° 

2Theta (diffraction angle) using a 

continuous scanning method. 

The X-ray source used for scanning 

was a copper (Cu) anode, with specific 

wavelengths for the K-Alpha1 line 

(1.54060 Å) and the K-Alpha2 line 

(1.54443 Å). 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. 

 
(a) 

 
(b) 
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(d) 

 

Figure 1. Diffraction Patterns of Mini-Implants: (a) Mini-implant made of Ti6Al4V alloy, 

untreated; (b) Mini-implant made of Ti6Al4V alloy, heat-treated; (c) Mini-implant made of 

316L. 

The diffraction peaks corresponding to the 

crystallographic structure of Ti6Al4V are 

observed in the XRD analysis (Fig. 

1a).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 Å, 2.91962 Å, 2.42058 Å, and 

2.22316 Å. 

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. 

Heat Treatment for 316L Stainless Steel: 

Peak Positions: 

• 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. 

• Shifts in peak positions indicate 

changes in lattice spacing due to 

structural changes or phase 

transformations. 

Peak Intensities: 

• The intensity of a peak reflects the 

number of diffracted X-rays 

detected. 

• Intense peaks suggest high 

crystallinity or a dominant phase, 

while weaker peaks may correspond 

to minor phases or amorphous 

regions. 

Peak Widths: 

• Broad peaks indicate smaller 

crystallite sizes or lattice 

imperfections (strain). 

• 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 

 

 
 

(a) (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 α-Ti and β-Ti) of 

the Ti6Al4V 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 

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 of 

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

Material Highest Peak 

Position (°2Th) 

Highest Peak 

Intensity 

Peak Width 

(FWHM) 

d-spacing 

(Å) 

316L 

(Untreated) 

30.5664 9221.24 0.1421 2.92475 

Ti6Al4V 

(Untreated) 

30.6215 9234.69 0.1034 2.91962 

316L (Treated) 30.8522 6559.17 0.1421 2.89831 

Ti6Al4V 

(Treated) 

30.8522 6559.17 0.1421 2.89831 

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°. 

o This shift indicates 

microstructural changes, 

likely due to relaxation of 

internal stresses or phase 

adjustments induced by the 

heat treatment. 

2. Peak Intensity: 

o The highest peak intensity 

decreases significantly after 

heat treatment for both 

materials: 

▪ 316L: From 9221.24 

to 6559.17. 

▪ Ti6Al4V: From 

9234.69 to 6559.17. 

o A reduction in intensity 

suggests a decrease in 

crystallinity or a 

reorganization of grain 

structure due to the heat 

treatment. 

3. Peak Width (FWHM): 

o The FWHM (Full Width at 

Half Maximum) for 316L 

remains constant (0.1421), 

whereas for Ti6Al4V, it 

increases slightly from 

0.1034 to 0.1421. 

o This suggests that: 

▪ For 316L, grain size 

remains relatively 

stable. 

▪ For Ti6Al4V, there 

may be grain 

coarsening or a 

slight increase in 

microstrain caused 

by the heat 

treatment. 

4. d-spacing (Å): 

o The d-spacing decreases for 

both materials after heat 

treatment: 

▪ 316L: From 2.92475 

Å to 2.89831 Å. 

▪ Ti6Al4V: From 

2.91962 Å to 

2.89831 Å. 

o 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 Ti6Al4V 

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 Ti6Al4V are: 

1. Dissolution and transformation of the 

metastable α' martensite phase into a 

desired two-phase (α + β) 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 α and β 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). 

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 Ti6Al4V, 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 β 

grain size (44). However, heat treatment in 

the α+β 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 

Ti6Al4V-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 Ti6Al4V, 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. Ion 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 

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 

Ti6Al4V 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 Ti6Al4V 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 



Romanian Journal of Oral Rehabilitation 

Vol. 17, No.1 January-March 2025 

 

991 
DOI : 10.62610/RJOR.2025.1.17.93 

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 

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. 
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