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Abstract: The paper presents the possibilities of 3D printing of chosen titanium alloy for 
manufacturing ready made parts. Results of examination of the surface topography of material 
manufactured using the AM 250 device by RENISHAW for laser sintering using the SLM 
method have been presented. 3D printing of metal parts has the potential to revolutionize the 
market of manufacturing and supplying parts. It makes it possible to dissipate manufacturing 
and to produce parts on request at lower cost and less energy consumption. The chosen 
parameters of the surface topography of titanium alloy under investigations directly after 
printing can differ depending on the distance from the base plate. Surface roughness 
parameters, isotropy and Abbott-Firestone curve after machining were also identified. 

1. Introduction 
The technique of additive manufacturing with the use of metal is more and more popular and it may 
become one of the main technologies and an integral part of the set of methods and tools of each 
engineer and designer. Due to the application of additive techniques, it is possible to obtain 
geometrically complex shapes, time of manufacturing is shortened, the number of elements in a 
subassembly is reduced and, consequently prevalence over competitors is obtained despite the higher 
cost of manufacturing the elements. What is more, the technology of laser sintering of metal powders, 
enables the development of advanced and light constructions which combine high strength with mass 
reduction by as much as 60%. Even very complicated elements made of high strength material can be 
easily made with the use of additive techniques where the use of the traditional manufacturing 
processes is impossible or very expensive. The growing development of additive techniques of metal 
materials brings the necessity to learn the surface topography of the products made of those materials 
[1], [2]. This concerns both just made surfaces and ones subjected to machining [3[, [4]. 

The purpose of the investigation was to identify and compare selected surface topography 
parameters after the process of turning the titanium alloy, Ti6Al4V obtained by the additive 
techniques to the parameters of the same material made by the metallurgical technique. 

2. Characterization of methods and material used for testing 
The SLM method (Selective Laser Melting) makes it possible to manufacture complex geometry parts 
of metallic powder. The elements made in this way are subjected to machining on the surfaces to be 
matching the surfaces of other elements. As a rule, the arm distributing the powder, which has a blade 
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at the end, cuts the melting unevennesses of the previous layer. The principle of the SLM method is 
shown in Figure 1. 

An important issue in the SLM technology is the necessity to generate durable supporting 
structures. This is due to the significant temperature differences between the working chamber and the 
liquid metal. Therefore must be removed, after a part is made, it has to be cut off the start plate and the 
supports. Examples of supports for the parts under investigation can be seen in Figure 2. The presented 
part has been cut off the start plate. 

 

 

Figure 2. Application of supports when printing the part under investigation. 
 

The supports can have various shape and it is determined during the outprint designing. The sample 
described above has been made at the angle of 30°. The time of execution of a given sample depends, 
among others, on the number of parts made in one printing. For example, for a sample made of 
titanium alloy, Ti6Al4V, simulation of the number of printed elements in relation to the time of 
printing those elements has been shown in Figure 3. Such simulation is made possible by the software 
for the devices of Renishaw company. 

 

 

Figure 3. Number of parts printed as a function of the printing time. 
 

 

Figure 1. General diagram of the Selective Laser Melting method. 

View after 
cutting off 
the start plate 
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For a selected sample, one can also check how the individual layers in the device will be built and 

the locations of the supports (Figure 4). The software divides the network geometry into layers of 
predetermined thickness creating a laminar model. Next, for each layer, working paths are generated 
controlling the device. In the methods used in sample making, those are mirrors directing the laser 
beam. Next the manufacturing process takes places till the ready-made outprint is obtained. 

In the present investigation, titanium alloy, Ti6Al4V, has been used; the alloy has chemical 
composition in accordance with the European standard 3.7164. Till not very long ago, the material has 
been considered as a strategic one, applied in the aircraft industry, shipbuilding and aerospace industry 
as well as for military needs [5 -8]. The alloy is perfectly suitable for engineering applications which 
require high strength, e.g. in the automotive branch and in medicine [9-11]. Due to the additive 
technology used in manufacturing elements, those elements can have various surface roughness. Two 
groups of samples have been subjected to experimental tests. The group designated C1 has been made 
in the form of a shaft with the diameter of 10 mm and the length of 100 mm on the AM 250 device for 
laser sintering by the SLM method made by RENISHAW company. Sample group C1’’ has been 
made by casting and hot drawing. 

3. Methodology of investigation 
Surface topography has been examined both for the samples just manufactured and after the process of 
finish machining. The following technological parameters of machining have been applied: 

� cutting speed, vc = 60m/min 
� feed, f = 0.1; 0,15; 0.2 mm/rev 
� depth, ap = 0.5 mm 

The printed samples have been subjected to machining on the MAZAK QTS 250M. The process has 
been executed by PIWEK Centre of Numerical Processing Krzysztof Piwek in Rososzyca. With the 
participation of the production engineer of MMC Hardmetal Poland Ltd, adequate process parameters 
and tools have been selected for the materials of which the samples had been made. The titanium 
alloy, Ti6Al4V, has been machined with the use of:  

� lathe tool DWLNR2525M08, 
� lathe plate WNMG080408-MS MT9015 

The surface topography parameters have been determined on 8 elementary areas and the obtained data 
have been averaged. For both sample groups, C1 and C1”, areas A (top), B (middle), C (bottom) have 
been established which have been subjected to machining under production conditions (Figure 5). 

Surface topography parameters have been measured with the use of a focal differentiation 
microscope and a version of computer software, MountainsMap Premium 7.4. 
 
 

   
a) b) c) 

Figure 4. Simulation of a sample outprint (the author’s own elaboration): a) virtual model, b) the first 
layer of the virtual laminar model, c) Approximate shape of the real object – visible step effect. 
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Figure 5. Areas of the C1 and C1” samples subjected to machining. 

4. The results of investigation 
Figure 6 shows an analysis Ssk and Sku surface roughness parameters joined in pairs after turning of 
the titanium alloy, Ti6Al4V. The same machining parameters have been adopted for the same areas of 
the samples made by the additive technique and those made by the traditional techniques. When 
analysing the test results, one can see that there is a correlation between the Ssk and Sku roughness 
parameters. In the areas machined with the least and medium feed values (0.1 – 0.15 mm/rev), the 
obliqueness values, Ssk, are positive for both samples. This means that the majority of the material is 
located near the valleys. The Ssk parameter is useful in monitoring various kinds of wear conditions on 
the surface. Sku indicates the presence of very high peaks / deep valleys on the surface of sample C1 C 
and C1” C. For the surfaces of the samples machined with the highest feed values (0.2 mm/rev), the 
Ssk parameter values are positive for sample C1 C. In this case, the majority of the material is located 
near the valleys. In the case of the surface of the C1” C sample, the values of the Ssk parameter are 
negative. Increase of the feed value has resulted in flattening of the vertices on the machined surface. 
Most of the analysed results show right-hand side asymmetry regardless of the feed. An exception is 
the surface of sample C1” C where left-hand side asymmetry can be found. 

After the determination of the surface roughness parameters, the technological surface has been 
shown in a graphic form. This analysis consists in the assessment of the collected 3D surface points 

 

Figure 6. Pair of surface roughness parameters: kurtosis (Sku) as compared 
to obliqueness (Ssk) after turning as a function of the feed for the cutting 
speed of vc = 60 m/min and ap = 0.5 mm. 
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and presenting them in the form of contour maps and isometric images. The view of the surface 
topography has been visually analysed in order to present the turning process characteristics. The 
analysis has revealed some particular features of the surface influencing the functional properties. 
Figures 7 and 8 show the surfaces of samples C1 A and C1” A after turning with the lowest values of 
the cutting parameters (vc = 60 m/min, f = 0.1 mm/rev, ap = 0.5 mm). Crests characteristic of the 
process of turning have been observed on the surface, resulting from the influence of the feed. In the 
isometric image (Figures 7b and 8b), one can see single peaks on the surface (marked by red ellipse). 

a)      b) 

  

Figure 7. Contour map (a) and isometric view (b) of the surface of C1 A sample made of 
the Ti6Al4V titanium alloy after turning for vc = 60 m/min, f = 0.1 mm/rev; ap = 0.5 mm. 

a)      b) 

  

Figure 8. Contour map (a) and isometric view (b) of the surface of C1” A sample made of 
the Ti6Al4V titanium alloy after turning for vc = 60 m/min, f = 0.1 mm/rev; ap = 0.5 mm. 

On the surface of sample C1” A made in the traditional way and shown in Figure 8, one can see 
periodicality characteristic of the turning operation and one small unevenness. Figures 9 and 10 show 
the surface of samples C1 B and C1” B after turning with the cutting parameters (vc = 60 m/min, f = 
0.15 mm/rev, ap = 0.5 mm). 

a)      b) 

 

Figure 9. Contour map (a) and isometric view (b) of the surface of C1 B sample made of 
the Ti6Al4V titanium alloy after turning for vc = 60 m/min, f = 0.15 mm/rev; ap = 0.5 mm. 
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a)      b) 

 

Figure 10. Contour map (a) and isometric view (b) of the surface of C1”B sample made of 
the Ti6Al4V titanium alloy after turning for vc = 60 m/min, f = 0.15 mm/rev; ap = 0.5 mm. 

The surface C1 C shown in Figure 11 is very uniform. It has eve n distribution of valleys and crests 
and characteristic periodicality of the geometrical structure. It can be observed that the width of the 
crests and valleys is smaller than t6hat for sample C1’ C shown in Figure 12. No single peaks or pits 
occur on the surface. 

a)      b) 

 

Figure 11. Contour map (a) and isometric view (b) of the surface of C1 C sample made of 
the Ti6Al4V titanium alloy after turning for vc = 60 m/min, f = 0.2 mm/rev; ap = 0.5 mm. 

a)      b) 

 

Figure 12. Contour map (a) and isometric view (b) of the surface of C1” C sample made of 
the Ti6Al4V titanium alloy after turning for vc = 60 m/min, f = 0.1 mm/rev; ap = 0.5 mm. 

Increase of the feed value up to 0.2 mm/rev, for a surface made by turning, has caused significant 
changes of the average roughness for sample C1” C. On the surface shown in Figure 12 b), one can 
see many irregularities (marked by red ellipses), both valleys and single peaks. In practice, surface 
topography is influenced by many factors, such as cutting parameters or cutting edge wear. The shape 
of the surface geometrical structure is a function of the adopted way of machining, its kinematics and 
technological parameters. The distribution of the characteristic traces of machining on the surface, 
their regularity or randomness is determined by the degree of the structure isotropy. Isotropy of a 
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surface geometrical structure means equal surface structure in all directions. It is a perfectly 
symmetrical structure in relation to all possible symmetry axes. An anisotropic surface is a one which 
has various topographic features in various directions. Isotropy is expressed as percentage: from 0% 
(totally anisotropic surface up to 100% (totally isotropic surface). The following conventional division 
of the isotropy degree is adopted: Is <20% - anisotropic surface, Is >80% - isotropic surface, 20% < 
80% hybrid structure [12]. The surfaces after machining have more or less privileged direction due to 
the kinematics of the machining process The surfaces of samples C1 and C1” after machining have 
isotropy in the range of 3.53% to 7.64% - in this case we can speak about an anisotropic surface. Table 
1 shows the values of isotropy of the individual samples. The application of various feed values 
significantly influences increase of isotropy. Isotropy grows with the increase of the feed. Those 
growths are comparable both for the sample made by the additive technique and the one made by the 
traditional technique. In the case of sample C1 A, for the feed of 0.1 mm/rev isotropy is 3.53% and 
increases up to 7.64% for the feed of 0.2 mm/rev. In the case of sample C1” A, for the feed of 0.1 
mm/rev, isotropy is 3.71% and increases up to 6.56% for the feed of 0.2 mm/rev. In order to obtain a 
more full image, Figure 13 shows the recorded changes of isotropy for various values of machining 
parameters. 

 
Table 1. Machining parameters and isotropy values. 

Sample C1   C1" 

Area A B C A B C 
vc - m/min 60 60 60 60 60 60 
f - mm/ rev 0,1 0,15 0,2 0,1 0,15 0,2 
ap – mm 0,5 0,5 0,5 0,5 0,5 0,5 
Isotropy 3,53% 5,79% 7,64% 3,71% 4,95% 6,56% 

First Direction 90,0° 90,0° 89,9° 89,9° 89,9° 89,9° 
Second Direction 84,6° 37,3° 84,6° 84,6° 84,6° 84,5° 
Third Direction 95,4° 66,3° 95,5° 95,4° 66,3° 95,5° 

 

 

Figure 13. Recorded changes of the degrees of isotropy for various values of 
the machining parameters. 
 

In Figure 14, for example, one can see polar diagrams of the surface isotropy samples C1 A and 
C1” A after turning with the smallest values of the feed (f = 0.1 mm/rev). Both the surfaces under 
examination are characterised anisotropic structure and the isotropy differences between the two 
surfaces amount to 0.18%. Less feed values result in less disturbances on the surface and the surface is 
executed more precisely. 

       



8

1234567890‘’“”

KOD 2018 IOP Publishing

IOP Conf. Series: Materials Science and Engineering 393 (2018) 012108 doi:10.1088/1757-899X/393/1/012108

 

a)    b)    

Figure 14. Analysis of the sample isotropy: a) C1 A, f = 0.1 mm/rev; b) C1”A, f = 0.1 mm/rev. 
 

Surface isotropy can be an important indication in the process of forming constructional surfaces. 
Particularly, when improvement of productivity, functionality or part life is concerned in industrial 
applications. Analysis of the way of surface finishing and forming the surface geometrical structure 
can improve the general quality of parts influencing the condition of the constructional surfaces in a 
complex way. Analysing the isotropy results of the surface structure in the process of turning as 
obtained in the investigation, one can observe an influence of the feed on the surface isotropy. Increase 
of the feed value reduces the surface anisotropy and, consequently, causes uniform surface structure 
parameters in all directions. Another topography element under analysis was the Abbott-Firestone 
curve which describes material distribution in the profile [13], [14]. It is to be considered as a 
percentage increase of the individual topography points in the structure of the whole surface. From the 
mathematical point of view, the diagram can be considered as the distribution of probability of the 
presence of appoint with the height less than that for the read coordinates in the area. On that basis, 
one can read the properties of the given profile in respect of the utilization functions of the surface 
geometrical structure [15]. The material contribution curve determines the percentage of the cut 
material in relation to the covered area. The horizontal axis represents the carrying factor in 
percentage, the vertical axis is the depth determined in the measurement units [16]. The material 
contribution curve, in combination with the histogram of the distribution of the function of the 
ordinates amplitude is a tool for describing the texture of the object under examination. The histogram 
shows the density of the location of points in the profile under analysis [17]. The material contribution 
curve gives significant information on the surface condition in respect of its exploitation usability [18]. 
Figure 15 shows examples of the material contribution curves of the surfaces of sample C1 A and C1” 
A after turning for the cutting speed of vc = 50 m/min, f = 0.1 mm/rev, ap = 0.5 mm. 

a)  b)  

Figure 15. Material contribution curve of the surfaces of samples: a) C1 A, f = 0.1 
mm/rev; b) C1” A, f = 0.1 mm/rev. 
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The surface of a sample made by the additive technique has more concentrated distribution of the 
density of ordinates than the surface of a sample made by the traditional technology. The most 
concentrated distribution is that of the surface of sample C1 A – 90% of the material is concentrated 
within the range of 4.60 µm. The surface of sample C1” A reveals a better exploitation usability – the 
point of the curve inflexion moves in the degressive direction. In the surface of sample C1 A, over 35 
% of the material is concentrated at the height of 15 µm; in the surface of sample C1” A, over 25% of 
the material is concentrated at the height of 14 µm. 

5. Conclusions 
Nowadays, 3D topographic surface analysis is more and more popular in industry and it seems that its 
role in designing and manufacturing will be more and more important in future. 3D measurements of 
roughness are used for better understanding of the surface nature. All the questions of matching two 
surfaces concern 3D phenomena, therefore description of them must not be limited to the analysis of 
the profile. It is particularly important in the case of contact of two matching parts. 
On the basis of the executed tests, the following conclusions can be formulated: 

� Most of the analysed results, regardless of the feed, indicate right-hand side asymmetry. An 
exception is the surface of sample C1” C, where left-hand side asymmetry is present. 

� Increasing of the feed value up to 0.2 mm/rev has caused significant changes of the average 
roughness of the surface made by turning in the case of sample C1” C. The surface shows many 
irregularities, both valleys and single peaks. 

� The surfaces of samples C1 and C1” after machining have isotropy in the range of 3.53% to 
7.64% - they are, therefore, anisotropic surfaces. Increasing the feed value reduces the 
anisotropy of the surface resulting in uniform surface structure parameters in all directions. 

� The surfaces of samples C1 and C1” which had been subjected to finish machining show 
degressive-progressive curves of material contribution. 

Further investigation should include the assessment of functional parameters, such as: the depth of the 
core, Sk, reduced height of the peak, Spk, reduced depth of the valleys, Svk, top carrying surface, Sr1, 
bottom carrying surface, Sr2, area of upgrades filled with material, Sa1, and the area of cavities free 
from material, Sa2. A functional analysis of the surface should also be performed based on four 
volumetric parameters: volume of material peak, Vmp, volume of material core, Vmc, volume of the 
void space core, Vvc, and the volume of the cavity void space, Vvv. 
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