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Abstract:



Telescopic crowns are used to connect removable dental prostheses with the remaining dentition. Several material combinations are used for manufacturing primary and secondary crowns. The present experimental study analysed the influence of different material combinations on the long-term development of surface roughness and pull-off forces. Six different material combinations were tested. Secondary crowns were manufactured either by casting or electroforming. Each material combination was tested with n = 10 specimens. A material testing device with integrated power sensors was used for 10,000 cycles per test. Signs of wear were identified by surface roughness measurements, and visualized by a scanning electron microscope (SEM) and X-ray spectroscopy (EDX) technologies. Statistical significances were tested by using the U-Test with Bonferroni correction. The choice of materials and the manufacturing process were found to influence the long-term development of pull-off forces as well as wear-associated surface roughness. Combinations of different groups of materials for primary and secondary crowns showed favourable results. Worse results were found for the combination pure titanium and pure titanium and the combination high gold alloy and electroformed gold. Wear-associated surface roughness was higher for combinations of similar or identical groups of materials. For manufacturing telescopic crowns, combinations of different groups of materials are preferred. For secondary crown manufacturing, electroforming is superior to casting.






Keywords:


dental crowns; telescopic crowns; tribological behaviour; long-term test; pull-off force; surface roughness








1. Introduction


Telescopic crowns are widely used elements [1] for a safe and secure connection between removable dental prostheses and the remaining dentition [2,3,4,5,6,7]. Also, subjective evaluations by patients are positive [8,9]. Telescopic crowns can also be used for connecting implant-supported and tooth-implant-supported removable dental prostheses [10]. Focussing on the clinical performance of cylindrical telescopic crowns, a reduction of pull-off (and retentive) forces during their operating life had to be stated [6,11,12]. This often led to a significant reduction of denture retention. There was the attempt to renew retention by laser welding alloy particles into the secondary crown [7], but this remained mostly unsuccessful. The introduction of modern ceramic materials and modern computer aided design/computer aided manufacturing (CAD-CAM) technologies in dentistry offered new material options, including for telescopic crowns.



Therefore, the aim of this study was to evaluate the influence of different material combinations and different manufacturing technologies on the long-term development of pull-off forces and wear resistance in a close-to-practice in vitro environment. The following hypotheses were stated:

	
The choice of the material combination for primary and secondary crown affects the pull-off forces at the beginning of the period of use.



	
At the beginning of the period of use, pull-off forces for combinations of different groups of materials are smaller compared to combinations of similar or identical groups.



	
Combinations of similar or identical groups of materials show a higher long-term reduction of retentive forces compared to combinations of different groups.



	
Pull off forces are influenced by the secondary crowns’ manufacturing technology—the variability of pull-off forces is smaller for electroformed secondary crowns compared to casted ones.



	
Wear-associated surface roughness on primary crowns’ surfaces are larger for combinations of similar or identical groups of materials compared to combinations of different groups.









2. Experimental Section


2.1. Materials


Only cylindrical telescopic crowns with identical sizes and dimensions were part of this analysis. The choice of the different material combinations for this study was influenced by the practical importance of the combinations (Table 1). The different materials, machines, and manufacturing technologies are summarized in Table 2. For manufacturing the cylindrical telescopic crowns, a framework based on a clinically prepared tooth was made from stainless steel. For each test, a new framework with identical form and dimensions was available (Figure 1). The upper part was used for fixing the primary crown, the lower part was fixed on the testing table. Each series of tests consisted of n = 10 single tests. For each test series, Figure 2 shows one set of test specimens.


Figure 1. Schematic portrayal of the metal base part used in all cases (dimensions in mm); (A) part supporting the primary crown; (B) connection area to the material testing device.
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Figure 2. Sample bodies of the combinations of materials used. Top row from left to right (primary crown/secondary crown): Degunorm/Degunorm; Degunorm/Remanium 2000; Degunorm/AGC-Gold. Bottom row from left to right: Rematitan/Rematitan; Rematitan/AGC-Gold; IPS Empress 2/AGC-Gold.
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Table 1. Distribution of the materials to the primary and secondary crowns of the series of examinations. All metallic primary crowns were manufactured by casting.







	
Test Series

	
Material for

	
Material Combination of




	
Primary Crown Material/Material Group

	
Secondary Crown Material/Material Group

	
Similar/Identical Groups of Materials

	
Different Groups of Materials






	
A

	
Degunorm®/high gold alloy

	
Degunorm®/high gold alloy (casted)

	
+

	




	
B

	
Degunorm®/high gold alloy

	
Remanium 2000®/non-precious metal alloy

	

	
+




	
C

	
Degunorm®/high gold alloy

	
AGC-Gold®/electroformed gold

	
+

	




	
D

	
Rematitan®/titanium grade 1

	
Rematitan®/titanium grade 1 (casted)

	
+

	




	
E

	
Rematitan®/titanium grade 1

	
AGC-Gold®/electroformed gold

	

	
+




	
F

	
IPS Empress 2®/silicate ceramics

	
AGC-Gold®/electroformed gold

	

	
+










Table 2. Summary of the devices and materials used, including the components of the alloys (in percent by mass).







	
Manufacturing Technologies

	
High Gold Alloy

	
Non-Precious Metal Alloy

	
Titanium

	
Ceramics

	
Electroformed Gold






	
alloy or ceramics/manufacturer

	
Degunorm/Degudent , Hanau, D (Au-73.8; Ag-9.2; Pt-9.0; Cu-4.4; Zn-2.0; In-1.5; Ir-0.1)

	
Remanium 2000/Dentaurum, Ispringen/Pforzheim, D (Co-61.0; Cr-25.0; Mo-7.0; W-5.0; Si-1.5; Mn- < 1.0; N- < 1.0)

	
Rematitan Typ 1/Dentaurum, Ispringen/Pforzheim, D (Ti- > 99.5; Fe-0.20; O-0.12; C-0.08; N-0.05; H-0.01)

	
IPS Empress 2/Ivoclar-Vivadent, Schaan, FL

	
AGC/Wieland, Pforzheim, D (Au ≥ 99.9; Cu ≤ 0.1)




	
investment material/manufacturer

	
Deguvest CF/Degudent, Hanau, D

	
Castorit Super C/Dentaurum, Ispringen/Pforzheim, D

	
Rematitan ultra/Dentaurum, Ispringen/Pforzheim, D

	
Star—Vest Soft II/Weber Dental, Lengwil, CH

	
-




	
casting machine or oven/manufacturer

	
Multicast compact/Degudent, Hanau, D

	
Castomat/Dentaurum, Ispringen/Pforzheim, D

	
Rematitan—Gießanlage/Dentaurum, Ispringen/Pforzheim, D

	
EP 500/Ivoclar-Vivadent, Schaan, FL

	
AGC-Mikro/Wieland, Pforzheim, D




	
manufacturing procedure

	
centrifugal casting

	
high frequency-centrifugal casting

	
vacuum pressure casting

	
pressed ceramic

	
electroforming











2.2. Manufacturing of the Specimens


The materials used for manufacturing all test specimens—primary and secondary telescopic crowns—were processed according to the respective producers’ instructions. Metallic and ceramic primary crowns were used.



All metallic primary crowns were first manually modelled using a millable modelling wax (Thowax, Yeti, Engen, Germany), were then milled using a milling machine (F1, Degudent, Hanau, Germany), and, finally, were embedded and casted (Table 2). After casting, they were sandblasted with 110 μm aluminium oxide and 50 μm aluminium oxide (Korox®, Bego, Bremen, Germany). All primary crowns were again milled parallel using the same milling machine and a special milling tool set. A zero-degree inclination of the shell surfaces was realized. No rubber polishers or polishing compounds were used in order not to affect the parallel wall design. Instead, the final surfaces were treated with fine-grained sand paper (sandpaper for Konator-Flex-System, grain level: 800; Degudent, Hanau, Germany) used with the milling machine.



For manufacturing ceramic primary crowns (test series F), a pressable lithium-disilicate-ceramic (IPS Empress 2, Ivoclar-Vivadent, Schaan, Liechtenstein) was used [13]. The matching type of ceramic bars was Ingot 200, type 2, class 1. These primary crowns were treated with a special grinder tool set (Ceramic art set 4369, Komet, Lemgo, Germany).



Secondary crowns were manufactured either by casting or by electroforming technology.



Casted secondary crowns were directly modelled on the respective primary crown using a burnout resin material (Pattern Resin®, GC Dental Products, Aichi, Japan). After casting, the outer surfaces were sandblasted using 110 μm and 50 μm aluminium oxide (Korox®, Bego, Bremen, Germany). The inner surfaces were sandblasted using 50 μm glass beads (Bego, Bremen, Germany).



For manufacturing the electroformed secondary crowns, the primary crown was directly coated by a conductive silver lacquer [14]. The layer thickness was between 3 μm and 5 μm. This lacquer coating was omitted for test series E because of the electrical conductivity of titanium. The electroforming process was realized with an electroforming machine (AGC-Mikro, Wieland, Pforzheim, Germany) and the corresponding gold liquid (Wieland, Pforzheim, Germany). This machine was operated on level 5 at a working temperature of 60° Celsius for a working time of 4 h and 15 min (plus 60 min heating time).



After manufacturing, the test specimens underwent orientating surface roughness measurements in a vertical (occlusal to cervical) direction. This was done in order to guarantee comparable initial values for surface roughness. These RZ values were only increased for ceramic materials due to manufacturing reasons (Table 3). To avoid porosities, all metallic test specimens were x-rayed. Test specimens with porosities were excluded from the study.



Table 3. Surface roughness of the primary crowns in original condition (measurement parameter: Rz (µm); measurement direction: vertical).







	
Series

	
Median

	
Mean Value

	
Standard Deviation






	
A

	
1.22

	
1.23

	
±0.17




	
B

	
0.77

	
0.81

	
±0.20




	
C

	
0.96

	
0.98

	
±0.24




	
D

	
1.00

	
0.99

	
±0.20




	
E

	
0.65

	
0.66

	
±0.27




	
F

	
2.70

	
2.76

	
±0.87











2.3. Testing Procedures


This manuscript uses the term “pull-off force” as a synonym for the forces for (a) pulling off the secondary crown from the primary crown; (b) putting on the secondary crown on the primary crown, and (c) keeping the secondary crown on the primary crown (retentive force). The long-term measurement of pull-off forces was realized using two identical test devices (Hado 2, H&H Gerätetechnik, Dresden, Germany). Both were installed vibration-free. The testing device was supplemented by a personal computer, a stepper motor controller, an amplifier, and an upstream voltage stabilizer (VD 1000; Konzept-Energietechnik, Eutin, Germany). It worked with a movable compression-tension slide with integrated power sensors. The electronically controlled stepper motor produced the vertical movement of the slide. To protect the sensors, the connecting area between the test specimen and the testing device was secured by a predetermined breaking point which was triggered by forces over 50 N. The personal computer controlled the testing and registered the measurements (Figure 3). The primary crowns were fixed by cementing with zinc-phosphate cement (Harvard Zement, Richter und Hoffmann-Harvard Dental, Berlin, Germany) on a base similar to a tooth stump. The secondary crowns were fixed to the slide adapter by luting with Nimetic Cem (3M Espe, Seefeld, Germany). Figure 4 shows the fixing procedure in the testing device with both primary and secondary crowns put together.


Figure 3. The Hado 2 material testing device has been portrayed with the temper-capable liquid container in the middle of the picture. To the left, the regulation-capable thermostat has been arranged. The Personal Computer is located in the right part of the picture.
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Figure 4. Detail of the Hado 2 material testing device with an integrated sample body complex. Above it, the power sensor with the predetermined breaking point can be seen.
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For testing the wear resistance, a long-term use testing simulation was programmed; 10,000 load change cycles corresponded to a ten-year use. The moving distance for putting on and pulling off the secondary crown was 3.0 mm each way. The intermediate stopping time was programmed to 0.5 s. The compression-tension slide moved at a speed of 15.0 mm per minute. Both crowns were stored in 36° Celsius-tempered, distilled water during the tests.



The two identical testing devices were used to realize all tests in an appropriate period of time. Within one test series, test specimens were randomly assigned to the two testing devices. Therefore, test specimens were always split between the two machines, with five test specimens tested with machine one and five test specimens tested with machine two. To avoid a systematic bias by using two testing devices, both devices were finally compared.



After the pull-off tests, the surface roughness of the primary crowns were evaluated by using a “Hommeltester T 8000” (Hommelwerke, Schwenningen, Germany) type testing device. An effective size of 1.9 mm × 2.2 mm per crown surface was measured. Measurements were done in “roughness mode”. A Gaussian filter (cut-off: 80 µm) was used to illustrate roughnesses three-dimensionally. Because roughness had to be measured at a 90-degree angle to the direction of work or wear, the scan direction before the pull-off testing was vertical and the scan direction after the pull-off testing was horizontal. This fact unfortunately does not allow for a direct comparison. The different directions of work and wear are illustrated in Figure 5.


Figure 5. Section of the surface of a primary crown following a number of load-change cycles. In the lower part of the picture, residues of the horizontal processing of the initial condition can be seen. The vertical signs of wear have been portrayed more clearly in the upper half of the picture (enlargement 63:1).
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The measurements of surface roughness were supplemented by scanning electron microscope (SEM) analyses (Philips XL 30 ESEM, Philips, Eindhoven, The Netherlands). X-ray spectroscopy (Energy Dispersive X-ray (EDX)) analyses in humidor mode under low-vacuum conditions were able to detect secondary crown particles on the primary crown surface.




2.4. Data Collection


Pull-off forces were measured during the load change cycles. The software that was used, “Hado 2” (H&H Gerätetechnik, Dresden, Germany), collected the data and measured the maximum pull-off force per cycle. The data from the surface roughness measurements were processed directly in the Hommeltester T 8000 testing device.




2.5. Statistics


First, all data were analysed using descriptive statistical procedures. Medians, means, and standard deviations were calculated. After registering the pull-off forces over the whole testing time, the initial and the final values were used to determine the tendency. The percentage amount of pull-off force which remained after the testing was calculated. Differences between the pull-off forces of each test series (stepwise per 1000 cycles) were tested for statistical significance by using the U-test with Bonferroni correction (α = 0.05). This was supported by a graphical illustration of the pull-off force development over time. Surface roughness values were also tested for significant differences by the U-test with Bonferroni correction.





3. Results


3.1. Pull-Off Forces


Only five of the six material combinations were eligible for completing the pull-off tests. The material combination C (Degunorm®/AGC Gold®) showed extremely high pull-off forces over 50 N during the tests. Therefore, material combination C was excluded from further analyses concerning pull-off forces.



All other material combinations showed a different decrease of pull-off forces over the scheduled 10,000 cycles (Table 4). The highest pull-off force reduction of 88% was measured for the material combination D (pure titanium/pure titanium). However, the initial value in question was comparably high at 18.2 N. The smallest pull-off force reductions were measured for material combination E (pure titanium/AGC Gold®) and material combination F (Empress 2®/AGC Gold®). The respective final pull-off forces were 4.4 N and 2.8 N, corresponding to 90% and 75% of the initial values.



Table 4. Medians, mean values, and standard deviations of the pull-off forces (N) at the start and at the end of the tests; for the tendency, the averaged percentage by which the median of the initial value was reduced has been stated.







	
Series

	
Pull-off Forces at the Start of the Test

	
Pull-off Forces at the End of the Test

	
Tendency




	
Median/Mean Value ± Standard Deviation






	
A

	
11.1/14.9 ± 12.8

	
3.3/4.0 ± 2.6

	
−70%




	
B

	
10.7/11.0 ± 1.9

	
5.9/6.5 ± 2.5

	
−45%




	
C

	
5.6/5.3 ± 1.8

	
-

	
-




	
D

	
18.2/18.6 ± 6.6

	
2.1/2.4 ± 1.5

	
−88%




	
E

	
5.9/6.1 ± 1.0

	
4.4/4.7 ± 1.5

	
−25%




	
F

	
3.1/3.4 ± 1.1

	
2.8/2.9 ± 0.8

	
−10%










The decrease of the pull-off forces was more homogeneous for material combinations including an electroplated gold surface for the secondary crown (material combination E and material combination F) compared to the material combinations A, B, and D. The p-values in question are shown in Table 5. Significant differences for nearly all stages of the test were found for the comparison between material combination B and D, material combination B and F, material combination D and E, and material combination E and F.



Table 5. Statistical test results: p-Values of the U-test with Bonferroni correction of the averaged pull-off forces for series comparison, taking the number of load-change cycles into account; s.—significant, ns.—not significant.







	
Series Comparison

	
Number of Test Cycles




	
1000

	
2000

	
3000

	
4000

	
5000

	
6000

	
7000

	
8000

	
9000

	
10,000






	
A/B

	
0.880 ns.

	
0.069 ns.

	
0.290 ns.

	
0.762 ns.

	
0.650 ns.

	
0.173 ns.

	
0.112 ns.

	
0.041 ns.

	
0.082 ns.

	
0.026 ns.




	
A/D

	
0.151 ns.

	
0.069 ns.

	
0.028 ns.

	
0.019 ns.

	
0.019 ns.

	
0.041 ns.

	
0.028 ns.

	
0.096 ns.

	
0.041 ns.

	
0.009 ns.




	
A/E

	
0.545 ns.

	
0.496 ns.

	
0.880 ns.

	
0.545 ns.

	
0.762 ns.

	
0.325 ns.

	
0.405 ns.

	
0.130 ns.

	
0.290 ns.

	
0.226 ns.




	
A/F

	
0.028 ns.

	
0.059 ns.

	
0.041 ns.

	
0.049 ns.

	
0.112 ns.

	
0.173 ns.

	
0.151 ns.

	
0.545 ns.

	
0.650 ns.

	
0.325 ns.




	
B/D

	
0.069 ns.

	
0.001 s.

	
0.001 s.

	
0.002 s.

	
0.001 s.

	
0.002 s.

	
0.002 s.

	
0.002 s.

	
0.001 s.

	
0.001 s.




	
B/E

	
0.151 ns.

	
0.198 ns.

	
0.096 ns.

	
0.290 ns.

	
0.307 ns.

	
0.405 ns.

	
0.364 ns.

	
0.290 ns.

	
0.198 ns.

	
0.041 ns.




	
B/F

	
0.001 s.

	
0.001 s.

	
0.002 s.

	
0.002 s.

	
0.004 s.

	
0.010 ns.

	
0.004 s.

	
0.004 s.

	
0.010 ns.

	
0.001 s.




	
D/E

	
0.496 ns.

	
0.001 s.

	
0.008 ns.

	
0.002 s.

	
0.001 s.

	
0.001 s.

	
0.001 s.

	
0.001 s.

	
0.002 s.

	
0.001 s.




	
D/F

	
0.290 ns.

	
0.325 ns.

	
0.405 ns.

	
0.449 ns.

	
0.130 ns.

	
0.173 ns.

	
0.130 ns.

	
0.151 ns.

	
0.059 ns.

	
0.034 ns.




	
E/F

	
0.004 s.

	
0.006 ns.

	
0.006 ns.

	
0.002 s.

	
0.002 s.

	
0.001 s.

	
0.002 s.

	
0.001 s.

	
0.013 ns.

	
0.001 s.










The averaged pull-off force development over time was calculated stepwise. This is shown by the example of the test series for material combination D. Figure 6a shows the raw data of five randomly selected pull-off force development curves over time. The averaged pull-off force development over time and the respective 95% confidence intervals are the result from all ten pull-off force development curves of this test series (Figure 6b). After that, the moving average was used.


Figure 6. (a) Example of five sequences of pull-off forces chosen at random as a portrayal of raw data; (b) First phase of the generalised portrayal, taking all 10 sequences of pull-off forces of series D into due account. Red—averaged total curve; black—95% confidence interval.
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For all material combinations, the development of the averaged pull-off forces over time is demonstrated in Figure 7. The material combinations A, B, and D showed a remarkable quick pull-off force reduction starting from over 10 N. Combinations of different groups of materials (B and E) instead showed only a slight pull-off force reduction after an initial decrease.


Figure 7. Comparative portrayal of the averaged sequences of pull-off forces for the series: A—blue; B—black; D—yellow; E—green; F—red.
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3.2. Surface Roughness


The surface roughness measured after the pull-off tests are shown in Table 6. The highest median values of surface roughness (SZ) were measured for combinations of similar or identical groups of materials (material combination A, material combination C, material combination D). They were two to three times higher compared to combinations of different groups of materials which showed the smallest surface roughness values. The Figure 8a–f illustrates typical three-dimensional surfaces after long-term testing. Statistical tests revealed only a few individual differences between surface roughness measurements as being significant (Table 7).


Figure 8. Surface portrayal of one primary crown per series after the end of the test: (a) series A; (b) series B; (c) series C; (d) series D; (e) series E, and (f) series F. These selected examples correspond best with the matching median of the series in question. The edge with the designation 1.9 is pointing to the occlusal surface. In this area, one can recognise an orientating portrayal of the profile.
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Table 6. Medians, mean values, and standard deviations of the surface roughness Sz (µm) taking all the primary crowns after the end of the test into account.







	
Series

	
Median

	
Mean Value

	
Standard Deviation






	
A

	
11.50

	
11.79

	
±2.53




	
B

	
4.17

	
4.26

	
±1.50




	
C

	
19.80

	
22.93

	
±13.98




	
D

	
11.65

	
11.24

	
±2.49




	
E

	
3.19

	
6.61

	
±6.27




	
F

	
6.75

	
6.51

	
±2.02










Table 7. Statistical test results: p-values of the U-test with Bonferroni correction (α = 0.003) of the surface roughness Sz between the series after the end of the test; s. = significant; ns. = not significant.







	
Series

	
A

	
B

	
C

	
D

	
E

	
F






	
A

	

	
<0.001 s.

	
0.023 ns.

	
0.571 ns.

	
0.013 ns.

	
0.001 s.




	
B

	

	

	
0.001 s.

	
<0.001 s.

	
0.597 ns.

	
0.019 ns.




	
C

	

	

	

	
0.019 ns.

	
0.002 s.

	
0.004 ns.




	
D

	

	

	

	

	
0.016 ns.

	
0.002 s.




	
E

	

	

	

	

	

	
0.197 ns.




	
F

	

	

	

	

	

	











3.3. SEM and EDX Analyses


As mentioned, extremely high pull-off forces—temporarily above 50 N—were measured for material combination C. The reason for these unexpected values was found by using scanning electron microscope techniques. Single cold welding connection spots between primary and secondary crowns were detected. The surfaces of the primary crowns showed nearly unworn areas as well as areas that included particles of the secondary crown material (AGC Gold®). Those cold welding connection spots were found on all primary crown surfaces of this material combination. An example is shown in Figure 9a. After analysing this area by energy dispersive X-ray spectroscopy (EDX), only AGC Gold® material was found (Figure 9b).


Figure 9. (a) Electron microscope portrayal of appositions of gold by the secondary crowns on the primary crown. This is an example from series C x-marking the area examined by means of X-ray spectroscopy (Energy Dispersive X-Ray (EDX)) analysis; (b) Result of the EDX analysis of the area marked in Figure 9a. Gold was exclusively detected.
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4. Discussion


4.1. Methodical Limitations


The “Hado 2” testing device used in this study worked in a vertical direction. Working in a horizontal direction would have meant negotiating potential influences of gravity [15]. The moving speed of the compression-tension slide was lower than in comparable studies. This study used a speed of 15 mm (2 cycles) per minute while other studies used speeds up to 1000 mm per minute [16]. However, a lower speed can avoid friction heat, which may be associated with higher wear.



The present study only evaluated the cylindrical telescopic crown system itself. Other influences, for instance forces induced by denture saddles, cannot be evaluated with this study design [17]. Other studies did not focus on cylindrical telescopic crowns, but on conical telescopic crowns with different inclination angles for different tooth types [18]. The present study focussed on evaluating influences of material combinations and manufacturing technologies. Therefore, an identical cylindrical design was used for all test specimens.



Concerning the two identical testing devices, a U-test was calculated and showed no significant differences (α = 0.05). The p-values for each testing series were p = 0.754 (series A); p = 0.465 (series B); p = 0.251 (series D); p = 0.602 (series E) and p = 0.754 (series F). Variance analyses only showed significant differences between different testing series (p = 0.012), not between testing devices (p = 0.859) or a combination of device and testing series (p = 0.977).




4.2. Influence of Material Combinations


Primary and secondary crowns made from similar or identical groups of materials (for example high gold alloys in test series A) show a high decrease of pull-off forces after initially high values. A clinical study using high gold alloys reported initially high and variable pull-off forces [19]. High initial retentive forces may cause debonding or decementation of a primary telescopic crown. This complication was amongst the most frequently reported technical complications in two further clinical studies [20,21] observing different types of telescopic crowns. In some cases, the loss of retention was so high that alloy particles had to be welded into the inner surface of the secondary crown. However, this can only be done randomly and only be seen as a temporary solution.



Our study showed very unfavourable results for the combination of high gold alloys (primary crown) with electroformed gold (secondary crown). Highest pull-off forces up to 50 N and extremely high surface roughnesses were measured. Clinically, long-term pull-off forces up to 50 N are inacceptable because of potential negative influences on the periodont [17].



Several authors describe in vitro pull-off forces between 3 N and 7 N as acceptable [22]. Final values of all our test series were in this range except for one test series (titanium/titanium). Zirconium dioxide, which was used as a material for primary crowns in combination with several other secondary crown materials, also showed favourable results in a recent study [23].



All in all, combinations of different groups of materials without a high-gold alloy primary crown can be judged as being favourable.




4.3. Influence of Manufacturing Technologies


Retention between casted telescopic crowns is based on surface friction [24]. The present study revealed differences between different methods of manufacturing secondary crowns—casting and electroforming. Material combinations with casted secondary crowns showed high reductions of initially high pull-off forces. The standard deviation of means showed higher values for the test series with casted secondary crowns (65% (A), 42% (B), 63% (D)) compared to test series with electroformed secondary crowns (32% (E), 28% (F)). Within all test series with casted secondary crowns, test series B showed the smallest spread. This can be explained by the “negative” effect of a casted secondary crown and the “positive” effect of a combination of different groups of materials. The spread of measuring values can be judged as comparable with other studies. The electroforming technology itself is able to produce precise and reproducible secondary crowns [25]. Secondary crowns casted combined with cast metal upper denture frameworks resulted in deficiencies concerning the accuracy of the crown fit [26]. Electroformed secondary crowns used as a mesostructure within the cast metal denture framework avoid this deficiency [27] and showed good accuracies of fit.



For the test series C and D, identical alloy types of metals were used. The tribological behaviour was different. In series D, the secondary crown was also cast from pure titanium. When titanium is cast, an α-case-layer appears at the surface mainly due to reactions with the embedding compound. Close to this surface, the titanium texture is very fine grained [28]. In this area, the tribological behaviour is only a mechanical abrasion.



If the secondary crowns are made from electroformed gold (test series C), this is done directly on the primary crown. The resulting gaps are quite thin. During the usage, particles from the marginal layer are sheared off and fixed on the gliding plane of the corresponding partner with a higher hardness. The resulting “cold welding spots” of the partner material are also called “scabs” [29,30,31].




4.4. Surface Roughness


SEM graphics are able to visualize surface roughness. However, they are less efficient in quantifying surface roughness. For this purpose, surface roughnesses have to be measured [23,32]. The present study preferred the use of the linear surface parameter (RZ) and other surface-related parameters to the use of the arithmetical mean deviation of the profile (Ra) because of its better potential for differentiating the measurements [33].





5. Conclusions


Concerning the previously formulated hypotheses, the following conclusions must be drawn:



The choice of the material combination for primary and secondary crown had an influence on initially measured pull-off values. Combinations of different groups of materials showed initially lower pull-off forces compared to combinations of similar or identical groups of materials. The tendency towards a decrease of pull-off forces was higher for combinations of different groups of materials. Pull-off forces were also related to the manufacturing procedure. Electroformed secondary crowns showed a lower spread of pull-off forces compared to crowns made by casting technology. Wear associated surface roughnesses inside the primary crowns were higher for combinations of similar or identical groups of materials compared to combinations of different groups of materials. Therefore, all hypotheses can be affirmed.



Based on the results of this study, the authors would recommend using combinations of different groups of materials for primary and secondary cylindrical telescopic crowns. For manufacturing the secondary crowns, electroforming technologies seem to be superior to casting technologies. These recommendations are based on the in vitro long-term development of pull-off forces as well as wear-associated surface roughnesses on primary crown surfaces.
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