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ABSTRACT10

11
The paper is contribution to research of vibration and temperature elimination in machining.
It focused to milling the difficult-to-machine materials. The milling is characterized with
complex vibrations regarding changing machining forces in milling and the difficult-to-
machine materials have properties decreasing their machinability. The paper provides the
results of experiments for measuring vibrations and temperature in different milling tool path
strategies. Moreover, the results of measuring dynamic response of composite materials are
presented. Finally, the paper proposes the techniques for vibration and temperature
decreasing through the material damping and tool path strategy applied for milling the
difficult-to-machine materials.
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1. INTRODUCTION15

16
Regarding the vibrations, the milling process is characterized by more sources of vibrations17
comparing with turning and other ordinary kinds of machining as drilling and grinding. The18
more complex vibrations are generated by machining forces that act discontinuously as the19
milling cutter involves several cutting edges. The cutting force values change itself by20
variation of chip thickness. In generally, the cutting process involves forced and self-excited21
vibrations as natural side effect caused by various sources. [8]22

23
In recent period, the scientists develop special materials as composites, super-alloys, tool24
steels, hardened steels and stainless steels for extreme applications that are harder, more25
wear, corrosion and fatigue resistant, less heat sensitive, tougher. Mentioned improved26
properties cause difficulties for manufacturing. For example, high toughness causes large27
cutting forces on cutting tool edge and moreover larger thermal and contact stress [12, 13].28
The super-alloys as heat resistant steel designed for the highest thermal-strength29
components keep special mechanical properties even for high temperatures over the 750°C.30
Such materials become difficult-to-machine materials while keeping the conventional or31
better surface quality and dimensional and geometric accuracy and lower costs of32
machining.33

34
The machining of difficult-to-machine materials involves solving the problems of negative35
effects.  The main heat flow during milling of conventional steel is transferred into chip but in36
case of heat resistant materials the heat conductivity is low and temperature become higher,37
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mainly in cutting tool (insert) that is source of short lifetime, material strengthening, sticking38
on the cutting edge, high friction, formation of built up edge etc. [12, 13]39

40
There are several options for solution of mentioned problems of temperature and vibrations41
varying the parameters of basic technological system: machine tool – cutting tool –42
workpiece that can involve also workpiece fixture and cutting tool holder. In present, new43
cutters or cutting inserts (so called chatter free) characterized by new geometry and/or44
holding systems even for long tools have been developing applied to high-feed milling and45
high cutting speeds in order to decrease vibrations, reduce cutting forces, ensure stiffness46
and accuracy. The paper is contribution to research of vibration and temperature decrease47
for milling of difficult-to-machine materials.48

49
2. EXPERIMENTAL DETAILS AND METHODOLOGY50

51
As introduction analyses showed, the milling is characterized by various sources of vibration52
and there are several strategies of vibration elimination (see more in [4, 6, 7, 10 and 13]). To53
minimize vibrations the following approaches are possible to use:54

- Change of process parameters (speed, feed, depth of cut)55
- Modification of cutter geometry,56
- Shortening of cutter overhang,57
- More rigid workpiece support,58
- Tuned dampers,59
- Stiffer machines,60
- Active milling process control [5, 7].61

62
Modal properties of technological system influence its dynamic behaviour [8, 9]. Very63
important is the ratio of Young's modulus of elasticity and low density. In case of large ratio,64
the natural frequency is high and the damping properties are excellent. High natural65
frequency avoids the resonance in case of high speeds. Fig. 1 shows measuring of vibration66
velocity while increasing the spindle speed.67

68
At the research beginning, we focused to measure data confirming different dynamic69
response of technological system to dynamic load. The resonance appeared if frequency of70
excitation force was the same as natural frequency of machine tool. The individual curves in71
Fig. 1 are for following cutters of various tool producers:72

1: 4-teeth roughing cutter, larger lead of screw, Gruma, Ø12,73
2: 4-teeth roughing cutter, lower lead of screw, Iscar, Ø12,74
3: 4-teeth ordinary cutter Gőring, Ø12,75
4: 2-teeth cutter Slotworks, Ø 20,76
5: 3-teeth cutter Slotworks, Ø 25,77
6: 2-teeth cutter Kienenger, Ø12,78
7: Toroidal finishing cutter Fruiza, Ø12,79
8: 4-teeth cutter, Ø 8 (breakage – no curve).80
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81
Fig. 1 Spindle speed vs. vibration velocity82

If the high speeds are supposed to be used, the resonance zones have to be shifted to83
higher values. We propose to use the non-conventional materials for designing machine84
tools (section 2.2) regarding damping properties.85

86
2.1 Testing the tool path strategies87

88
2.1.1 Sample shape and material properties89

90
The tested sample has block shape of dimensions: width 70mm, length 129mm, high 53mm.91
Fig. 2 shows the sample used for experiment and its 3D CAD model with milled groove.92

93
Fig. 2 Fixed sample (left) and its virtual model with milled groove94

The material of sample is heat-resistant steal marked according various technical norms as95
following: STN: 17 134, DIN: 1.4923, X22CrMoV12-1, EN: 10269. It involves carbon C 0.1896

UNDER PEER REVIEW



– 0.24%, chromium Cr 11.00 – 12.50%, nickel Ni 0.30 – 0.80%, molybdenum Mo 0.80 –97
1.20%, vanadium V 0.25 – 0.35%. The typical properties are middle resistance to corrosion,98
good mechanical, magnetic, welding properties, good forge-ability and medium-hard99
machinability. The special properties are heat resistance up to 600°C and maximal hardness100
up to 590HV.101

102
2.1.2 Machine tool and cutting tool103

104
The milling process of heat-resistant chromium-molybdenum steel was made by the vertical105
machining centre VMC 650S CNC of series PINNACLE (Fig. 3).106

107

108
Fig. 3 Vertical machining centre for experiment109

The high-speed and high-feed face milling cutter of 18 mm in diameter with three coated110
cutting inserts was used. The coating is M40 PVST, the cutting inserts are of squared shape.111
Milling cutter body is showed in Fig. 4. The cutting insert is designed specifically for112
machining of stainless steel and high-temperature alloys as well as for universal use.113

114

115
Fig. 4 Milling cutter body116

2.1.3 Milling tool path strategies117
118

The milling process was realised by three different tool path strategies:119
- continuous tool path (Fig. 7),120
- discontinuous tool path (Fig. 8),121
- trochoidal tool path (Fig. 5).122

Tool vibrations were being monitored by NI PXI system and distribution of temperature in123
time was being recorded by thermovision camera for each of mentioned tool paths. In case124
of continuous milling the milling cutter is permanently engaged while milling the groove. The125
engagement of cutter is interrupted for discontinuous milling tool path. In both cases the126
motion of tool is linear.127
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128
In generally, a trochoidal tool path is defined as the combination of a uniform circular motion129
with a uniform linear motion. Trochoidal tool path was developed for milling of grooves and130
pockets by high-speeds and high removal of material. It allows creating wider grooves than131
the cutter diameter what enable to use one tool. Due to the fact that the small values of132
radial engagement are used the end mills with a small and/or variable pitch mill can be used133
and thus the feed speed and cutting speed can be increased. [1]134

135
The simulations of presented continuous and discontinuous milling tool paths were made136
also in CAD/CAM system Creo Parametric. As the mentioned system does not support137
trochoidal milling, the CAM system NCG CAM was used.  Technological conditions of milling138
process were proposed the same form three tool path strategies regarding the tool material139
and milling type. The used postprocessor is for control system FANUC.140

141

142
Fig. 5 Trochoidal milling143

2.1.4 Results of tool path strategies144
145

Average measured temperatures for trochoidal milling tool paths provide the lowest values_146
average tool temperature 62.0°C, average temperature of machined material 29.1°C. The147
highest average temperature was measured for discontinuous milling: average tool148
temperature 195.7°C, average temperature of machined material 53.1°C.   A continuous tool149
path generates average tool temperature 157.1°C, average temperature of machined150
material 48.1°C. The measured values during milling are in Fig. 6.151

152
Regarding the measured values of the temperatures the trochoidal milling is evaluated as153
the most appropriate. We use the advantage of the selected type of milling tool due to the154
possibility to set the same cut depth for all tool paths.  Trochoidal milling can be used for155
different types of milling up to a depth of cut of 10 mm in the full angle of cutter. The156
maximum possible depth of cut of milling processes is strongly limited by unstable vibrations157
between tool and workpiece. [9]158

159
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160
Fig. 6 Measured temperatures of material and tool161

(DM – discontinuous milling, CM – continuous, TM – trochoidal milling)162
163

Vibrodiagnostics results for continuous tool path show the stabile vibrodiagnostics signal164
(Fig. 7) and in case of correct technological conditions settings the high machined surface165
quality and long tool lifetime can be achieved.166

167

168
Fig. 7 Continuous tool path: vibration signal of workpiece (left) and spindle169

The results of measurement for discontinuous milling (Fig. 8) show slightly rise of the170
vibration signal of workpiece, vibrations of spindle are similar. As regards trochoidal milling171
(Figs. 5 and 9) the workpiece vibrations were larger but spindle vibrations were lower172
comparing with continuous tool path. Very important fact is number and geometry of173
wedges.  The obtained quality of the machined surface is lower than that of the continuous174
milling.175

176
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177
Fig. 8 Discontinuous tool path: vibration signal of workpiece (left) and spindle178

179
Fig. 9 Trochoidal tool path: vibration signal of workpiece (left) and spindle180

181
2.2 Testing the material damping and results182

183
Moreover, machine tools as one part of technological system start to use materials as fibre184
composites, particular composites (polymer concrete), natural or artificial granite, ceramics,185
hybrids, sandwich and special structures (honeycomb, aluminium  etc.) to achieve higher186
stiffness and lower natural frequency. Mentioned new, non-conventional, materials of187
machine tools are seldom used for commercial conventional usage and the special cutting188
tools are not always available for economic reason. This is a motive why the presented189
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paper deals with parameters as tool path, modal properties, vibrations and temperature for190
machining of difficult-to-machine materials.191

192
2.2.1 Details of measurement193

194
Fig. 10 shows the individual members of measuring chain: 1 – sample, 2 - bump hammer, 3195
– microphone, 4 – analyser of dynamic signals (measuring card NI PXI 4472B, A/D196
convertor and 5 – PC with software PXI LabView. The sample shape is hollow tube with197
outer diameter 12mm and thickness of wall 2mm. The sample is freely hanging. The force of198
bump is approximately same. The acoustic response of materially different samples is199
recorded by microphone and analysed. There is more precision measuring using fixture of200
both sample ends and accelerometer but we did not use it.201

202
Fig. 10 Members of measurement chain203

1 – sample, 2 - bump hammer, 3 – microphone, 4 – analyser of dynamic signals, 5 - PC204
205

Natural frequency and damping time were measures by bump test for various materials:206
aluminium, glass, steel and short fibre composite (with random and preferred fibre207
orientation). SiC (carborundum) belongs to technical ceramics branch. SiC are infiltrated by208
short carbon fibres that improving the mechanical and thermal properties of SiC. Some209
material properties are following: density 2.65 g/cm3, Young's modulus 250-350 GPa,210
bending strength: min. 160-200 MPa. Composite SiC comprises short carbon fibres with211
length of 3 to 6 mm of 12k thickness (1k=1000filaments). The short fibres can be distributed212
randomly in volume so the material is considered to be isotropic or with preferred orientation213
(material properties are orthotropic) in volume. Fig. 11 presents amplitudes of natural214
frequencies (up) and damping time for sample with best results - ceramics composite with215
carbon fibres C/SiC. Fibre orientation did not influence the results considerably.216

217
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218

219
Fig. 11 Natural frequency (up) and damping time [5]220

Moreover, Fig. 11 shows large frequency zone of dynamic response of C/SiC. The dominant221
natural frequency is not evident. Materials without dominant natural frequency (large222
frequency range) are very appropriate for designing the components intended for dynamic223
load with variable exciting frequencies. Such property is very suitable for preventing the224
resonance. One can see that damping time is very short (comparing for example with steel).225

226
3 DISCUSSION AND CONCLUSIONS227

228
The requirements for accuracy (dimensional, geometric, roughness etc.) and state and229
quality of machined workpieces made from difficult-to-machine materials are the same230
comparing with conventional steel/materials. The paper presents the experiments and show231
possible strategies to improve the milling of difficult-to-machine materials.232

233
We compared three different milling tool path strategies in presented experiment,234
continuous, discontinuous and trochoidal, and found advantages and disadvantage each of235
them. The continuous milling is characterized by increasing of temperature on the cutting236
edge that caused its early wearing and dulling, vibrations are low and thus the machined237
surface quality is high. The discontinuous milling is useful due to better chip removal from238
cutting edge and thus longer cutter (insert) lifetime. The disadvantage is the discontinuity239
itself regarding vibration increase and lower surface quality. Trochoidal milling is intended for240
various shape features up to 10-15mm of depth in normal operation. Small cut depth is not241
suitable due to longer milling time. Presented experiment remained the same technological242
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conditions even for trochoidal milling. Trochoidal milling provided higher vibrations of the243
workpiece, lower spindle vibrations and decreasing of temperature that is very important fact244
for heat resistant materials. The temperature decrease is the main profit of trochoidal milling245
of difficult-to-machine materials. The important benefit is decrease of spindle vibrations. The246
increase of vibration of workpiece can be solved by improved fixture of workpiece for247
example based on composite.248

249
As the technological system is loaded by dynamic loads, its response can be changed by250
various approaches. The paper presents results of the analysis of resonance for chosen251
machine tool and provides the results of bump test applied on different materials. The option252
for preventing the resonance and use high speed milling is to make natural frequency of253
milling machine high through the use of composite materials with very good modal properties254
that change the dynamic response of machine tool.255

256
The future research will be focused on tool path interpolation that has major influence on the257
milling process implementation and applying the fibre composite components in order to258
eliminate vibrations and increase the natural frequency of milling machine.259

260
261

REFERENCES262
1. S. Ibaraki, I. Yamaji and A. Matsubara, On the removal of critical cutting regions by263

trochoidal grooving, Precision Engineering. 2010; 3: 467–473.264
2. V. Kompiš and Z. Murčinková, Thermal Properties of Short Fibre Composites Modeled265

by Meshless Method, Advances in Material Science and Engineering. 2014; 1-8.266
3. K. Monková K. and S. Hloch: Utilization of CAD/CAM systems for determination of basic267

integral characteristics of machines components, 49th International Conference of268
Machines Design Departments, University of West Bohemia in Pilsen, Czech Republic.269
2008; 191-194.270

4. J. Murčinko and Z. Murčinková, Implementation of intelligent elements in vibration271
diagnostics of CNC machines,  Applied Mechanics and Materials. 2013; 308: 87-93.272

5. J. Murčinko and Z. Murčinková, On-line monitoring system applied to explosive273
conditions of printing machine dryers, Risk Analysis. 2012; 44 (8):305-316.274

6. Z. Murčinková, Material Damping of Fibrous Composites for Devices Driven by Artificial275
Muscles, Applied Mechanics and Materials. 2014; 460: 33-40.276

7. Z. Murčinková and J. Murčinko, Monitoring of processes in component joints by277
intelligent system, ICSSE 2013 - IEEE International Conference on System Science and278
Engineering, Proceedings, Óbuda university, Budapest. 2013; 325-328.279

8. J. W. Palm, Modeling, Analysis and Control of Dynamic Systems, 2nd Ed., John Wiley &280
Sons, Inc., New York, USA 2000.281

9. V. Sellmeier and B. Denkena, High speed process damping in milling, CIRP Journal of282
Manufacturing Science and Technology. 2012; 5: 8–19.283

10. S. Šoltésová and P. Baron, The operation monitoring condition of the production284
machinery and facilities using the tools of technical diagnostics, Applied Mechanics and285
Materials. 2013; 308: 105-109.286

11. K. Vasilko, Analytická teória trieskového obrábania (Analytical theory of chip machining),287
COFIN, Prešov; 2009. Slovak.288

12. K. Vasilko and J. Mádl,, Teorie obrábění (Theory of machining), University of J. E.289
Purkyně, Ústí nad Labem; 2012. Czech.290

13. I. Vojtko, M. Kočiško and A. Šmeringaiová et al. Vibration of worm gear boxes, Applied291
Mechanics and Materials. 2013; 308: 45-49.292

14. M. Žmindák and M. Dudinský, Computational modelling of composite materials293
reinforced by glass fibers, Procedia Engineering. 2012; 48: 701-710.294

UNDER PEER REVIEW


