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ABSTRACT 

The continuous use of the CAD/CAM technology in dentistry has offered new possibilities of materials and 

procedures for the manufacture of dental prosthesis. The present study aimed to evaluate the CNC machining of 

dental zirconia copings, as well as the surface quality of the workpieces. Two different milling sequences 

combined with two distinct cutting strategies were analysed. After establishing the best combination of strategy 

and machining sequence and prioritizing the surface finishing and the machining time of each sample, the tests 

were performed using varied feed rates. The combined use of the machining sequence, the strategies and the 

milling parameters had a strong effect on the final finishing and the productivity of the workpieces. The 

parameters used proved to be effective with the use of 3D offset strategy. The recommended feed rate for 

roughing and finishing surfaces was 1600 mm/min. 
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I. INTRODUCTION 

The use of new materials, including translucent and multicoloured zirconia, processed via CAD/CAM 

has brought new opportunities to the market for the production of dental restorations. The clinical and 

aesthetic outcomes of dental prosthetics have been constantly improving due to the combination of 

methods, materials and technologies. 

The main objectives of the CAD/CAM systems are automation (mass customization) of the 

production process for dental prostheses and better quality and accuracy of fit in the mouth. 

Considering that each sequential step of the process will add a degree of inaccuracy to the final piece, 

which ranges from 50 to 75 microns [1-5], it is of utmost importance to consider the effects of each 

step on the quality and accuracy of the final workpiece. 

There is an increasing demand for studies on CNC milling, involving the production of dental 

prostheses via CAM programming, strategies and zirconia cutting tools [6-8]. Mello et al. [9] 

evaluated the marginal adaptation of fixed dental prosthesis frameworks fabricated by CAD/CAM 

with three different systems of data acquisition. They demonstrated that CAD/CAM system has lower 

discrepancy when compared with the conventional method. Denkena et al. [10] investigated the 

impact of hard machining on the material properties to establish a correlation to failure. They showed 

that the uncut chip thickness plays an essential role in machining zirconia. Hamza and Sherif [11] 
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conducted a study to evaluate the marginal fit of 5 different monolithic zirconia restorations milled 

with different CAD/CAM systems and concluded that the type of CAD/CAM used affects the 

marginal fit of the restoration. 

The present study has been carried out using partially sintered ceramics [12-13], milling the 

restorations in a green zirconia block, which was sintered and shrank to the desired size and hardness. 

It is worth mentioning that for finalization of the prosthesis and subsequent placement in the mouth, 

the zirconia needs to be sintered, however, this procedure was not part of the present study. 

Thus, the present work aimed at evaluating the machining of dental zirconia copings, as well as the 

surface quality of the workpieces. To this end, some machining tests were proposed using varied 

cutting parameters, strategies and sequences of the machining programs.  

In addition to the introduction (section I), the structure of the article is given as follows. Section II 

presents the materials and methods used in this study. Section III shows the results and discussion, 

and finally the conclusion (section IV) and future work (section V) are presented. 

II. MATERIALS AND METHODS 

For the CNC machining, a partially sintered 3mol% yttria (Y2O3) stabilized zirconia (ZrO2) block was 

used [14-16]. The material was a U16W zirconia disk (D98*16) manufactured by Upcera®. The 

specimens were milled using the DM5 milling machine (Tecnodrill®) with a power of 2500 W, 

spindle speed up to 36000 rpm and feed rate up to 12 m/min. Two spherical tools (Zirkonzahn®) were 

used; one with 3 mm in diameter and 3 cutting edges (FR021) and the other with 1 mm diameter and 

2 cutting edges (FR061). A coping (CAD) obtained from a 3D scan reference model was used. Figure 

1 illustrates the 3D model to be machined. 

 

Figure 1. 3D model: (A) occlusal side and (B) internal cavity 

The CAM programming process was carried out using the WorkNC® Dental software, which was 

developed to produce customized prototypes and prosthetics. With the shrinkage factor reported by 

the manufacturer (1.258), the software recalculates and measures the CAD model. Considering that 

the partially sintered material is highly brittle, the milling pressure and the tool force applied to the 

workpiece should be reduced, particularly along the borders. Therefore, the parameters and the 

machining sequence were alternated and combined in order to evaluate the productivity and the 

quality of the copings. This software offers two tool path distribution strategies: Raster (zig-zag) and 

3D Offset (contour curves). The raster refers to move along one coordinate axis for machining. In 3D 

offset the cutter starts at the periphery and moves to the inner of the surface to be machined forming a 

cardioid-shaped pattern (Figure 2). 
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Figure 2. Tool path strategies: (A) Raster and (B) 3D Offset. 

Since each side of the workpiece was machined twice by each milling tool, i.e. each tool was used to 

mill both the occlusal surface and the cavity of the coping, the machining sequence was also altered to 

determine its effect on the process. All machining tests were performed with the 3 mm (roughing) and 

the 1 mm tool (finishing), respectively. In sequence 1, the cavity was milled first (roughing and 

finishing) and then the occlusal side was milled. In sequence 2, the workpieces were completely 

roughed using the 3 mm cutting tool and, subsequently, both were finished using the 1 mm cutting 

tool (Table 1). For the evaluation of the machining tests, five workpieces obtained from each 

sequence/strategy combination were produced, totalling 20 samples. 

Table 1.  Machining tests* 

 Steps 

Machining sequence 1 

1st milling Cavity roughing  

2nd milling  Cavity finishing  

3rd milling  Occlusal roughing  

4th milling  Occlusal finishing  

Machining sequence 2 

1st milling  Occlusal roughing  

2nd milling  Lateral roughing 

3rd milling  Cavity finishing  

4th milling  Lateral finishing 

*Both sequences were performed using two tool path strategies: Raster and 3D Offset. 

The cutting parameters were set according to the manufacturer's recommendations: feed rate of 1200 

mm/min, spindle speed of 30000 rpm, step over of 50% of the tool diameter. The depth of cut was 0.5 

mm and 0.1 mm for the 3 mm and 1 mm tools, respectively. 

Following the combination of machining strategy and sequence, prioritizing the surface finish and the 

machining time used for each workpiece, new tests were performed using varied tool feed rates, as 

shown in Table 4. Four samples were produced for each test group, totalling 20. 

Table 2.  Feed rates for the tests 

Groups 1 2 3 4 5 

Feed rate (mm/min) 800 1200 1600 2000 2400 
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III. RESULTS AND DISCUSSION  

For the surface quality of the workpiece, particularly in relation to the finishing obtained on the 

borders, the machining sequence had more influence than the strategy. The results showed that the 

machining performed with the 3D Offset strategy has given a better surface finish to the workpiece. 

These results are consistent with the expected outcomes due to the circular movement of the tool 

applied to the model, leaving a smoother and continuous surface, as observed in Figure 3. 

In raster milling, the tool travels transversally to the border lines and produces cusps along the sealed 

borders, as shown in Figure 3. To reduce this effect, the step over was decreased by half. This 

procedure provided similar finish to the two workpieces, however with doubled time, affecting 

productivity. 

 Raster 3D Offset 

Sequence 1 

  

Sequence 2 

  

Figure 3. Workpieces machined with two tool path distribution strategies 

Nine out of ten workpieces that were milled in sequence 1 showed integrity and good finish. Only one 

workpiece milled with the raster strategy presented a cracked border and had to be discarded. With the 

use of the sequence 2, three workpieces submitted to raster strategy and two pieces to 3D offset 

strategy were broken, only half of the workpieces could be used. Therefore, the machining sequence 1 

showed better results compared to sequence 2. This result can be explained by the removal of material 

during machining. In sequence 1, both roughing and finishing operations were performed in sequence 

on the side of the cavity, leaving a good amount of material, and therefore, strengthening the outside 

(occlusal side) of the coping. Partially sintered ceramic materials, especially those in the green state, 

are more resistant under compression than under traction. Thus, when the inner border is machined, a 

traction load is generated on the outer wall and if this border has been previously milled, this 

procedure may crack the workpiece. This defect occurred when both sides of the workpiece were 

submitted to roughing followed by internal finishing (sequence 2). Consequently, the external 

supporting material is removed and the coping becomes weak.  

The results showed that the coping with better finish and integrity can be obtained by combining the 

machining sequence 1 with the 3D offset strategy. This combination provided 100% approval of the 

copings, which were milled in the initial conditions proposed by the present study. The same 

combination was used in tests with varied feed rates to evaluate the workpieces in every milling step. 
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When the feed rate was increased to 1600 mm/min (group 3) there were no damages to the 

workpieces, providing a convenient guideline for the maximum estimation of the surface quality and 

safety. The first border broke down with the 3 mm tool at 2000 mm/min (group 4), causing a little 

cracking on the border. However, some extra material was left for subsequent removal during 

finishing, considering that such small damage was not able to affect the workpiece. During the 

finishing process, two workpieces had their borders broken with the use of a 1 mm tool, affecting 

quality and making their use in clinical settings impossible (Figure 4). We can therefore assume that 

the roughing process can be performed in higher feed rate (up to 2000 mm/min), but it should be 

reduced during finishing (1600 mm/min). 

 

Figure 4. Damages caused to the border of the workpiece during finishing 

In group 5 (2400 mm/min), three workpieces were severely damaged during roughing; one of them 

was totally fractured and the remaining two presented cracks during finishing. This feed rate was 

considered too high for the process, combined with the step over and the depth of cut previously 

established. 

IV. CONCLUSION 

The results obtained from these experiments have made it possible to evaluate the behaviour of 

zirconia processed by CNC machining and the influence of the strategies and cutting parameters on 

the surface finishing. The milling strategies had a great effect on the quality and productivity of the 

workpieces. Since zirconia was only partially sintered, and therefore fragile, the machining process 

applied via 3D offset proved to be more efficient, as well as the milling sequence 1 – roughing and 

finishing each side of the workpiece and starting with the cavity surface. The feed rate can be 

increased to 33% of the reference value, which was 1200 mm/min. Therefore, it is possible to operate 

safely with feed rates up to 1600 mm/min, improving productivity and without compromising the 

quality of the workpieces. 

V. FUTURE WORK 

As future work it is suggested the study of tool diameter influence on the surface quality and 

machining time. It is also suggested the study of CNC machining employing different materials, as 

super high translucent zirconia. 

ACKNOWLEDGEMENTS 

The authors would like to thank CNPq and CAPES. 

REFERENCES 

[1]. MOLDOVAN, Ovidiu; LUTHARDT, Ralph G.; CORCODEL, Nicoleta; RUDOLPH, Heike. Three-

dimensional fit of CAD/CAM-made zirconia copings. Dental Materials 27 (2011) 1273-1278. 



International Journal of Advances in Engineering & Technology, Aug., 2018. 

©IJAET   ISSN: 22311963 

127 Vol. 11, Issue 4, pp. 122-128 

 

[2]. BEUERA, Florian; AGGSTALLERA, Hans; EDELHOFFA, Daniel; GERNETA, Wolfgang; 

SORENSEN, John. Marginal and internal fits of fixed dental prostheses zirconia retainers. Dental 

Materials 25 (2009) 94-102.  

[3]. DURET F.; Blouin JL.; Duret B. CAD-CAM in dentistry. J Am Dent Assoc. 1988; 117:715-20 

[4]. LIU PR. A panorama of dental CAD/CAM restorative systems. Compendium. 2005;26:507-16 

[5]. WITKOWSKI S. (CAD-)/CAM in dental technology. Quintessence Dent Technol. 2005;28:169-84 

[6]. HORN, D. High Performance Machining - Putting it Into Practice. Mold making technology 

Magazine, july 2004. 

[7]. FIELD, R. Myths of High-Speed Machining. Metifax, may 2005. 

[8]. YARA, Atsushi; GOTO, Shin-ichi; OGURA, Hideo. Correlation between Accuracy of Crowns 

Fabricated Using CAD/CAM and Elastic Deformation of CAD/CAM Materials. Dental Materials 

Journal 23(4), 2004. 

[9]. MELLO, C.; SANTIAGO JUNIOR, J.; GALHANO, G.; MAZARO, J.; SCOTTI, R.; PELLIZZER E. 

Analysis of Vertical Marginal Adaptation of Zirconia Fixed Dental Prosthesis Frameworks Fabricated 

by the CAD/CAM System: A Randomized, Double-Blind Study. The International Journal of 

Prosthodontics 29, no. 2, February 2016. 

[10]. DENKENA, B.; BREIDENSTEIN, B.; BUSEMANN, S.; LEHR, C. M. Impact of Hard Machining 

on Zirconia Based Ceramics for Dental Applications. Procedia CIRP 65, 2017. 

[11]. HAMZA, T. A.; SHERIF, R. M. In Vitro Evaluation of Marginal Discrepancy of Monolithic Zirconia 

Restorations Fabricated with Different CAD-CAM Systems. The Journal of Prosthetic Dentistry 117, 

no. 6, June 2017. 

[12]. KUNES, K., HAVRDA, J., HRONÍKOVÁ, K. et al.  Stabilization of bioceramic suspensions 

prepared from alumina-containing zirconia powders.  Ceramics-Silikáty, .44 (1), 2000. 

[13]. KONG, Y. M., BAE, C. J., LEE, S. H., KIM, H. W., KIM, H. E.  Improvement in biocompatibility of 

ZrO2-Al2O3 nano-composite by addition of HA. Biomaterials, 2004. 

[14]. CHEVALIER, J., DEVILLE, S., MÜNCH, E., et al., "Critical effect of cubic phase on aging in 3 

mol% yttria-stabilized zirconia ceramics for hip replacement prosthesis", Biomaterials, v. 25, n. 24, 

pp. 5539-5545, Nov. 2004.   

[15]. SCOTT, H.G., "Phase relationships in the zirconia-yttria system", Journal of Material Science, v. 10, 

pp. 1527-35, 1975. 

[16]. RUIZ, L., READEY, M.J., "Effect of heat treatment on grain size, phase assemblage, and mechanical 

properties of 3 mol % Y-TZP", Journal of the American Ceramic Society, v. 79, pp. 2331-40, 1996. 

 

 

AUTHORS BIOGRAPHY 
 
Gustavo Freitas received the Bachelor in Materials Engineering from the Federal 

University of Rio Grande do Sul, Brazil, in 2000 and the Master in Engineering from 

the Federal University of Rio Grande do Sul, in 2006. He is currently pursuing the 

Ph.D. degree with the Postgraduate Program in Mining, Metallurgical and Materials 

Engineering at Federal University of Rio Grande do Sul. His research interests include 

3D scanning and CNC machining as well as dental prostheses in zirconia. 

 

 
 

 

 

Ivan de Lima e Silva Penz is currently pursuing the Bachelor degree with the 

Materials Engineering Department at the Federal University of Rio Grande do Sul, 

Porto Alegre, RS, Brazil. His research interests include 3D scanning and CNC 

machining. 

 

 



International Journal of Advances in Engineering & Technology, Aug., 2018. 

©IJAET   ISSN: 22311963 

128 Vol. 11, Issue 4, pp. 122-128 

 

 

Fabio Pinto da Silva is the head of Design and Materials Selection Lab (LdSM) at the 

Federal University of Rio Grande do Sul (UFRGS), Brazil. He received the Bachelor in 

Mechanical Engineering from UFRGS, in 2002; the Master in Engineering, in 2006, 

and the Ph.D. in Engineering, in 2011, both from the Postgraduate Program in Mining, 

Metallurgical and Materials Engineering at UFRGS. His research interests include 

3D Technology (3D scanning, 3D printing, CNC machining, laser cutting, virtual and 

augmented reality), Assistive Technology and Cultural Heritage Preservation. 

 

 

Wilson Kindlein Junior is a member of Design and Materials Selection Lab (LdSM). 

He received the Bachelor in Mechanical Engineering from the Federal University of 

Rio Grande do Sul, Brazil, in 1988; the Master in Engineering, in 1993, and the Ph.D. 

in Engineering, in 1999, both in the Postgraduate Program in Mining, Metallurgical and 

Materials Engineering, from the Federal University of Rio Grande do Sul, Brazil. He is 

Professor at Federal University of Rio Grande do Sul in the Materials Engineering 

Department, in the Postgraduate Program in Mining, Metallurgical and Materials 

Engineering and also in the Postgraduate Program in Design. 


