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Abstract

:

This paper presents theoretical notions with practical applications for establishing the lifetime of a dental bur (durability and reliability) based on the wear of the active part and considering a series of statistical indicators. To justify applying theoretical notions in practice, a conical–cylindrical dental bur is studied experimentally to obtain a series of data of the work process necessary for statistical calculation. The parameter taken into consideration in this paper is mass lost through the wear of the dental bur active part, based on testing. This is useful for dental bur lifetime establishment and its extension or even optimization in operation. The loss of mass of the dental bur active part is analyzed in the work process using the results and experimental data obtained and validated by statistical–mathematical numerical calculation. The numerical calculation approximates the mass lost through wear at different rotation speeds and operation times, and based on a comparison with the experimentally determined ones, the lifetime was established. The results show that the dental bur works with high yield in the first 20 h of work, after which it should be replaced with a new one. Theoretically, the studied dental bur can work over 21 h. Practically, it can work up to 18 h without major risk of failure, but the lifetime can be extended up to 20 h, at which point the failure risk can reach 10% and it is recommended to replace the bur.
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1. Introduction


The main requirement for the efficient and effective operation of a technical system is the durability and reliability of the system. According to refs. [1,2], durability represents the period in which a technical system is kept in operation under well-established conditions and the materials, even after operation, keep their initial properties. Instead, reliability concerns the operational safety of the technical system, with the latter not breaking down over the working process time, according to the prescribed norms [2,3,4], thus being a quality characteristic. A modern description of durable and reliable technical systems is systemically presented in Figure 1.



Mathematically, the essential components that define safety in the exploitation of a system, under known working conditions (the availability, reliability, and maintenance of the system), i.e., without failures, are presented below.



Reliability, R(t), as a function of time (t—operation time, of variable size), represents the operation probability in a time range [0, t) [4] with predetermined parameters and without failures and has values between 0 and 1.



Practically, reliability is determined by calculation (established during product design [5,6]), followed by verification in the laboratory, and in system operation, the effective reliability is confirmed. For each product/element of the technical system, the reliability of each element resulting from series production can be determined [7], even with the start of the system’s operation, and so can its experimental reliability. Therefore, reliability is the main component of total quality control.



This paper’s theoretical notions refer only to dental bur active part wear, which is verified through a practical application. Thus, dental bur active part failure will be analyzed together with its wear, also experimentally [6,7,8].



The active part is the element of a dental bur that cannot be restored (which loses working capacity due to failure or wear [6,7,8]), i.e., it is not repairable but needs to be replaced/changed. The defect of the dental bur active part, in the studied case, represents a deviation from quality, and it assumes operation interruption in the set time range or the inability to function with the parameters imposed by the designer.



According to [8], defects are physical imperfections, material inconveniences, etc., that can appear during the execution phase, due to the material, the user, the equipment used, etc., and during operation, due to the working environment, wear, shocks, deformations, etc. Thus, by summing up the operation times of the system, the quantitative failures can be determined [6,9].



Dental burs are fine mechanics tools made of expensive materials and used for delicate operations from a technical point of view, so their rapid wear requires studies and research to extend their lifetime or even optimize their operation. This involves a detailed analysis of the working process based on the calculation of wear, which limits dental bur lifetime (durability and reliability) [9,10].



Understanding the advances in medical research in general [11,12,13,14] and in the field of dental applications in particular [10] is crucial to the appropriate interpretation of statistical results. Thus, the state of uncertainty and apparent chaos from nature can be transformed into measurable parameters, which is also applicable in dental practice, with the help of statistical tools. At the same time, understanding the meaning and actual extent of these instruments is essential and of great importance for researchers, practitioners, and users, who, based on evidence close to reality, constantly require up-to-date information and support for decision-making [15]. The various aspects of statistical analysis and results are reviewed, and their comprehension is then attempted based on common but not-yet-in-depth knowledge to obtain non-exhaustive, constructive, and realistic insights.



In the present case, the relationships for the analytical calculation of wear cannot be without certain coefficients that are obtained experimentally. At the same time, it is emphasized that to obtain analytical relations for the calculation of wear and tear, an obvious simplification and modeling of the influencing factors must be resorted to.



The results obtained experimentally in different fields (social, economic, industrial, etc.) and assuming the existence of normal conditions of interaction have highlighted the order of factors that can particularly influence the evolution of wear through the prism of wear speed during friction: the geometry and type of the friction pair, the lubricating environment, pressure, the surface condition and the local conditions of the friction surface, temperature, the nature of the materials of the friction pair, hardness, friction speed, etc. [16].



In the case of friction pairs with relatively simple geometry, relatively smooth surfaces, and variation in only two–three parameters, it is possible to obtain, by calculation, the influence on the speed or intensity of the wear. However, in the operation of a dental system (as with many other mechanical systems), the simultaneous intervention of several parameters makes analytical calculation difficult, especially since the phenomena at the level of the real area are random; therefore, a statistical calculation is required [16].



The mechanical processes of superficial interaction and friction give rise to the thermal processes of heat accumulation and transfer, which influence both the processes due to the action of the cooling/lubrication medium, chemical and tribochemical processes, and the processes of changing the phase and structure, with implications on the subsequent processes of superficial interaction and the final ones of dimensional change (wear).



The experimental analysis of a process/phenomenon must be validated by mathematical modeling, regardless of whether the mathematical model is theoretical, empirical, or mixed (theoretical–empirical) [17,18]. These models require vast experiences that allow for establishing the bonds/relationships between the input, output, and control parameters of the modeled process [19,20], and their validation is usually conducted through another set of experiences.



The working process of the dental burs is complex, similar to the friction and wear of materials, or even with their splintering. There are currently complex experimental studies being made on dental burs through advanced research methods [21,22], and interesting results are presented by Arsecularante et al., ref. [23].



Thus, very similarly to the fine machining process by splintering milling is the dental milling process. Within complex and very expensive research, these phenomena can be mathematically modeled based on the experimental results obtained. The accuracy and stability of the models/model are directly influenced by the large number of experimental data and parameters involved in the process. So, an integral part of the statistical analysis of experimental data now comprises statistical–mathematical models.



Therefore, the wear process of the dental burs’ active part is analyzed through the theoretical presentation of the methodology of analytical and practical statistical calculation for its wear and with appropriate explanations. Justification by the statistical calculation of dental burs’ active part wear will be conducted through experimental tests with practical applications regarding extending the lifetime and even optimizing operation, thereby providing new ideas for constructive solutions and establishing some criteria possible for the replacement of used dental burs.




2. Materials and Methods


The phenomenon of friction–wear stands out by its great complexity due to the multitude and interaction in the operation of all factors, both external (load, speed, environment, etc.) and internal (the material of the friction pairs with the respective structure and hardness, roughness, temperature, etc.). This perfectly objective situation, which is accentuated when moving from laboratory research on models to operational real conditions, explains to some extent the difficulties and the current state of wear calculation.



The interaction of the friction–wear processes is represented schematically in Figure 2, where you can see an image of the interdependence of the complex processes that take place on the friction surfaces. As a result of friction, a large part of the energy spent by this process is transformed into heat at the friction surface; this effect becomes decisive with the increase in the functional parameters (speed, load/pressure).



Thus, during operation, a friction pair can be considered as a system whose elements interact with each other, directly or indirectly. Input quantities/sizes of the system are the external parameters of the friction process (load Fn, speed v, working medium, temperature θ, etc.). Complex phenomena of superficial interaction take place on the friction surface, which in turn will produce displacement resistance (friction force Ff) and a quantity of heat Q (see Figure 2).



As a result of the heat accumulation and transfer processes, a temperature field will be established in the friction pair. The temperature field is of interest under the following aspects: the maximum temperature and its place of occurrence, the temperature gradient compared to the normals of the contact surfaces, and the spatial and temporal allure of the average temperature. For the good operation of the friction pair, the maximum temperature must not exceed the temperature of chemical stability, the critical temperature of the materials of the friction pair, and the ignition temperature of the various products in the system of which the friction pair is a part.



The direct effects of the temperature field lead to changes in the phase and structure of the materials on the friction surface and near it. Along with mechanical and metallurgical processes, chemical and tribochemical processes and the action of the environment (lubrication, cooling, etc.) intensify dimensional changes and therefore wear. On the other hand, the temperature field has a secondary reaction influence on the chemical and tribochemical processes and superficial interaction.



Damage to the surface and the games created (through wear) influence the initial interaction processes, with the cycle repeating, but with greater amplitude.



Therefore, mechanical processes of superficial interaction and friction, respectively, give rise to thermal processes of accumulation and heat transfer. These influence both the processes due to the action of the environment, chemical and tribochemical processes, and the processes of modifying the structure, with implications on the subsequent interaction processes, as well as the superficial and final dimensional changes (wear).



The elements that justify the statistical calculation of wear are presented in detail in refs. [6,9,10,24] and can be synthesized in two main directions:




	-

	
Statistical nature of the friction–wear process, namely the following: the random mode of production of real area contacts, the formation of wear particles, the variation in the surface structure and condition, the variation in external parameters, action mode of the lubricants and additives, etc.);




	-

	
Analytical calculation relationships include factors that can be constant and experimentally determined coefficients, but they cannot separate the influence of the weight of the respective factors and cannot cover all types of wear that contribute to surface degradation.









The statistical calculation of wear has the advantage that the relationships obtained by statistical means—regression relationships—are relatively easy to obtain, starting from data and experimental results, which include the interaction of all factors [9,10].



However, knowing the error, with such relations a considerably larger volume of information can be obtained than that entered for their determination.



To be able to apply certain quantitative methods for extracting the desired information, it must be possible to find a (statistical) model of the studied phenomenon that incorporates its essential characteristics as realistically as possible. At the same time, the (statistical) model must not be too complicated for analytical handling [6,8]. Also, it is necessary that the phenomenon (process) studied statistically can be mathematically formalized conveniently. The solution to this problem (of finding the statistical–mathematical model) was the concept of a random variable whose value is a number determined by the event resulting from an experiment.



It is mentioned that for the experimental tests, only one type of conical–cylindrical dental bur (presented below in Section 3.2 and frequently used in practice) was used as a sample, in the number of 16 pieces. The 16 dental burs were divided into 4 groups of 4 pieces, with each group being tested at a different rotation speed (7000, 12,000, 20,000, and 35,000 rpm). Thus, for each of the chosen rotation speeds of 7000, 12,000, 20,000, and 35,000 rpm and this dental bur type (conical–cylindrical), the wear was evaluated after 4 h of operation (from hour to hour, at each rotation speed).



The wear was evaluated by mass loss of the active part of each dental bur and weighing. Weighing was conducted before and after the operation for each of the 16 tested dental burs. For weighing, an analytical balance was used with a capacity of up to 320 g and a precision of 0.0001 g. After each hour of operation and at each rotation speed, the dental bur was replaced with another one, and the test was repeated 5 times (under the same conditions, for each dental bur).




3. Results and Discussions


3.1. Theoretical Aspects


The distribution law establishes the correspondence between the random values, xi, and the respective probabilities, pi, using an analytical relationship as follows: P(X = xi) = P(xi) = pi called the probability of failure or failure function, F(x), which can be empirical or theoretical. If the phenomenon/process probability, P(X = xi), is obtained after the experience based on the statistical observation data, then the statistical probability is a relative frequency, and the distribution is empirical. The failure function, F(x), is the most representative characteristic of a random variable and is defined as the phenomenon/process probability, so that the random variable, X < x, is given/known:


  F  x  = P   X < x   =   ∑   i = 1    x i  ≤ x    p i   



(1)







If X follows a continuous statistical distribution, F(x) has the form as follows:


  F  x  = P   X < x   =   ∫  0  + ∞   f  x  d x =   ∫  0  + ∞   F ′  x  d x = 1 − R  x   



(2)




where f(x) is the frequency function (probability distribution density), which is the derivative of the function, F(x), and R(x) is the reliability function. The plot of the function, f(x), is illustrated in Figure 3.



The size value, f(x)dx, represents the probability that the variable, x, belongs to the elementary interval, dx. The function plot, F(x), from Figure 4 looks like the following:


  0 < F  x  < 1   and   F  ∞  =   ∫  0  + ∞   f  x  d x = 1 ,  



(3)




that is, the area bounded by the function curve, f(x), and the abscissa axis are equal to unity.



When studying a quality characteristic, the experimenter has at their disposal observation data obtained by measurements of durability. This durability is a random variable. Even if its distribution is not known, certain indicators and certain measures [7] of the trend of the considered variable are necessary.



An experimental distribution (obtained through observations) that is, respectively, empirical shows a variation tendency with two aspects for any characteristic of the population: localization around a certain value (position) and, respectively, variation (scattering), as shown in Figure 5.



It is noted that the distribution can be symmetrical or asymmetrical about the location area. The statistical indicators with which a quantitative analysis can be performed to compare trends in location and variation (dispersion) are as follows:




	(a)

	
Location indicators—these indicate the value where the real data of the phenomenon/process tends to cluster, and the main indicator is the average [25] (with arithmetic average being the most important), M(X), and


  M ( X ) =    ∫ 0 ∝   [ 1 − F ( x ) ] d x   =    ∫ 0 ∞   R ( x ) d x =            ∫ 0 ∞   x f ( x )   d x    ,  



(4)








	(b)

	
Variation indicators—these represent the deviation of the values, x, from their arithmetic mean and include the following:




	-

	
Dispersion, D(X) or σ2 (σ =     D  X     )—this represents the square mean deviation, and if it is defined in ratio with the mean value,   x ¯  , the mathematical relationship is as follows:


   D 2  ( X ) =    ∫ 0 ∞       x − M ( x )    2  f ( x ) d t    .  



(5)







The average squared deviation, σ, calculated is a “guarantee” of the accuracy of the determinations only if there are at least three values [8]. The calculation is made only if the distribution is normal (Gaussian) or almost Gaussian. In addition, the value of σ allows conclusions to be drawn only if these come from at least 30 values simultaneously.




	-

	
Quartile of the random variable, Xα, defined as the equation root:


F(Xα) = α,



(6)




and this is another reliability indicator, and α is defined as a percentile.















This indicator expresses the time at which a system or its component works with a certain probability (1 − F(x)).



The collected (experimental) data on the values of the investigated characteristic are presented as a disordered table, and by ascending ordering them, the statistical string (series) is obtained. Data grouping is conducted on intervals, the size of which is generally taken to be equal, except for extreme intervals, at which the values can be different. The number of intervals can be established with the relationship [7,26,27]:


n = 1 + 3.322 lg Z,



(7)




where Z is the record data total number.



The size (amplitude) of the interval (class) is as follows:


  A =     x  m a x   −  x  m i n    n    



(8)




where xmax and xmin are the maximum and minimum values of the data string [7,8,27,28].



During the execution of tests and the collection of experimental data, values appear that are substantially different in size from the other values of the respective statistical series (they are much smaller or much larger). Because of this, it is natural to suspect these data are not from the statistical string/series. These are due to specific random influencing factors, measurement errors, and data recording mistakes, or coming from a phenomenon/process other than the one under study. There is no known criterion for the instant recognition of the presence of outliers [8], which differ from the other values of the statistical series.



There is a rich palette of statistical criteria to identify the presence of outliers, but to minimize them, it is necessary to reach a state of stability. This is possible when the two parameters of the selection are known: the mean,   x ¯  , and the dispersion, D(X), respectively, as well as the mean square deviation, σ, of the data.



For the analysis of a parameter, it can be estimated pointwise (as an isolated value or as one confidence interval), if an interval is established to include with a probability, P, the true value of the estimated parameter. Therefore, the probability value, P, implies a certain interval, (x1, x2), according to the relationship:


  P =  P  r o b      x 1  < X <  x 2    =   ∫    x 1     x 2    f ( x   d x   ,  



(9)




and to which the respective parameter belongs.



It is mentioned that there is a “risk” or the probability that the true value will fall outside the considered confidence interval.



Depending on how the risk is placed on the confidence interval, it can be as follows:




	-

	
Confidence interval with bilateral risk (symmetric or asymmetric risk is placed with equal values (α/2) on either side of the extreme values of the interval, Figure 6).









Symmetric confidence intervals (see Figure 6) are widely used in measurement techniques where the deviations of quantities in one direction or another have the same importance, and the confidence interval with asymmetric bilateral risk (Figure 7) is frequently encountered in industrial applications, technology, design, etc.



Confidence limits are determined only if the amount of information is large enough to be able to characterize the multitude of products of the same type. The determined minimum and maximum values form a range of values in which any,   x ¯   and σ, must fall into any other sub-crowd of products tried under other conditions, a sub-crowd which is part of the crowd given.



The surface, a, (under the curve of the f(x) function, see Figure 6) guarantees the probability of including the indicators corresponding to the respective range of values.




3.2. Practical Application


A practical/applicative example will be presented next, for the dental bur of the type in Figure 8, where x = t is the time of good operation of the dental bur, so xi = ti; X = td is also the specified limit of the duration of good operation, or the operation time until the first system failure (here the dental bur active part).



These dental burs are made of a metallic mixture in which tungsten carbide (WC) dominates together with other carbides of Cr, Mn, Fe, etc., with the medium graining on the active part. They are used for processing Co-Cr alloys, as well as metals, both semi-precious and precious metals. Such a dental bur is provided with a blue ring for identification, marked on position 2 in Figure 8, and works at speeds up to 35,000 rpm.



At the same time, on the active part of the dental burs there are cutting lamellae wounds, arranged equidistantly and oriented to the right, with a pitch of about 0.65 mm, seating angle of 47.740 degrees, sharpening angle of 61.480 degrees, clearance angle of 9.900 degrees, maximum diameter of 6.20 mm, average diameter of 5.40 mm, length of the active part of 14.50 mm, total length of 52.75 mm, and average mass of 4.701 g.



The conventional lifetime (conventional durability), tμ, of the dental bur active part in Figure 8 was estimated using the formula for calculating the working time (optimal functioning), given the relationship [9,29] as follows:


   t μ  =    ln  1  1 − μ     ω · d     



(10)




where μ is a fraction from the dental bur active part total mass, established conventionally and lost during the work/functioning process; ω is the dental bur angular speed; d is the model parameter (d = 3.5 × 10−5) dependent on the lost mass through the dental bur active part wear and tested on the angular space (circular friction length), φ = ω·t.



The critical fraction of material, μ, which is lost in the work process from the dental bur active part was established, starting from about 65% of the approximate circular crown mass, determined experimentally through the active part total wear (as mass lost). Then, by weighing and calculating the difference compared to the dental bur specimen (Figure 9) the value of 0.408 g was obtained.



It is mentioned that milling wear is estimated by the reduction in the tool diameter (bur) on a certain contact width [30] and is consistent with the weight loss, as a result of wear, in the dental bur work process. Thus, Table 1 presents the dental bur characteristics taken as a specimen.



The lifetime results (calculated with relation (10) and presented as average values) for the dental burs of the same type, in number of 16, tested in the laboratory (see Figure 7), for 4 h and at 4 rotation speeds are those presented in Table 2, the column “Lifetime (Duration) calculated, hours”.



The wear was evaluated by the mass loss of the dental bur active part by weighing, during 4 h of operation, at each of the rotation speeds of 7000, 12,000, 20,000, and 35,000 rpm and presented graphically in Figure 10.



Initially, the dental bur mass was 4701 g, and after 4 h of operation and at four different rotation speeds, it reached the value of 4360 g (see Figure 10).



Given the experimental results, respectively, by the user consultation of dental burs (doctors and dental technicians) with those who use/consume them a lot, the following was found:




	-

	
Failure probability in the work process of the dental bur active part is very low until a minimum time, t1, and then it grows rapidly up to a maximum time, t2, when practically, in general, no bur is usable anymore;




	-

	
Time range, t2–t1, when the dental bur active part is taken out of operation, is due to the small differences between parameters (with masses, angles, etc., being a little different) of the same active parts.









Finally, these differences influence the lifetime, a thing observable from the durability calculation (see Table 2). The range [t1, t2] of increase in the failure probability is greater by how much the differences between active parts from the same set, or type, are bigger. Based on these findings, for the operation of dental burs without defects, the following reliability function is proposed [31,32]:


    R ( t ) =     exp     1   t 2  2 m        ⋅ exp     1   t  2 m   −  t 2  2 m        ,    0  ≤ t ≤  t 2      0 ,    t >  t 2         



(11)




where t2 is the maximum time after which the dental bur active part of the same type and brand was damaged, in the experiment time, and m is an exponent parameter, chosen so that the time, t1, at which failure probability (reliability), R(t), begins to grow exponentially can be estimated as best as possible.



A satisfactory estimate is obtained for m = 0.75, in this case, and the reliability function variation, R(t), in time (according to the relationship (11)) is represented graphically in Figure 11. Thus, for dental burs of the same type, whose lifetime at the rotation speed of 7000 rpm is 20,526 h after 1 operating hour, 19,265 h after 2 h of operation, 21,573 h after 3 h of operation, and 20,368 after 4 h of operation, respectively, the average value of the lifetime is 20,433 h and is presented in Table 2. It turns out that the estimated minim and maxim times (according to the above) are t1 = 19,265 h and t2 = 21,573 h, respectively, obtained by calculation from the experimental determinations.



In Figure 11, the failure function plot, F(t), is also shown, and in Figure 12 the frequency function plot, f(t), which corresponds to the reliability function, R(t), from relation (11).



Analyzing Figure 10 and Figure 11, it can be seen that R(t) is monotonically decreasing, and instead F(t) is increasing. These functions take values in the range [0, 1] because when t → ∞, R(t) = 0, F(t) = 1 and when t → 0, R(0) = 1, F(0) = 0, f(t) verifies the relationship      ∫ 0 ∞   f  t     d t = 1  .



The dental burs’ reliability can also be specified with the help of the numerical values of the indicators attached to the operating time, t (variable), until the first failure. These indicators (presented above) are M(t), D(t), σ, and tα, etc.



The values, M(t), of the operation time without failure are determined with relation (4) and presented in Table 2. By integration of the function, M(t), t = 20,433 h was obtained in the working conditions at the rotation speed of 7000 rpm.



When the system (the dental bur active part) is without reconditioning, then M(t) represents the average time without system failure, until the first failure. M(t) of the system, i.e., the average value of t, can be expressed either by function R(t) or function f(t) (see relation (4)).



The variation in the random variable, t, or the distribution variation, D2(t), is defined by relation (5) and is obtained through D2(t) = 2.562 h, and the mean square deviation, σ, of t is the indicator that can often be used instead of D2(t) and results from   σ =    D 2  ( t )   =   1.600 h.



D2(t) and σ show the degree of uniformity of system/product performance (here, dental burs of the same type) from the point of view of reliability, by their values. If the technological process of manufacturing the system/product is well established, then the D2(t) and σ values are relatively small and show us the degree of uniformity of the set of tested dental burs, as in the present case.



The last important reliability indicator considered is the operating time quartile, tα, defined as the root of the equation:


  F (  t α  ) = α ,    



(12)




and what results from equation/relation (6) and α with values from 0.01, …, 0.99 is defined as a percentile.



At a rotation speed of 7000 rpm and α = 0.99, tα = 21,502 h was obtained. In the reliability theory, the value his this tα is interpreted as a guaranteed time, i.e., the period when the defective elements proportion in a certain system/group does not exceed the value, α pre-set initially established [4]. The value of tα = 21,502 h is very close to t2 = 21,573 h, calculated analytically, which justifies the correlation between the theoretical and experimental results.



As stated above, the first data collected regarding the values of the investigated parameter (the lost mass by the dental bur active part) is presented as a disordered mass, and by ordering (ascending) of the experimental data, the statistical series is obtained.



The grouping of the data is conducted on grouping intervals, whose number, n, calculated with relation (7) is n = 5 (it must be an integer and was considered to be Z = 16 tested dental burs) and whose size is generally taken to be equal, except for the extreme intervals, when it can use different values. The size (amplitude) of the interval is determined based on relation (8) and is A = (1.4 − 0.5)/5 = 0.18.



Another important role in the reliability theory also has the function, h(t) = f(t)/R(t), R(t) ≠ 0, that measures the intensity (rate) of failure (the instantaneous risk of failure), or the hazard of a system/component product, defined as the failure rate limit in the interval [t, t + Δt], Δt > 0 being very small [4], whose variation is presented in Figure 13, which was used.



It can be seen that the failure risk rate is around 10%, for 20 h, and increases approximately exponentially in the 21st hour of operation. This means that the dental bur active part is taken out of operation after 20 h of operation, and it is normal that it be replaced.



The evolution of function h(t) shows that there is no failure risk, in the range t Є (0, 14) hours, with the variation being linear, and with a very small slope. In the range t Є (14, 18), the wear phenomenon becomes visible because h(t) has a variation after a fast-growing curve, and therefore the risk of failure increases. Then, in the range t Є (18, 21) hours, the failure risk becomes inevitable, when the plot of h(t) suddenly increases after an exponential curve.



Therefore, it is confirmed that the experimental results correlate with the analytical ones for the researched dental burs, i.e., they can work without major risk of failure for up to 18 h. At the same time, this proves the closeness between the hours determined analytically based on the experimental results to those of operation without a major failure.



On the other hand, when measuring by the weighing of mass lost through wear by the dental bur active part and presented in Table 2 as obtained different random values, each value has several repetitions, so it has a frequency of its own. These values are located in an interval with two limit values (lower and upper).



The value distribution between the two limits of the range can vary (with their frequency) after a distribution law. It is mentioned that the variation range of a property/characteristic/parameter reflects the quality level of a product of industrial manufacturing.



The lost mass values through effective wear (random variable) are distributed after the normal (Gaussian) distribution law because factors that determine their dispersion through wear are of the same order, accidental and independent, in large numbers and must be less than a given value that corresponds to a probability, p, i.e., of reliability, R(t)).



The normal distribution or Gaussian one represents the frequency function or probability distribution density, f(x), which is closest to a normal distribution function of the shape:


  f ( x ) = y =   1  1.22   2 π       e  −      ( x − 11.95 )  2   3     ,  



(13)




whose variation over time is shown in Figure 14.



It is observed on the probability density function curves that there are two inflection points of abscissas 0.88 and 1.08, where the area bordered by these abscissas and curves represents about 58.33% of the entire surface.



This proves that the values of mass lost by wear of the dental bur active part are the most distributed.



The curves present a maximum of approximately y = 5.03 at x = 0.95 (blue curve) and y = 4.98 for the same x = 0.95 (curve that is black), with the reliability obtained being approximately 97.42% of the entire area (i.e., limited by the curves and the abscissa axis, in the range (0.67, 1.18)—the confidence range), so the reliability is excellent, and the intervals (−∞, 0.67) and (1.18, +∞) can be practically neglected.



Thus, the scattering/confidence range is (0.67, 1.18), with limit deviations of ±0.25 compared to the values distribution center (cluster), and the critical range is (−∞, 0.67) U (1.18, +∞). Therefore, the lost mass values through wear have a Gaussian (normal) distribution, and the function, f(x), is a normal distribution function or the probability distribution density (the blue and black curves from Figure 14).





4. Conclusions


	-

	
The phenomenon of friction–wear is complex, due to the multitude and interaction in the operation of all factors, both external (load, speed, environment, etc.) and internal (the material of the friction pair with the respective structure and hardness, roughness, temperature, etc.). It is a perfectly objective situation, which is accentuated when moving from laboratory research on models to operational real conditions, explaining to some extent the difficulties and the current state of wear calculation.




	-

	
The wear statistical calculation starts from the real situation reflected by experimental data as the basis for the analytical calculation relations (regression relations), given the interaction of all influencing factors. It is justified, even from the statistical nature of the friction–wear process.




	-

	
It is necessary to find a (statistical–mathematical) model for the studied phenomenon/process (wear of the dental bur active part) in view of the quantitative extract of the desired information. At the same time, it must not be too complicated for analytical handling but must incorporate its essential characteristics as realistically as possible.




	-

	
The solution to this problem is the concept of a random variable (here mass loss of the active part of the dental bur)—a quantity determined by the event resulting from the performance of an experiment (establishing the operating time without failures, in this case). To compare random variables, the distribution function, F(x), is used.




	-

	
When the values come from a normal distribution, some of the main statistical parameters, average, dispersion, mean square deviation, etc., are determined and checked. If these checks do not lead to favorable conclusions regarding the normality of the data distribution, the measurement data from the statistical series will be checked more thoroughly.




	-

	
The results showed that the investigated dental burs may operate without failure major risk until 18 h, very close to those determined to be experimental, which validates the correlation between analytical calculation and the experimental test results. Practically, based on the results presented in this paper, it was found that dental burs during the milling operation can easily become decommissioned, resulting in mass loss, and in the first 18 h of work, they operate with high efficiency.




	-

	
Over this number of operating hours, to ensure high standards of material processing, the dental burs should be replaced with new ones. Additionally, the methodology applied in this paper showed that it is possible to increase the lifetime by approximately 10% and it allows for investigation of the possibilities of improving or optimizing the working regimes of dental burs.




	-

	
The researched parameter of the analyzed dental burs was the mass lost through wear, determined by weighing, taking different random values, between two limits, with each value repeating itself several times (having its frequency), and their scattering can be represented through a distribution law.




	-

	
Most experimental data of the mass lost by the wear of the dental bur active part are very close to the Gaussian normal distribution, and the probability density (frequency function) is a normal distribution function, so it is Gaussian.




	-

	
In perspective, it is envisaged to expand the analysis of wear behavior by statistical calculation, based on experimental data, and to other types of dental burs, also considering other parameters.
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Figure 1. General systemic description of a technical system. 
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Figure 2. Interaction diagram of friction–wear processes. 
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Figure 3. Variation plot of the function, f(x), for continuous functions. 
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Figure 4. Distribution function continuous, F(x). 
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Figure 5. Representation of distribution functions for phenomena/processes with different scatters. 
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Figure 6. Interval with bilateral symmetric risk. Note: a0—the true value of the estimated parameter; a—the probability of the analyzed parameter; (a1, a2)—the confidence interval. 






Figure 6. Interval with bilateral symmetric risk. Note: a0—the true value of the estimated parameter; a—the probability of the analyzed parameter; (a1, a2)—the confidence interval.



[image: Applsci 14 08779 g006]







[image: Applsci 14 08779 g007] 





Figure 7. Interval with bilateral asymmetric risk. Note: a0—the true value of the estimated parameter; a—the probability of the analyzed parameter; (a1, a2)—the confidence interval. 
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Figure 8. Conical–cylindrical dental bur: 1—dental bur active part; 2—dental bur neck; 3—dental bur foot. 
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Figure 9. Methodology of establishing the circular crown mass of the dental bur active part: (a) specimen dental bur, after 1 h of operation; (b) worn dental bur after 4 h of operation; (c) dental bur with the circular crown of the active part, completely worn. 
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Figure 10. Variation in time of the lost mass in the dental bur work process. Note: the points in the graph represent the average value of the cumulative mass loss in time for the 4 rotation speeds and 5 repetitions considered in the experiment. 
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Figure 11. Plots of reliability functions, (R(t) and failure, F(t), for the tested dental bur active parts. 
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Figure 12. Frequency function plot, f(t), for the tested dental burs. 
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Figure 13. Instantaneous risk (failure) function plot, h(t), for the investigated dental burs. 






Figure 13. Instantaneous risk (failure) function plot, h(t), for the investigated dental burs.



[image: Applsci 14 08779 g013]







[image: Applsci 14 08779 g014] 





Figure 14. Probability density plot for the Gaussian (normal) distribution law. 
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Table 1. Mass and dimensions of the dental bur specimen.
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	Type of Bur/Features
	Mass [g]
	Total Length, [mm]
	Length of the Active Part, [mm]
	Average Diameter, [mm]
	Maximum Diameter, [mm]





	Specimen

dental bur
	4.701
	52.750
	14.500
	5.400
	6.200










 





Table 2. Average lifetime calculated for the dental bur active part, researched experimentally.
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Values

	
Selected and Calculated Sizes

	
Rotation Speed of Dental Bur, rpm

	
Lifetime (Durability) Calculated, Hours






	
Average time values of calculated lifetime, hours

	
7000

	
20.433




	
12,000

	
11.919




	
20,000

	