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Abstract

:

Orthodontic mini-implants are devices used for anchorage in various orthodontic treatments. We conducted a pilot study which aimed to observe preliminary trends regarding the impact of heat treatment on the elastic modulus of Ti6Al4V alloy and stainless steel 316L mini-implants. The initial phase involved testing the impact of heat treatment on the mechanical properties of Ti6Al4V alloy and stainless steel 316L mini-implants. Material and methods: Ten self-drilling mini-implants sourced from two distinct manufacturers (Jeil Medical Corporation® and Leone®) with dimensions of 2.0 mm diameter and 10 mm length were tested. They were separated into two material groups: Ti6Al4V and 316L. Using the CETRUMT-2 microtribometer equipment, indentation testing was conducted employing a diamond-tipped Rockwell penetrator at a constant force of 4.5 N. Results: Slight differences were observed in the elastic modulus of the Ti6Al4V alloy (103.99 GPa) and stainless steel 316L (203.20 GPa) compared to natural bone. The higher elastic moduli of these materials indicate that they are stiffer, which could potentially lead to stress-shielding phenomena and bone resorption. Heat treatment resulted in significant changes in mechanical properties, including elastic modulus reductions of approximately 26.14% for Ti6Al4V and 24.82% for 316L, impacting their performance in orthodontic applications. Conclusion: Understanding the effects of heat treatment on these alloys is crucial for optimizing their biomechanical compatibility and longevity in orthodontic treatment. To fully evaluate the effects of heat treatment on mini-implants and to refine their design and efficacy in clinical practice, further research is needed.
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1. Introduction


Mini-implants are widely used in orthodontic treatments for providing anchorage. The mechanical characteristics of mini-implants play a crucial role in their success. The primary stability of mini-implants is essential for their successful integration with bone tissue. Factors such as bone physiology, implant size, shape, and surface characteristics influence the stability of mini-implants [1]. Mini-implant stability is crucial, and issues like managing stability and fracture resistance need to be addressed [2]. Microindentation is a valuable technique for assessing the durability and mechanical properties of various materials. This technique is crucial for determining mechanical properties at different scales, aiding in material design and assessing durability against degradation [3].



The incorporation of mini-implants into orthodontic treatment planning strategies has streamlined early anchorage control and enhanced effectiveness in addressing significant disparities in both skeletal and dental dimensions [4]. The survival rate of mini-implants is statistically influenced by the insertion torque, with higher values of torque potentially leading to stress, necrosis, and local ischemia [5].



Depending on the type of mini-implant and the driver shaft used, various fracture patterns were observed: nearly all types of mini-implants fractured around the acrylic block in the threaded part region of the mini-implants [6]. Herrera and Diez-Perez [7] have emphasized the significance of microindentation in the analysis of bones, showcasing its capability to augment current techniques and offer insights into the strength of materials when subjected to pressure. Furthermore, microindentation has been employed to examine the creep characteristics of materials, indicating its relevance in determining the long-term performance of materials under stress. This reinforces the concept of applying microindentation to assess the durability of orthodontic mini-implants against focused loads [8].



The importance of using microindentation is emphasized in its effectiveness in quantifying material stiffness, which is vital for evaluating its capacity to withstand various loads [9], thereby highlighting the potential of microindentation as a valuable tool for evaluating the mechanical properties of materials used in orthodontic mini-implants. This method enables the evaluation of hardness and elastic modulus, offering insights into the material’s ability to resist deformation and withstand mechanical stresses [10].



Microindentation is a technique that has been used since the 1950s, and in recent years, micro- and nanoindentation methods have been developed. Research focus has shifted towards the development of compatible mini-implants, which exhibit peri-implant biomechanics with a modulus of elasticity close to that of bone tissue and compression strength, while promoting appropriate osteoimmunomodulatory responses [11]. The Young’s modulus of titanium alloy is much higher than that of the surrounding bone tissue. The difference in Young’s modulus provides protection against tension when a load is applied. For example, the Young’s modulus of Ti6Al4V alloy is approximately 110 GPa, much higher than that of natural bone tissue—the Young’s modulus of cortical and trabecular bone ranges from 0.5 to 20 GPa [12]. The optimal stress for bone tissue generally falls between 20 and 60 MPa. If the stress level exceeds this range, bone tissue will undergo damage and subsequently be absorbed. Protecting against stress leads to unused atrophy of the affected bone tissue, and the implant tends to fail [13]. Therefore, reducing the Young’s modulus of the mini-implant is necessary to transfer stress to the surrounding bone tissue and ensure the long-term stability of the implant.



Analyzing the influence of Young’s modulus modification on orthodontic mini-implants made of Ti6Al4V and 316L alloys, through the examination of mechanical properties and the interpretation of results obtained using the microindentation technique using CETR UMT-2 microtribometer equipment, will significantly contribute to a more detailed understanding of the behavior of these materials and to identifying critical aspects related to resistance to concentrated loads. Hence, the aim of this research was to conduct a thorough examination of the mechanical characteristics of orthodontic mini-implants crafted from Ti6Al4V and 316L alloys post heat treatment via a UTTIS electric oven, employing established procedures for microindentation testing. The indentation process utilized a diamond-tipped Rockwell penetrator at a consistent force of 4.5 Newton. In this pilot study, we aimed to observe preliminary trends regarding the impact of heat treatment on the elastic modulus of Ti6Al4V alloy and stainless steel 316L mini-implants.




2. Materials and Methods


2.1. Study Design and Setting


In this study, we used 10 self-drilling mini-implants from two different brands of manufacturing companies (Jeil Medical Corporation® Seul, Korea, and Leon® Firenze, Italy) with diameters of 2.0 mm and lengths of 10 mm. The mini-implants were made of a titanium alloy, Ti6Al4V (titanium grad V), and stainless steel, 316L. These mini-implants were divided into two groups based on material: Ti6Al4V and 316 L. This pilot study investigated the impact of heat treatment on the mechanical properties of Ti6Al4V alloy and stainless steel 316L mini-implants.



To conduct the microindentation test, we used the CETR UMT-2® microtribometer equipment (CETR—Centre for Tribology Inc., Campbell, CA, USA) (Figure 1a), available in the Tribology Laboratory, Faculty of Mechanical Engineering, “Gheorghe Asachi” Technical University of Iasi, Romania. To efficiently embed samples with orthodontic mini-implants, hot-embedding followed by preparation for investigation through the microindentation method was chosen (Figure 2a,b). Initially, the samples were hot-embedded using the CitoPress® equipment from Struers (Struers Company, Ballerup, Denmark) (Figure 1b). In this process, the samples were incorporated into a special resin, PuriFast, also purchased from Struers, because this method ensures the uniform and solid embedding of the samples, providing a stable base for subsequent processing stages, like the analysis of the samples through the indentation method. Embedding ensures that the samples are stable and well supported during analysis, which is important for obtaining precise results. After the samples were embedded, they underwent a grinding process until a mirror-like finish was achieved using the Tegramin equipment from Struers. Through fine grinding, the sample surface became extremely smooth and prepared for detailed analysis.




2.2. Mechanical Procedure


The microindentation method was used to determine the longitudinal elastic modulus of the Ti6Al4V alloy and 316L mini-implants. This method involves the penetration of the specimen’s surface with a conical-tipped indenter under a specific force. During the microindentation test, the values of the applied forces are recorded as a function of the depth of penetration of the indenter into the material. The measurement principle of the microindentation test is illustrated in Figure 3a,b.



To perform the microindentation test on the tribometer, a linear stage was installed with the sample fixed onto it. A capacitive sensor support was attached to this stage for recording the depth of penetration into the test material. A force sensor was used, and the rigid support in which the system was mounted was secured with two screws.




2.3. Statistical Analysis


The collected data were inputted into a Microsoft Excel 365 spreadsheet and subsequently imported into SPSS software (Version 28, IBM Corp., Armonk, NY, USA) for statistical analysis. The analysis process involved the following steps: (a) Initially establishing a database for descriptive statistics. (b) Employing qualitative variable analysis methods such as the Wilcoxon Signed-Rank Test. The reason for this was that the Wilcoxon Signed-Rank test is a non-parametric test used to compare paired samples when the assumption of normality is violated or when the data are ordinal. In this study, we compared the mechanical properties of Ti6Al4V and 316L mini-implants before and after heat treatment. It was applicable because it assessed whether there were significant differences in the mechanical properties of the Ti6Al4V and 316L mini-implants before and after heat treatment separately. The statistical significance threshold for establishing a relationship as significant was set at a probability value of p < 0.05.




2.4. The Experimental Method Involves the Following Steps


	(a)

	
Bringing an indenter with precisely defined geometry into contact with the sample under a known load and measuring the depth at which the indenter penetrates the sample;




	(b)

	
Reducing the load after reaching a maximum value, followed by monitoring the withdrawal of the indenter;




	(c)

	
Determining the elastic modulus of the sample by analyzing the load–unload curves and knowing the geometry of the indenter.







These investigated samples were secured onto a flat surface of the testing device with screws and clamping clips. The tests were conducted under dry conditions, and for indentation, a diamond-tipped Rockwell-type penetrator with a cone angle of 120° and a spherical tip with a radius of 200 μm was used, applying a force of 4. 5 N. To ensure the most accurate determination, three distinct determinations were performed for each sample along the entire length of the mini-implant. Three measurement points were selected for analysis in the following areas of the orthodontic mini-implant: the cervical region at the neck level, the second one in the middle of the mini-implant, and at the tip of the mini-implant (marked with X in Figure 4a–c).



Upon completion of the work stages and their recording by the UMT 2 apparatus software, the indentation curves (depth vs. force) of the Ti6Al4V and 316L mini-implant samples were plotted using the UMT VIEWER TEST® program (CETR—Centre for Tribology Inc., Campbell, CA, USA).




2.5. Modification of Properties through Heat Treatment


We applied heat treatments to the experimental samples using the UTTIS-type electric oven (Figure 5), aiming to observe how the properties of the materials changed.



For heat treatments, mini-implants purchased from, Dual Top Anchor System® (Jeil Medical Corporation Seongnam, Seoul, Republic of Korea), and Leone® (Leone S.p.A, Florence, Italy) were used (Figure 6a,b).




2.6. The Working Parameters Included


	(1)

	
Heating the electric oven (Figure 5) to 890 °C;




	(2)

	
Maintaining constant heat for 120 min;




	(3)

	
Slow cooling of the mini implants;




	(4)

	
After the heat treatments, the mini-implants were hot-embedded (Figure 6a,b) using the CitoPress equipment from Struers (Figure 1b).








2.7. Advantages of the Working Method Include


	(1)

	
High resolution: Microtribometers are capable of measuring at the nanometer scale, allowing for the precise characterization of the mechanical properties of materials on a small scale.




	(2)

	
Versatile samples: This method can be applied to a wide variety of materials, including polymers, metals, ceramics, and composites.




	(3)

	
Non-invasive: The indentation procedure is usually non-invasive, ensuring that the sample is not significantly destroyed or altered.




	(4)

	
Speed: Tests can be performed in a relatively short period compared to other testing methods.




	(5)

	
Flexibility: The elastic modulus, hardness, and other properties can be conveniently obtained through a single measurement.









3. Results


Sample Processing Results


The results of the indentation test before heat treatment are presented in Table 1, and the resulting curves for Ti6Al4V (Figure 7a) can be found in Figure 7b–d. The modulus of elasticity and hardness are calculated by summing the three obtained values.



Descriptive statistics provided (Table 1): (1) The maximum load difference for the Ti6Al4V sample was 0.01 N, indicating a minor change in load capacity after treatment. (2) Before treatment, the maximum displacement for the Ti6Al4V sample was 8.22 µm, which increased to 9.21 µm after treatment, resulting in a difference of 0.99 µm. (3) The modulus of elasticity before treatment for the Ti6Al4V sample was 105 GPa, which decreased to 76.81 GPa after treatment, showing a reduction of 28.19 GPa. (4) Similarly, for the 316L sample, the maximum load before treatment was 4.50 N, which decreased slightly to 4.49 N after treatment. (5) The maximum load difference for the 316L sample was −0.01 N, indicating a slight decrease in load capacity after treatment. (6) Before treatment, the maximum displacement for the 316L sample was 6.62 µm, which increased to 7.54 µm after treatment, resulting in a difference of 0.92 µm. (7) The modulus of elasticity before treatment for the 316L sample was 210 GPa, which decreased to 157.87 GPa after treatment, showing a reduction of 52.13 GPa. These changes in mechanical properties highlight the impact of the heat treatment process on both the Ti6Al4V and 316L samples, with notable differences observed in the load capacity, displacement, and modulus of elasticity. The Wilcoxon test results show the test statistics and associated p-values for the Ti6Al4V alloy and 316L mini-implants, indicating a significant difference in the mechanical properties of both materials before and after heat treatment. The low values of the test statistic and the p-values (0.0185 in both cases) suggest that the observed difference between the data groups is unlikely to be due to random variability and is more likely to be statistically significant. The results obtained from the indentation test conducted on the Ti6Al4V titanium alloy and the 316L stainless steel offer valuable insights into their suitability for orthodontic mini-implants. The Ti6Al4V alloy had an elastic modulus of 105 GPa, while the 316L stainless steel had a modulus of 210 Gpa (Table 1). The elastic modulus is an important indicator of material stiffness, with a higher value indicating greater rigidity. In this comparison, 316L exhibited greater stiffness than Ti6Al4V. Although the difference was minor, it could impact the behavior of implants within the oral cavity.



There was a significant decrease in hardness from 0.87 GPa to 0.63 GPa, indicating lower resistance to plastic deformation. In Figure 7a–c, results of the alloys’ response during indentation tests before heat treatment are shown, and in Figure 7d–f, images after heat treatment are presented, in the form of force–displacement dependencies for Ti6Al4V. These dependencies are graphically expressed by indentation curves, illustrating how the applied force varies with the depth of the indenter penetration.



In Figure 7a–f, the responses of the alloys during the indentation tests are depicted as force–depth dependencies. These graphs provide a detailed perspective on how the applied force varies with the depth of penetration of the indenter into the tested material for each alloy individually. By analyzing these dependencies, a deeper understanding of the material’s behavior under indentation loads and its mechanical properties can be gained. Thus, these data provide essential information for evaluating and comparing the performances of different alloys regarding deformation resistance and stiffness.



Figure 8 presents images of the results of the alloy response during indentation tests before (Figure 8a–c) and after heat treatment (Figure 8d–f), in the form of force–depth dependencies for 316L.



In Figure 7a–f and Figure 8a–f, the responses of the alloys during the indentation tests are depicted as force–depth dependencies. These graphs provide a detailed perspective of how the applied force varied with the depth of penetration of the indenter into the tested material for each alloy individually. By analyzing these dependencies, a deeper understanding of the material’s behavior under indentation loads and its mechanical properties can be gained. Thus, these data provide essential information for evaluating and comparing the performances of different alloys regarding deformation resistance and stiffness.





4. Discussion


The aim of this pilot study was achieved through an examination of mechanical properties and the interpretation of the obtained results by using the microindentation technique with CETR UMT-2 microtribometer equipment. The study is expected to contribute significantly to a more detailed understanding of the behavior of these materials and to identify critical aspects related to resistance to concentrated loads. This suggests that the heat treatment had a notable impact on the mechanical characteristics of the mini-implants for both materials.



Descriptive statistics indicate notable changes in the mechanical properties of both the Ti6Al4V and 316L mini-implants after heat treatment, reflecting the outcomes of this pilot study. Ti6Al4V showed a slight increase in maximum load but a significant decrease in the modulus of elasticity, whereas 316L displayed a slight decrease in maximum load but a significant decrease in the modulus of elasticity as well. The Wilcoxon test further confirmed significant differences before and after heat treatment for both materials. These findings, while preliminary due to the pilot nature of the study, emphasize the substantial impact of heat treatment on mini-implant mechanical properties and highlight the necessity for optimized protocols in clinical applications.



Processing parameters and heat treatment have a significant impact on the microstructure and porosity of Ti6Al4V and 316L alloys, thereby affecting their biocompatibility and integration as orthodontic mini-implants. Research has demonstrated that microstructural characteristics, such as grain size and phase fractions, are crucial in the machining of heat-treated Ti6Al4V titanium alloys [15]. The Ti6Al4V alloy and 316L exhibit differences in hardness, elastic modulus, and tensile strength. The Ti6Al4V alloy generally has higher hardness, elastic modulus, and tensile strength compared to 316L stainless steel [16]. The Ti6Al4V alloy is known for its higher strength, lower modulus of elasticity, better corrosion resistance, and superior biocompatibility, making it a preferred material for orthodontic mini-implants [17]. Especially 316L stainless steel is widely utilized as a material in various applications due to its superior corrosion resistance and good mechanical properties [18]. The hardness and elastic modulus of Ti6Al4V alloys are influenced by factors such as the orientation of the α and β phases within the alloy [19]. However, Ti alloys, including Ti6Al4V, are noted for their high notch sensitivity, which can affect fatigue resistance due to the presence of defects that act as stress raisers [20]. In orthodontic applications, the choice of material for mini-implants is crucial. The use of Ti6Al4V alloys for mini-implants is common due to their mechanical properties, biocompatibility, and strength, which are essential for providing stable anchorage during orthodontic treatment [21]. The mismatch in Young’s modulus values between the bone and the implant, as seen with materials like 316L stainless steel, can lead to stress-shielding effects and potential implant loosening [22]. Overall, the differences in hardness, elastic modulus, and tensile strength between Ti6Al4V alloys and 316L have significant implications for the behavior and performance of orthodontic mini-implants. The superior mechanical properties and biocompatibility of Ti6Al4V make it a preferred choice for ensuring the stability and success of orthodontic treatments involving mini-implants. The mechanical properties of Ti6Al4V alloys and 316L are crucial for their tribological behavior, wear resistance, and corrosion resistance, which are essential factors for their biocompatibility and integration into adjacent tissues. Ti6Al4V alloys are widely used in orthopedic implants due to their adequate mechanical properties, corrosion resistance, and biocompatibility [23]. Additionally, Ti6Al4V has excellent mechanical properties, corrosion resistance, and superplasticity, making it a favorable material for various applications [24].



The results obtained indicate that the increase in maximum displacement suggests greater deformation under the same load, implying a change in material behavior during heat treatment. The decrease in elastic modulus indicates lower resistance to elastic deformation, possibly due to microstructural changes induced by heat treatment. Reduced stiffness indicates the lower resistance of the material to deformation. The increase in hardness may suggest better resistance to plastic deformation, which could be advantageous in specific applications. A similarity between the elastic modulus of the implant material and that of human bones can mitigate the risk of bone resorption and enhance implant integration [25,26,27]. Human bones typically have an elastic modulus ranging from 10 to 30 GPa, making both Ti6Al4V and 316L suitable choices in this aspect. Having an elastic modulus closer to that of natural bones facilitates a more even distribution of forces during chewing, thereby lowering the risk of implant or adjacent bone damage. It is crucial to interpret these findings from the provided tables to comprehend how heat treatment has impacted the properties of the investigated materials, specifically the Ti6Al4V alloy and the 316L stainless steel.



The results gleaned from the indentation method for the examined alloys have revealed a marginal variance in elastic modulus. Specifically, for Ti6Al4V and 316L, the elastic modulus exhibited a decrease compared to the standard value. Guo et al. emphasized that the elastic modulus of Ti6Al4V significantly surpasses that of human cortical bone [28]. Similarly, the elastic modulus of stainless steel 316L greatly exceeds that of human bones, rendering implants prone to failure due to the stress-shielding phenomenon [29]. This disparity in elastic moduli can instigate stress-shielding effects, culminating in bone resorption and implant failure [30]. Additionally, Piotrowski et al. [31] underscored the elastic modulus’s impact on load transfer between the implant and bone during loading, indicating that the implant material’s elastic modulus wields a significant influence on bone response and stress distribution. Moreover, Zhang et al. [32] demonstrated that implants with lower elastic moduli could enhance bone growth volume by optimizing force transmission, signifying a favorable impact of lower elastic moduli on bone response and osseointegration. Collectively, these studies underscore the finding that the elastic modulus of implant materials profoundly influences bone’s response to mini-implants in terms of remodeling, osseointegration, and bone resorption.



The design and material properties of the implant, including its elastic modulus, play a pivotal role in determining biomechanical interaction with surrounding bone tissue. The post-heat treatment elastic modulus results obtained via the indentation method indicate that for Ti6Al4V, it was 76.81 GPa, and for 316L, it was 157.87 GPa. Heat treatment applied to Ti6Al4V alloy mini-implants reduced the elastic modulus by roughly 26.14%, and for 316L, the decrease was approximately 24.82%. These findings denote alterations in the mechanical properties of the materials due to the applied heat treatment. Understanding the effects of heat treatments on the material properties of Ti6Al4V and 316L alloys is imperative for comprehending how these alloys perform in orthodontic settings with mini-implants. Heat treatments can induce significant changes in the microstructure and mechanical properties of these alloys, thereby influencing their potential applications in orthodontics. In the case of Ti6Al4V, parameters such as temperature, cooling method, and exposure duration have been identified as factors influencing microstructure and hardness properties [33].



Post-heat treatment analyses on Ti6Al4V have unveiled significant changes in grain size and mechanical properties of the material [34]. Similarly, for stainless steel 316L, it has been observed that heat treatments impact mechanical properties, fatigue behavior, and corrosion resistance, all crucial aspects in the realm of orthodontic mini-implants [35]. The changes induced by heat treatments can directly impact the performance of these alloys in orthodontics with mini-implants. For instance, the fatigue behavior of stainless steel 316L is influenced by stress relaxation heat treatment, vital for ensuring the reliability of mini-implants during orthodontic procedures [36]. Additionally, aspects such as the microstructure and porosity of alloys, influenced by processing parameters and heat treatment, represent significant considerations for biocompatibility and tissue integration. Research has shown that the evolution of the melt zone, porosity, and microstructures in Ti6Al4V parts fabricated through selective laser melting can be influenced by processing parameters, thus impacting the biocompatibility and integration of these alloys into adjacent tissues [37].



Regarding applicability in orthodontic practice, the findings suggest that heat treatment can significantly impact the mechanical properties of orthodontic mini-implants made from Ti6Al4V and 316L alloys. Understanding these changes is crucial for orthodontic practitioners when selecting and utilizing these materials in clinical settings. Specifically, knowledge of how heat treatment affects properties such as deformation, elasticity, stiffness, and hardness can guide clinicians in determining the optimal mini-implant material and treatment approach for individual patients.



However, it is important to note some limitations of the study. Firstly, the investigation focused on mechanical properties only, and other factors such as biocompatibility, corrosion resistance, and long-term clinical performance were not addressed. Additionally, the study was conducted under controlled laboratory conditions, and the findings may not fully represent the complex in vivo environment in orthodontic applications. Furthermore, the sample size and specific characteristics of the mini-implants tested may limit the generalizability of the results to all orthodontic mini-implants on the market.




5. Conclusions


The thermal influence on mini-implants can significantly affect their mechanical characteristics and their compatibility with surrounding bone tissue in terms of biomechanics. Heat treatment becomes crucial in the development and utilization of orthodontic mini-implants to attain optimal outcomes in orthodontic therapy. Nonetheless, further investigation is necessary to comprehensively grasp the implications of heat treatment on mini-implants and to refine the design and efficacy of these devices in clinical settings.
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Figure 1. Equipment used for sample analysis: (a) CETR-UMT-2 microtribometer and (b) CitoPress equipment from Struers. 
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Figure 2. Samples of mini-implants hot-embedded and prepared for investigation through the indentation method (a) 316L and (b)Ti6Al4V alloy. 
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Figure 3. The measurement principle of the microindentation test: (a) Diagram illustrating working principles, (b) load–displacement curve showing the loading and unloading process, where S is the unloading contact stiffness. Figure 3 is reproduced with permission from Zhifeng Ren; Phys. Status Solidi A, published by Wiley Online Library, 2015 [14]. 
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Figure 4. Indentation pressure zones: (a) the cervical region at the neck level; (b) the second one in the middle of the mini-implant; and (c) at the tip of the mini-implant. 
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Figure 5. UTTIS electric oven. 
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Figure 6. Samples of mini-implants after heat treatment for investigation through the indentation method: (a) Ti6Al4V and (b) 316L alloy. 
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Figure 7. The force–depth curves of microindentation tests for the investigated Ti6Al4V alloy: (a) before heat treatment in the cervical region at the neck level; (b) before heat treatment in the middle of the mini-implant; (c) before heat treatment at the tip of mini-implant; (d) after heat treatment in the cervical region at the neck level; (e) after heat treatment in the middle of the mini-implant; (f) after heat treatment at the tip of mini-implant. 
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Figure 8. The force–depth curves of microindentation tests for the investigated 316L alloy: (a) before heat treatment in the cervical region at the neck level; (b) before heat treatment in the middle of the mini-implant; (c) before heat treatment at the tip of the mini-implant; (d) after heat treatment in the cervical region at the neck level; (e) after heat treatment in the middle of the mini-implant; (f) after heat treatment at the tip of the mini-implant. 
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Table 1. Mean values of indentation test results for the investigated samples before and after heat treatment.
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	Sample
	Maximum Load Before [n]
	Maximum Load After [n]
	Maximum Displacement Before [µm]
	Maximum Displacement After [µm]
	Maximum Displacement Difference [µm]
	Modulus of Elasticity Before [gpa]
	Modulus of Elasticity After [gpa]
	Modulus of Elasticity Difference [gpa]
	Stiffness Before [n/µm]
	Stiffness After [n/µm]
	Stiffness Difference [n/µm]
	Hardness Before [gpa]
	Hardness After [gpa]
	Hardness Difference [gpa]





	Group 1 TI6AL4V alloy
	4.50
	4.50
	8.22
	9.21
	0.99
	105
	76.81
	−28.19
	1.554
	0.91
	−0.644
	2.06
	2.45
	0.39



	Group 2 316L
	4.50
	4.50
	6.62
	7.54
	0.92
	210
	157.87
	−52.13
	2.074
	1.93
	−0.144
	0.87
	0.63
	−0.24
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg





media/file4.png
)

(





nav.xhtml


  dentistry-12-00103


  
    		
      dentistry-12-00103
    


  




  





media/file16.png





media/file2.png
(b)






media/file5.jpg
(@)

(b)

Load,P

Load
Residual
impression
h, /
Loading Unloading
Loading
Unloading

f——— b ——

Displacement, h






media/file3.jpg
(a) (b)





media/file1.jpg
(b)






media/file7.jpg
(a)

. (b)

(©)






media/file10.png





media/file12.png





media/file9.jpg





media/file0.png





media/file17.png





media/file14.png
e
-

=

AN 0 M~ W D X MM N - O

(N) peoT]

9
8
7/
6
5
4
3
2
1
0

(N) peo

D MO M~ D D X NN

(N) peoT

g

) e N R eD S i e e N O i ey

(N) peOT

R D (MDD W M N e O

(N) peO

e

W M~ © W W M N - o

(N) peoT






media/file8.png





media/file1