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THE ROLE OF THE ADDITIVE MANUFACTURING PROCESS PARAMETERS 

IN THE SHAPING OF THE SURFACE GEOMETRIC STRUCTURE  

DURING MICRO-MILLING 

The article presents the results of measurements of the geometric structure of the surface after micro end-milling. 

In the experiments, coated monolithic super micrograin cemented carbide micro end mills with 2 flutes were 

employed. The machined parts were additively made of CoCr alloy using Selective Laser Melting technology 

(SLM). Analyzed variables were the volumetric density of energy supplied by the laser during the SLM process 

and the feed rate during micro-milling. The results showed a strong influence of SLM process parameters on  

the surface roughness, which, according to the authors, results from the significant variability of the mechanical 

properties of the material as a function of the volumetric density of energy supplied during melting. 

1. INTRODUCTION  

Cobalt-chromium alloys are characterized by good wear resistance, corrosion resistance, 

creep strength and heat resistance [1–8]. They are used in the nuclear and aviation industries 

as well as in the production of gas turbine components. Due to the possibility of creating 

passive oxide layers on the surface, cobalt and chromium alloys are used for implantable 

medical devices, such as the orthopaedic knee, shoulder, hip prostheses, and bone fracture 

connectors. Besides, they are widely used in implantology and dental prosthetics [2–6, 9–12]. 

The above applications require precise mapping of the shape and low surface roughness to 

ensure in vivo longevity [3, 6–8, 12, 13]. To meet dimensional and shape requirements  

of products in medical applications, as well as to ensure their integrity, various surface 

treatment methods are used (turning, milling, polishing, electro-erosion machining) [1, 3, 6].  

In dental applications, CoCr alloy products are most often made with lost wax casting 

techniques (LWC) [9–11, 14]. However, this conventional method has disadvantages such as 

wax pattern distortion, irregularities in the cast metal, complicated procedures and time-
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consuming processing. Some of the disadvantages of LWC have been eliminated by using 

advanced production techniques, such as CNC machining [4, 7, 9–11, 14]. Unfortunately,  

the subtractive machining of CoCr alloys has several problems, mainly the low cutting tools 

life and low machining efficiency, as well as the difficulty in obtaining high-quality machined 

surfaces. These problems are the result of the low thermal conductivity of the material, its 

susceptibility to high deformation, high hardness at elevated temperatures and high wear 

resistance [1, 6, 7, 11]. Also, subtractive manufacturing techniques are characterized by  

a high percentage of waste material, the amount of which can reach 90% of the starting 

material [9, 11, 14, 15]. Recently, additive manufacturing techniques, mainly SLM/DMLS 

(Selective Laser Melting/Direct Metal Laser Sintering), which enable the production  

of products through the layered building from powdered metal per the 3D model, are 

becoming an alternative to the above methods [9, 11, 14, 15].  

These techniques have a rather significant disadvantage – the objects produced using 

them are characterized by high surface roughness and insufficient dimensional and shape 

accuracy as well as good surface integrity [9–12, 14, 15]. In dentistry, proper surface finish 

and matching of mating elements are crucial to minimizing plaque build-up and food 

accumulation, as this may lead to oral health deterioration [2, 9–11, 14]. Therefore, in-depth 

research into methods to improve the geometric characteristics of dentures and implants made 

of dental alloys is key [2, 9–11]. In dental applications, due to the small size of the obtained 

parts of the objects, micro-milling processes, which are widely used for the production  

of miniature parts and components of high quality, can be used [16–18]. Although the research 

on the influence of micro-milling on the geometric structure of the surface (SGS) was 

conducted by other researchers [16–20], the work presented is, according to the best 

knowledge of the authors, the first relating to cobalt-chromium alloys. 

The presented work focuses on the SGS assessment of cobalt-chromium alloys obtained 

by the additive manufacturing method SLM, as well as the study of the influence of both SLM 

and micro-milling process parameters on SGS parameters. 

2. EXPERIMENTAL DETAILS 

Test samples were made of cobalt-chromium alloy (ASTM F75) using the Selective 

Laser Melting (SLM) additive manufacturing technique. The process was carried out on  

the REALIZER II 250 (MCP-HEK-Realizer) device equipped with a 100 W Nd: YAG laser. 

A series of 10×10×10 mm samples were prepared. The SLM process parameters are 

summarized in Table 1.  

The process was carried out at constant values of laser power (P), layer thickness (d) 

and distance of the laser paths (h). The main variable was the laser exposure time at a single 

point (t), and the derivative variables were the scanning speed (V) and the volumetric energy 

density (E). 

The produced samples were subjected to a micro-milling process. In the carried out 

experiments, the monolithic super micro-grain cemented carbide micro end mills with coating 

were employed. The tools had the following geometry: diameter D = 1 mm, number of teeth 

z = 2, orthogonal rake angle γo = −3°, orthogonal flank angle αo = 14° and helix angle λs = 30°.  
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The full slot micro-milling tests were conducted without the application of cutting fluids. 

The micro-milling parameters applied in experiments are presented in Table 2.  

Table 1. The selective laser melting process parameters 

P [W] t [s] V [mm/s] h [mm] d [mm] E [J/mm3] 

100 0.000144 555 0.12 0.03 50 

100 0.000216 370 0.12 0.03 75 

100 0.000286 280 0.12 0.03 100 

Table 2. The milling parameters applied in experiments 

ae [mm] fz [µm/tooth] ap [µm] vc [m/min] n [rev/min] 

1 1, 2, 3, 4, 7 20, 40 23.9 7600 

 

The experiments were carried out on a prototype milling center with the 3 numerically 

controlled axes and maximal rotational speed of 100 000 rev/min. The milling center has 

workspace dimensions of 50×50×50 mm. It is equipped with linear stages that have 2.5 μm 

accuracy in the X direction, 4 μm accuracy in the Y direction and 3 μm accuracy in the Z 

direction. All axes have 0.1 μm repeatability. The machine body is made from granite to avoid 

thermal deformations and minimize vibrations. The milling center and experimental set-up 

are presented in Fig. 1. 

 

Fig. 1. Milling center and experimental set-up 

Atomic Force Microscope (AFM) (MultiMode, Nanoscope IV, Bruker) was used to 

investigate surface topography. The contact mode was used with the scan size area  

100×100 m. Both height and deflection image was captured. To generate the surface 3D 

view the height image was used. Measurements were taken at two locations: in the middle of 

the groove and at the distance of 50 m from the wall of the groove (see Fig. 2). The sample 

measured surface is shown in Fig. 3. 

The measured heights were used to compute surface roughness parameters such as Sa, 

Sq, Ssk, Sku, Sp, Sv, and Sz. Three factors, depth of cut (ap), feed (f) and volumetric energy 

density (E) were considered. The influence of these factors on surface roughness parameters 
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was studied using analysis of variance (ANOVA). The F-ratios and corresponding P-values 

were computed for all three main factors and their interaction. The analysis of variance was 

performed separately for two locations of the measurements. 

 

Fig. 2. Locations of the measurements areas 

3. RESULTS AND DISCUSSION 

The results of the ANOVA are shown in Table 3. The influence of the depth of cut (ap), 

feed (f) and volumetric energy density (E) on the SGS parameters such as Sa, Sq, Ssk, Sku, 

Sp, Sv, and Sz are presented separately for two locations of the measurements: middle of the 

grove and 50 m from the wall.  

Factors that have the greatest impact on individual SGS parameters have been marked. 

In almost every case the most important was volumetric energy density (E) and feed (fz). Only 

in one case (Sv) an additional significant effect of ap was observed. This allows us to conclude 

that SGS properties are generated already at the stage of sample preparation, while the 

machining processes affect it later. Interaction factors have been removed due to their 

insignificant influence on surface roughness parameters. 

The dependence of the Ssk parameter on volumetric energy density (E) is shown in 

Fig. 3. Analyzing the graph above, it can be seen that as the volumetric energy density 

increases, the distribution type of the Ssk parameter changes. For the lowest value E is 

asymmetric right-sided, for 75 J it is asymmetrical left-sided and this is also the case for E at 

the highest level. 

It is worth adding that the Ssk parameter provides information on surface asymmetry, 

while the value of the Ssk parameter indicates the predominance of peaks on the surface 

(Ssk > 0) or valleys (Ssk < 0). For E values at 50 and 75 J, it can be seen that the surface 

roughness parameter Ssk is positive. This means that most of the material is located near  

the valleys. For E of 100 J, the surface roughness parameter Ssk is negative, which means that 

most of the material is located near the peaks (see Fig. 4). The above effect may be caused by 

higher porosity or the presence of unmelted CoCr powder grains for lower E. Given  

the quartile range, the larger values for extreme E values (50 and 100 J) are visible, which 

indicates greater statistical diversity. 

Figure 5 presents the dependence of the Sv parameter on the depth of cut (ap) and Fig. 6 

shows the 3D view of the exemplary machined surface.  
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Table 3. The results of the ANOVA  

 Middle of the groove 50 µm from the wall 

 'd.f.' 'Mean Sq.' 'Prob>F'  'd.f.' 'Mean Sq.' 'Prob>F' 

Sa 

ap 1 0.000304 0.102345 ap 1 2.42E-05 0.6277257 

fz 4 0.007183 0.000263 fz 4 0.0024478 0.00352 

E 2 0.000792 0.021568 E 2 0.0005496 0.0587061 

Error 4 6.82E-05  Error 4 8.79E-05  

Total 23   Total 23   

Sq 

ap 1 0.000401 0.116571 ap 1 2.83E-05 0.6783805 

fz 4 0.010015 0.000295 fz 4 0.0034929 0.0044729 

E 2 0.000862 0.03588 E 2 0.00077 0.0727794 

Error 4 0.000101  Error 4 0.0001422  

Total 23   Total 23   

Sku 

ap 1 0.0168017 0.707418 ap 1 3.0710316 0.4863388 

fz 4 0.2407617 0.2164178 fz 4 3.7043225 0.6270225 

E 2 0.4405585 0.1019778 E 2 3.4703224 0.5639741 

Error 4 0.1033466  Error 4 5.2328569  

Total 23   Total 23   

Ssk 

ap 1 0.0742609 0.3297774 ap 1 0.1908789 0.3530126 

fz 4 0.01376 0.9095559 fz 4 0.1702284 0.5064226 

E 2 0.4248154 0.0490526 E 2 0.2447789 0.3432843 

Error 4 0.0604269  Error 4 0.1731692  

Total 23   Total 23   

Sp 

ap 1 0.0055922 0.2918344 ap 1 0.0005158  

fz 4 0.0397583 0.0215054 fz 4 0.014589  

E 2 0.0097302 0.1923248 E 2 0.0109408  

Error 4 0.0038001  Error 4 0.0039888  

Total 23   Total 23   

Sv 

ap 1 0.0061984 0.0436147 ap 1 1.21E-05 0.8771339 

fz 4 0.0412362 0.0009002 fz 4 0.0170275 0.0019342 

E 2 0.0046881 0.0565395 E 2 0.0058332 0.0176987 

Error 4 0.0007312  Error 4 0.0004476  

Total 23   Total 23   

Sz 

ap 1 0.0235656 0.1173617 ap 1 0.0003696 0.8229353 

fz 4 0.1610955 0.003712 fz 4 0.0594171 0.0270864 

E 2 0.0099343 0.2968948 E 2 0.0287835 0.0963301 

Error 4 0.0059468  Error 4 0.0064771  

Total 23   Total 23   

 

Fig. 3. Plots of the dependence of the Ssk parameter on volumetric energy density (E) 
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Fig. 4. Surface profiles obtained for different volumetric energy densities (E) 

 

Fig. 5. Plots of the dependence of the Sv parameter on the depth of cut (ap) 

Sv is one of the functional parameters of the surface. Considering the depth of the lowest 

depression of the surface Sv depending on the feed, it can be stated that for the lower value 

of ap a higher Sv was obtained. In both considered cases the distribution of the Sv parameter 

is asymmetrical (Figs. 5 and 6). However, for ap equal to 20 µm it is left-sided and for 40 µm 

right-sided. Considering the quartile range, it is higher for a lower depth of cut. 

The obtained results are consistent with the literature data [7, 21], which shows that in 

the case of CoCr alloys a higher variability of surface roughness parameters after treatment is 

observed than in the case of other biocompatible materials. The above results confirm, that 

proper parameters selection, both – SLM, and micro-machining, have an influence on the 

SGS parameters obtained during CoCr alloy machining and, potentially, allows their control. 

 

Fig. 6. 3D view of the machined surface (middle of the groove): E = 100 J, ap = 20 m, fz = 4 m 
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4. CONCLUSION 

Studies were carried out on the impact of SLM process parameters and micro-milling 

on the surface roughness of CoCr alloys. Analyzed variables were the volumetric density  

of energy (E) supplied by the laser during the SLM process and the feed rate (fz) and depth  

of cut (ap) during micro-milling. The results of ANOVA analysis revealed that the roughness 

parameters in the considered cases are primarily influenced by E, and subsequently generated 

by the machining process. CoCr alloys are characterized by a wide variability of roughness 

parameters. The results of the research allow us to claim that by using properly selected 

parameters of the manufacturing process, the surface roughness can be controlled by reducing 

its variability towards narrower ranges. Research in this direction will continue. 
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