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Today's milling cutting tools are produced in various types and shapes for a wide variety of machining 
processes. Development continues and offers new technological solutions. The design of replaceable 
milling heads offers a significant cost reduction, as only the worn-out part is replaced instead of the entire 
tool. The tough connection between the tool and the shank achieves stable performance in roughing and 
finishing milling. Because of the possibility of using different milling inserts, the number of necessary 
tools will also be reduced and the flexibility of using milling tools will increase. The article examines the 
cutting forces when machining a milling head produced by additive technology using composite Onyx 
material, which is reinforced with carbon fibre. The article deals with a comparison of two machined 
materials using a composite milling cutter and also contains a comparison with a conventional milling 
cutter. 
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 Introduction 

The measurement of cutting forces during 
machining is an important point for optimalization of 
the producing operation. The identification of the 
cutting force is necessary for the determination of 
suitable cutting parameters. During the machining 
process design and its optimization, the cutting force 
stands for a critical design parameter, which means 
that process modelling and tool optimization are often 
utilized for cutting forces prediction to improve the 
total producing performance [1,2,3].  

The analysis of the components of cutting forces 
is irreplaceable in industries, such as medical or aircraft 
production, for providing of top-level quality 
requirements. [4,5,6]. Significant cutting forces could 
potentially worsen the surface finish quality [7]. The 
total machining force F is the action force the tool 
exerts on the workpiece and at which it is pressed into 
the machined material. The machined material 
generates an equally large and inversely oriented 
resistive reaction force on the tool. [8,9] 

Carbon fibre reinforced polymer (CFRP) 
composites are frequently used material in aerospace 
and industrial applications. Their properties are 
strength-to-weight ratio, stiffness, corrosion 
resistance and optimal performance under extreme 
conditions. The development of the design and the 
optimization of these materials are still the object of 

the research. [10] The parts produced by additive 
technology often suffer from poor surface quality and 
dimensional accuracy though. [11,12] 

Moreover, some holes and pockets are difficult to 
be included in the design and it is needed to produce 
them in an extra operation. During this post-
processing, including machining, is usually achieved a 
higher dimensional accuracy and better surface finish. 
Post-process machining of polymer composites can 
be difficult due to the various fibrous particles’ 
orientation [13,14]. Along with an enlargement of 
expanding range of applications of fibre composites, 
the machining of these materials has become an 
important area for research. [15,16,17,18,19,20] 

Doubts about how the material CFRP as a tool 
material will perform during the machining causing 
the research of its properties and selection of the 
proper cutting conditions. 

 Instruments, machines and used material 

The aim of the experiment was to produce a cutter 
made of Onyx material with carbon fibre 
reinforcement (by CFF technology). Then produced 
cutter was exposed to various loads, there were 
measured the cutting forces during machining two 
materials: POM-C and Duraluminium. [21] These 
materials were chosen because their low surface 
roughness after machining with higher cutting speeds. 
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 Mark Two desktop 

A 3D printer that enables additive manufacturing 
from carbon fibre with an accuracy of 100µm. The 
parameters for the printed part are max 320 mm x 132 
mm x 154 mm. It contains also Eiger software, which 
enables to print parts with the carbon fibre. [22] 

 Composite carbon-fibre material Onyx 

Onyx is used as plastic material and the fibre are 
carbon, glass, Kevlar or HSHT fiberglass (High-
Strength - High-Temperature). The layer height is 
standard 100 µm, maximum 200 µm. This material can 
be suitable for its properties for producing of 
machining tools. [23] 

Tab. 1 Some mechanical properties of Onyx [24] 

property value and unit 

density 1180 kg.m-3 

heat deflection 
temperature 

145 ˚ C 

tensile strength 36 MPa 

flexural strength 81 MPa 

 HURCO VMX 30 

Experimental machining was carried out on the 
HURCO VMX 30 vertical machining center. The 
parameters for the machining center are 1020x510 
mm working surface, maximum machine load is 1000 
kg, power 13.5 kW, 10.000-12.000 rpm-1 with a torque 
of 214 Nm. 

 POM-C material 

Polyoxymethylene is a plastic with high strength 
and good mechanical and thermal properties similar to 
polyamides. Polyoxymethylene (Polyacetal, 
Polyformaldehyde, Acetal) is produced in two forms: 
homopolymer POM-H and copolymer POM-C. [25] 
It is a high-quality construction material with good 
strength and stiffness. It is suitable for production of 
precise and shape-complex engineering parts due to its 
good machinability.  

Tab. 2 POM-C material mechanical properties [26] 

property value and unit 

density 1140 kg.m-3 

melting temperature 165 ˚ C 

tensile modulus of 
elasticity 

2800 MPa 

ball indentation 
hardness 

150 MPa 

 Duraluminium 

It is an alloy of aluminium (90-96%) with copper 
(3-6%) and magnesium and manganese additives. 
Duraluminium is five times stronger in tension and 
harder than pure aluminium. It is easy-to-machine. 
[27] The machined material was AlMg3, an aluminium 
alloy EN AW 5754, which has excellent corrosion 
resistance, especially against salt water and industrial 
pollution with the given properties: strength test: min. 
60 MPa, tensile strength: 160-200 MPa, extension: 
min. 12%, Brinell hardness: 44 HB, melting 
temperature: 600 °C, modulus of elasticity: 68 GPa. 
Duralumin is quite soft, ductile and easily workable. It 
can be rolled, forged and extruded into various forms 
and products. Due to its light weight and high strength 
of duralumin im comparison to steel is usable for 
aircraft construction. [28] 

Tab. 3 Duralumin mechanical properties [29] 

property value and unit 

density 2780 kg.m-3 

melting temperature 570 ˚ C 

ultimate tensile strength 450 MPa 

Brinell hardness 120 BHN 

 

 Dynamometer KISTLER 9225A 

The dynamometer collects data by means of 
electro analogue measurement of mechanical 
quantities (pressure magnification) of elastic cells. It 
has a high stiffness and therefore a high natural 
frequency. Its high resolution allows the smallest 
dynamic changes to be captured when measuring 
cutting forces. The dynamometer consists of four 3-
component force transducers that are mounted under 
high bias between the base plate and the top plate. 
Each sensor contains three pairs of quartz plate 
crystals, one sensitive to pressure in the Z direction 
and the other two responding to forces in the X and 
Y directions. During experiment, the coordinate 
system of dynamometer and the coordinate system of 
the machine were synchronized. [30] 

 Design and production of the additive 
produced milling head 

The presented milling cutter was designed as a 
simplified model of a conventional milling cutter. The 
created STL file is opened in the Eiger software (Fig. 
1), which divides the given model into layers. This 
allows you to change its position, guide threads, create 
a support, and also includes various simulations that 
help prepare the model for printing. When the model 
was finished, the additive production starts, and its 
duration was 27 hours. 
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Fig. 1 One layer of additive-produced milling cutter in Eiger 
software 

After removing the support structure, inserts were 
mounted onto milling head (Fig. 2).  

 

Fig. 2 Additive produced milling cutter after mounting of in-
serts 

 Experimental conditions 

The milling cutter was mounted with the cutter 
fixture. Experiments were carried out on the HURCO.  

VMX-30-t machining center. The cutting parameters 
were chosen due to some mechanical properties (high 
ductility and softness) and missing practical machining 
experience. The following cutting conditions were used 
for machining of material POM-C. 

Tab. 4 Cutting parameters for POM-C material machining 

experiment nr. 
vc 

(m.min-1) 
fz 

(mm) 
ap 

(mm) 
1 200 0.025 2 

2 400 0.01 2 

3 400 0.025 2 

4 400 0.025 1 

5 400 0.025 3 

6 400 0.04 2 

7 600 0.025 2 
Table 4 Cutting parameters for POM-C material machin-

ing - continue 
 
For the machining of duraluminium were used the 

cutting conditions (Tab.5): 

Tab. 5 Cutting parameters for duraluminium material 
machining 

experiment nr. 
vc  

(m.min-1) 
fz 

(mm) 
ap 

(mm) 

1 200 0.025 2 

2 400 0.01 2 

3 400 0.025 2 

4 400 0.025 1 

 Evaluation of the experiments 

The first experiment, material POM-C was 
machined. In the following picture (Fig.3) are showed 
cutting forces. 

 

Fig. 3 Cutting forces during machining of POM-C 

The highest value of Fx component was recorded 
in the experiment nr. 5 with cutting parameters vc = 
400 m.min-1, fz = 0.25 mm, and ap = 3 mm. The 
highest value of Fy component was reached also in the 
experiment nr. 5 with the cutting parameters. At last, 
the component Fz, just as total cutting force F, had 
the highest value in the experiment nr. 5.  

In the Fig. 4 are depicted cutting forces during the 
machining od Duraluminium. 
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Fig. 4 Cutting forces during machining of Duraluminium 

As the graph shows, Fx component’s values are 
quite the same size. The highest value of this cutting-
force-component was measured during the 
experiment nr. 1, with cutting parameters vc = 200 
m.min-1, fz = 0.25 mm, and ap = 2 mm. The highest 
value of Fy component had the experiment nr. 1 with 
the cutting parameters, which are already mentioned 
above. The last component of cutting force – Fz 
reached the highest value in the experiment nr. 4 with 
cutting parameters vc = 400 m.min-1, fz = 0.25 mm, 
and ap = 1 mm. The total cutting force has similar 
values in experiments nr. 1, 2 and 3. To compare 
cutting forces of two different milling cutter, there was 
used a conventional milling cutter. In the following 
graph (Fig.5) are depicted total cutting forces of the 
both materials, Duraluminium and POM-C during 
milling with conventional milling cutter and Onyx 
milling cutter head.  

 

Fig. 5 Average of maximum cutting forces of when machining 
Duraluminium using conventional cutter and Onyx milling 

head  

As the graph shows, the differences between total 
cutting forces were quite low. The experiment nr. 4 
(35.2%) and nr. 2 (16,8%) show variation. 

 Conclusion 

The presented article was focused on the analysis 
of cutting forces during milling using additive-
produced milling head. Although vibration measuring 
was not included during machining, it can be assumed 
their influence on the cutting forces and quality of 
surface. 

Based on experimental results of direct 
measurements of machining force components with  
a dynamometer during milling of POM-C material, it 
can be summarized: 

• The highest values of the cutting-forces-
components were: Fx = 396 N, Fy = 393 N,  
Fz = 354 N and total cutting force F =582 N. 
All these highest values of total cutting force      
and components were recorded in 
experiment nr. 5, which means that during 
maximal selected cutting parameters (vc = 400 
m.min-1,fz = 0.25 mm, and ap = 1 mm) were 
detected the highest cutting force. 

For machining of Duraluminium, the following 
values are recapitulated: 

• The highest values of the cutting-forces-
components were: Fx = 137 N and Fy = 393 
N in experiment nr. 1, Fz = 154 N in 
experiment nr. 4 and total cutting force F 
=252 N in experiment nr. 1. 

For comparison, a conventional milling head was 
used for machining to record its cutting forces. The 
difference between total cutting forces of 
conventional and additive-produced milling head were 
quite low (experiment nr. 4: 35.2 % and nr. 2: 16.8 %). 
The main cause of achieved forces was a low Onyx 
milling head vibration due to its low mass and density 
in comparison to mechanical properties of 
conventional milling cutter. 

The article presented the application of additive 
technologies (3D printing) on a modified 
conventional milling head made of non-metallic 
composite materials. According to the chosen 
materials, it is a form of practical verification of its 
mechanical properties, because of the fact that Onyx 
with reinforcing fibers has mechanical properties 
(stiffness, strength, but not resistance to higher 
temperatures) comparable to steels (from which 
conventional milling heads are routinely made). At the 
same time, a comparison with a similar conventional 
milling head was made to demonstrate that such an 
application of a composite milling tool is possible. The 
use of data is important for the further research of 
additive-produced milling tools, because of 
possibilities of the coating, different composite tool 
material using and vast number of various tool shapes. 
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