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Abstract: The work is new due to the type of process used—ultrasonic precision machining—to
determine the possible effect of spindle heating (long-term machining) on the precision of the flat
surface. It was carried out on a precise ultrasonic machining machine, and the material of workpiece
was ceramic Al2O3. A flat surface was machined. Such an experiment has not been feasible until
now. The experiment was divided into two days. On the first day, the machining time was 4 h. It
is a long enough time to create a temperature-steady state. On the second day, with a cold tool and
cold machine tool, we continued where we left off on the first day. This is how we monitored the
accuracy of the dimensions of the workpiece on the plane surface. We have achieved the following:
The average interface depth achieved values of 0.007089 mm and 0.003667 mm for cold and heated
spindles, respectively. It means that when the spindle is not heated, the depth of the interface is
higher by 93% (almost double the depth). The average standard deviation of the interface depth is
0.001683 mm and 0.000997 mm for cold and heated spindles, respectively. It means that when the
spindle is not heated, the process is not as stable, and the standard deviation is higher by 69%.

Keywords: precision machining; ultrasonic milling CNC machine tool; ceramic workpieces

1. Introduction

Finishing machining methods can be included among the methods referred to as
microtechnologies and nanotechnologies. These terms also mean production technologies
that achieve dimensional accuracy in micrometers or in nanometers. In both cases (micro-
and nanotechnologies), there are basically two ways to proceed. It is either the removal of
the relevant surface layer or the addition (e.g., coating) of a surface layer in the specified di-
mensional ratios. The goal of finishing machining is to improve the shape, dimensions, and
quality of the surface. As a rule, we only remove small particles of material during finishing.
These impose a small cutting resistance, cause only low deformations of the workpiece,
the tool, and the machine tool, and thus guarantee high accuracy of the workpiece. The
achieved surface roughness is usually very low, less than Ra = 0.8 µm. The finished surface
has a high quality, even appearance, and sometimes it is even mirror-glossy, which is not
always necessary because the surface obtained by fine scoring (of course also after finishing)
holds the so-called lubricating film better, which reduces the friction and wear of such
movingly contacting surfaces when they are used in machinery [1]. Accuracy is determined
by deviations from the ideal value of the selected variable. Deviations from the ideal value
are inaccuracies. In the case of precise technologies, these are physical, geometric quantities.
Objects with precisely determined dimensions do not exist. The exact dimension is zero
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deviation from the specified measure. How much is zero deviation? Tenth, hundredth,
thousandth of a millimeter? And there is also a tenth, a hundredth, a thousandth of a
micrometer, so we can continue ad infinitum. There are only dimensions that fall within
a certain selected tolerance, which are smaller than the largest permissible deviation. We
consider such dimensions to be accurate. Precision is basically a session (relationship). If
the dimension is from the specified interval, we consider it to be accurate. So, accuracy
is a human concept. Accuracy is how close a value is to its true value. Precision is how
repeatable a measurement is.

The following are known physical causes of inaccuracy in the dimensions of engineer-
ing components [2]:

- Geometric inaccuracies of the used means, machines, tools, and preparations. They
are inaccuracies of dimensions and shapes such as flatness, cylindricity, conicity,
perpendicularity, deviations from the paraboloid, hyperboloid, deviations from the
involute, etc.

- Arbitrary inhomogeneity of the workpiece, e.g., chemical composition, structure,
existence of voltage, temperature, electric, ultrasonic, or other fields.

- Static or dynamic deviations of the desired relative position of the material (piece)
and the cutting edge of the tool in the machine’s coordinate system. For example,
mistakes, lack of definition of moving parts, the vibration of a member of the system,
or transmission from the surroundings.

- Loss of geometric shape (deformation) of members of the work system due to techno-
logical forces, heat, and erosion (wear and tear—loss of particles).

- Deformations of the workpiece due to the release of internal stresses and the action
of external forces. Internal stresses can be released by material removal, structural
changes, removal, etc.

How do we make precision parts? We produce precise parts when the causes of
inaccuracies are eliminated to such an extent that the shape, dimensional, and positional
deviations of the elements (elements) of the product—parts—are within the specified limits
(tolerances). It is not always technically and economically possible.

There are many studies and contributions that address the issue of precision in ma-
chining. We have selected some publications so that they form a broad mosaic of the
presented issues.

One of the reasons machined surfaces occur out of flatness when milling is cutting tool
deflection affected by cutting force and low stiffness of the machine tool. This issue was
proposed to be solved via offline tool path compensation, a semiempirical model based on
Armarero theory, and a machine tool deflection model [3]. Utilizing ultrasonic-vibration-
assisted technology in the finishing operations is a perspective technique for ensuring high
geometrical accuracy and machined surface roughness [4]. It was reported that the rough-
ness of the machined surface is significantly improved by ultrasonic-vibration-assisted
(UVA) ball polishing from 0.122 µm to 0.022 µm [5,6]. The physical nature of UVA ma-
chining’s positive effect on machined surface morphology is based on the reduction in
frictional force [7]. Though cutting speed and feed have affected surface roughness, the
amplitude of ultrasonic vibrations during UVA milling appears to be more significant [8,9].
The positive effect of UVA technology on surface roughness and surface crack reduction
can be improved with the MQL technique [7,10,11]. Structural and motional errors of CNC
machines play an essential role in ensuring machined surface accuracy. Jaskolski et al.
specified that surface flatness and vertical parallelism deviation, which were measured by
a 3D scanner, are significantly affected by machine tools [12]. Combining 3D scanning with
the reverse engineering technique CAD model [13] shows good reliability in evaluating
machined surfaces’ shape and size deviations [14]. However, it should be considered that
CAD model continuity affects accuracy when machining curvy surfaces, namely B-spline
and Bezier curves. In practice, CAD model continuity leads to a surface deviation that
can vary up to 60 µm but does not affect surface roughness [15]. Dong et al. reported
that the surface roughness of the freeform surface when milling is greatly influenced by
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the bull-nose mill’s local inclination angle and tilt angle [16]. Though 3D scanning is a
reliable measuring method, it requires expensive equipment. As an alternative measuring
technique for tool geometry accuracy monitoring, it was proposed to use a trigger touch
probe integrated into the NC control system [17] or laser measuring tools or interferometers
to control angular errors, horizontal and vertical straightness errors, parallelism errors [18],
and squareness errors [19]. Another way to affect and improve machining accuracy is to
predict feed rate and cycle times considering interpolator dynamics using a finite impulse
response-based low pass filter, which estimated more than 90% more accurate cycle times
than CAM-based prediction [20]. Holub et al. found that the roundness of the machined
surface when milling on a CNC machine can be improved by 40% using volumetric com-
pensation accompanied by a LaserTRACER self-tracking interferometer [21]. Lu et al.
proposed a multibody system (MBS) error model used for the identification of total geo-
metric errors, which were encountered through value-leaded global sensitivity analysis
and considered in the Beckhoff TwinCAT servo system for the compensation straightness
error model using the B-spline interpolation method [22]. As a result, geometric error
in the X direction of CNC machine movement was significantly reduced; however, the
proposed compensation model did not consider the effect of cutting parameters and ther-
mal expansion of CNC machine units, as well as cutting tool thermal expansion [23,24].
However, Zhao et al. found that the thermal elongation of the cutting tool during the
warming-up of a machine tool can reach up to 130 µm in the axial direction [25]. These
findings were proved with finite element modeling (FEM) in Ansys software based on
measuring spindle unit temperature with thermocouple sensors. Heating spindle parts
up to 78 ◦C explains the thermal elongation of CNC milling machine spindle unit, though
this temperature can be reduced by cooling system up to 16 ◦C [26]. Another sensor-based
study of machine tool units reported about 45 ◦C and thermal error of up to 75 µm [27].
The effects of major heat sources such as ambient temperature changes, the spindle rotation,
and X, Y, and Z feed drive activities were also considered for evaluating the five axes of
the CNC milling center unites deformation model. Based on the multiple linear regression
(MLR) model for the Python code-based software compensation of CNC milling center unit
thermal displacements, the thermal errors were reduced up to 62%, 56%, and 73% in the X,
Y, and Z directions, respectively [28]. A feature study of technological parameters’ effect
on dimensional accuracy and surface quality when milling on a CNC machine assumed
that increasing cutting speed causes an increased scatter of size dimension. In contrast,
increased feed per tooth reduces deviation from the nominal size [29]. The scatter of size
dimensions can occur because of the relatively low stiffness of machine units under certain
cutting parameters, leading to chatter vibrations and poor surface quality. Rock proposed
to predict regenerative chatter with hardware-in-the-loop simulation using a dexel-based
cutting model. However, an experimental study did not validate this model [30]. One
of the possible ways to reduce chatter vibrations is using digital twin technology, which
was implemented by combining the machined part CAD model and probing cycle during
milling [31] with feature optimization of cutting parameters and error compensation [32].
The reliable method of machining error compensation when machining curve surfaces can
be utilized in the prediction of counter error based on model identification and kinematic
analysis of machine tool, which allow for reducing counter error for 61% up to 3µm [33].
Yeh et al. show that the cycle-based iterative learning contour control method implemented
through permanent magnet synchronous motor (PMSM) driving control ensures an 80%
contour error reduction rate in comparison with the proportional–integral control [34,35].
It was proposed to implement optimization based on multiobjective parameters for the
machining process’s high efficiency and energy saving. Considering machine performance,
tool life, and machining process requirements, the multiobjective generic algorithm was
carried out to solve the Pareto solution of the target model. As a result, optimal cutting pa-
rameters for roughing and semi-finishing milling were defined [36]. For the last few years,
the artificial intelligence method has found its application as a deep learning technique for
evaluating surface accuracy and quality when machining. The combination of the Gramian
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angular field (GAF) and trained convolutional neural network (CNN) model showed good
results in predicting machining conditions. The GAF allowed the transfer of CNC machine
control system signals in images of the machined surface, which proceeded with the CNN
algorithm. The trained classification CNN model resulted in recall, precision, and accuracy
with 75%, 88%, and 94% values, respectively, for predicting workpiece surface quality and
tool breakage [37] and tool life [38]. Currently, different types of tool wear can be predicted
using artificial neuron networks and measured in real time. For that purpose, complex
sensor systems that measure acoustic emission and acceleration are developed [39].

Though the effect of heat generation in the machine tool units is known and studied,
there are very few researches that correspond to the influence of machine tool thermal
expansion on the accuracy and surface roughness of the machined surface. The current
paper is focused on the experimental study of the technology of milling a planar surface
on a precision CNC ultrasonic machine using a typical ultrasonic tool (described below).
The influence of the thermal load on some parts of the machine tool, the ultrasonic tool,
and the workpiece from the heat generated in the machine’s moving parts and from the
cutting process itself was investigated. This generated heat then affected the accuracy of
the produced planar surface, as documented below.

2. Materials and Methods

We called the experiment as follows: the spindle temperature influence on topological
precision during rotary ultrasonic machining of ceramic material.

2.1. The Machine Tool

The research was implemented on the machine tool Ultrasonic 20 linear (Figure 1). It
is a high-precision five-rotary ultrasonic machine. It is produced by the German company
DMG Mori Seiki. This machine can control five axes continuously, and therefore, it can ma-
chine complex shapes in one clamping. In Tables 1 and 2, the selected technical parameters
of the machine tool Ultrasonic 20 linear are listed.
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Table 1. Characteristics of table of the ultrasonic five-axis machine, Ultrasonic 20 linear.

Linear Movements
X/Y/Z
[mm]

Velocity of Working
Feed Rate
[mm/min]

Rotation
Movements A/C

[◦]

Velocity of
Rotational Motions,

Max
[rpm]

Acceleration of
Movements

[g]

Accuracy of
Positioning

[µm]

201/201/281.1 40,000 −10.514◦ to
130.486◦/not limited 200 2 ±2.5
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Table 2. Characteristics of spindle, tool, clamping system of the ultrasonic five-axis machine, Ultra-
sonic 20 linear.

Spindle Speed, Max
[rpm]

Performance of the
Machine at Top
Spindle Speed

[kW]

Torque Momentum
[Nm]

Frequency of
Ultrasound

[kHz]

Magazine of the
Tools

[number]

Pneumatic
Clamping System

42,000 15 6 20 ÷ 30 24 HSK 32 E/S

This machine can continuously control five axes and machine complex shapes in one
clamping. The tool performs all three linear movements (X, Y, and Z). The workpiece
performs two remaining rotational movements (A and C). Rotation around the X-axis (A) is
ensured by the cradle construction. Rotation around the Z-axis (C) is ensured by the rotary
table. It could be used for precision and micromachining. This machine deploys the spindle
USB 40. The high spindle speed is usually not used for high-speed machining (HSC) [40,41],
but more often, it is used for micromachining, where tools with small diameters are used,
and to reach proper cutting speed, the high spindle speed is required. The machine utilizes
an ultrasonic generator, USG2000. Conversion of electric energy to mechanical energy is
provided by the piezo-ceramic transducer. To achieve such high accuracy of machining,
extreme precision of measurements of the tool dimensions is required. Laser measurement
device BLUM Laser P87 serves ideally for this purpose. Tough probe Reinshaw OMP 400 is
utilized for the measurement of the workpieces. This probe has a ruby tip. Removing of
chips is ensured by the cooling device Sauer KMA 300. As a coolant, a mixture of oil and
water is used. As oil, Sintilo 9918 by Castrol company is utilized. This oil is diluted by pure
water. The recommended concentration of oil in water varies from 4 to 8%. This emulsion is
fed by the core of the tool (inner cooling) and/or by four outer nozzles (outer cooling). This
machine could be programmed manually by Siemens 840D Solutionline control system
or by CAD/CAM software, such as PowerShape and PowerMill. This machine tool has a
length of 2020 mm, a width of 2196 mm, and a height of 2385 mm, and its weight is 3750 kg.
The machine tool and its workplace are shown in Figure 1. It is situated in the Centre of
Excellence of 5-Axis Machining (CE5AM) at MTF STU in Trnava.

2.2. The Cutting Tool

An ultrasonic milling cutter with diamond abrasive made by the German company
Schott Diamantwerkzeuge GmbH was used for the research. It is a face mill with the trade
name Schott 858009—3.25 6A9-Da24-2-6-14h6x8,4 MES3 D46H (Figure 2). This labeling is
based on the FEPA-Norm (Federation of European Producers of Abrasives). According to
its label, it is obvious that this is an ultrasonic mill with a pot-like shape (cup wheel). 6A9
means that the abrasive is localized, especially on the rake face (when abrasive is localized,
especially on the flank face, it carries the label 6A2). This ultrasonic mill has a diameter
of 24 mm (Da24), a 2 mm thick wall, and a 6 mm high active part. Diamond grains have
approx. an average size of 46 µm with high quality (D46H), and they are bonded in metal
(MES). It can be mounted by a bore (14 h 6 × 8.4) by clamping screw, allowing inner cooling.
This tool will be mounted in tool-holder HSK 32 S with 14h6 tool-holder, manufactured by
SAUER GmbH Ultrasonic. It is a tool holder for rotary ultrasonic tools that can be spun up
to 10,000 rpm. The main characteristics of this ultrasonic tool are labeled in Table 3.

Table 3. Characteristics of the ultrasonic milling cutter.

Diameter
[mm]

Length of
Active Part

[mm]

Whole Length
[mm]

Harmonic
Frequency

[kHz]

Vertical
Amplitude

[µm]

Horizontal
Amplitude

[µm]

24.096 6 112.285 21.6 10 0
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2.3. The Workpiece

As a workpiece material, alumina (Al2O3) ceramic block with dimensions 100 × 100
× 25 mm was used. The square surface was machined. Erowa vice was used as a fixature.
It is a precise and reliable clamping device, ideal for industrial applications. There were
parallel sides of the workpiece for used clamping.

2.4. The Cutting Conditions

An ultrasonic milling cutter with a diameter of 24 mm was used as a cutting tool.
There were set following cutting parameters: axial depth of cut (ap) 0.02 mm, radial depth
of cut (ae) 50% (12 mm), cutting speed (vc) 400 m/min, feed rate (vf) 1000 mm/min, see
Table 4.

Table 4. Cutting parameters.

Diameter of Tool
[mm]

Depth of Cut ap
[mm]

Radial Depth of
Cut ae

[%]/[mm]

Cutting Speed vc
[m/min]

Cutting Feed Rate
vf

[mm/min]

24.096 0.02 50/12 400 1000

Water emulsion with 6% oil was used as a coolant. Its temperature was room tempera-
ture, e.g., 22 ◦C. The purpose of the coolant is more for tool cleaning than for decreasing
the cutting temperature.

2.5. The Strategy of Machining

The experiment was divided into several phases (see Table 5). In the first phase, the
spindle with a mounted tool was heated for 4 h. Then, the machining process begins and
lasts for another 4 h. The process ended approximately in the middle of the machined
square surface. The final temperature of the spindle was 35 ◦C. After machining, the third
phase begins, which consists of the spindle cooling for 16 h, and then starts a new machining
process with the very same machining parameters, however, without any heating of the
spindle. This machining process lasts only for a few seconds because only half of the
square surface was machined (to avoid any significant heating of the spindle). The final
temperature of the spindle was 23 ◦C.
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Table 5. Phases of experiment.

1. Phase 2. Phase 2. Phase 3. Phase 4. Phase 4. Phase

Without cutting Continual cutting process Without cutting Continual cutting process

Idling spindle The machine did not
work

Time of heating Time of continual
cutting

The final temperature
of the spindle

Time without cutting,
cooling time of spindle

Time of continual
cutting

The final temperature
of the spindle

[h] [h] [◦C] [h] [s] [◦C]
4 4 35 16 20 23

We can see the reason for adopting this processing strategy in the fact that the experi-
ment compared surfaces processed with a heated spindle and a cold spindle. Therefore, we
need to ensure that the spindle reaches working temperature (8 h should be long enough)
because we need to ensure that the spindle does not reach working temperature the next
day (16 h of cooling and a few seconds of machining should ensure it).

The raster strategy (Figure 3) was used for creating the sample, starting at the F position
and moving up to the A position with a radial depth of cut 50% (12 mm). Measurements
were perpendicular to the feed direction, repeated three times for every interface.
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2.6. Description of the Strategy of Machining Movements Divided into Two Days

The “raster” strategy of Figure 3 was used in the experiment.
First day: In the first pass, the tool axis ran parallel to the workpiece edge, so the F

interface was machined around the tool circumference.
On the second path, the tool axis moved directly above F and again moved along the

interface. The tool circumference “touched” the E interface (on one side) and the right edge
of the workpiece (on the other side).

Then, the tool went along E, and the tool touched D and F. Then, it went along D, and
the tool touched C and E. Then, it went along C, and the tool touched B and D. Then, it
went along B, and the tool touched A and C. Then, it went along A, and the tool touched
the left edge of the workpiece and B interface. The position of all interfaces is shown in
Figure 3.

The next day, when the spindle was already cold, the tool went along the axis of C
(touch B and D), then B (touch A and C), and then also A (the left edge of the workpiece
and B).

2.7. The Measurement Conditions

After the machining process, the evaluation of the machined surface began. For this
purpose, the profile measuring device Surfcom 5000 was made by Accretech company
(Japan). Surfcom 5000 roughmeter is regularly calibrated. The Surfcom 5000 has a contour
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and a roughness meter too. Profilometer Surfcom 5000, with a system of probes by Interfer-
ometer laser, has a resolution of just 0.30 nanometers. The uncertainty is as follows: Z-axis
(vertical)—(± 0.2 + (H/1000)) µm, (±0.206 µm: H = 6 mm); X-axis (horizontal)—(±0.2 +
(L/1000)) µm, (±0.4 µm: L = 200 mm); and the measurement resolutions of the used device
are X = 0.54 nm and Z = 0.31 nm.

Measuring was held at the following conditions (Table 6): length of 80 mm, speed
of 0.3 mm/s, stylus radius of 0.002 mm, temperature during measuring was 20 ◦C, and
humidity during measurement was 60%.

Table 6. Measurement conditions.

Measure Length
[mm]

Measure Speed
[mm/s]

Temperature
during

Measurement
[◦C]

Humidity during
Measurement

[%]

Stylus Radius
[mm]

80 0.3 20 60 0.002

The scheme of the measuring process is shown in Figure 4. The letters (A–F) are
labeling the interface between the tool paths (i.e., the distance between them is 12 mm).
Each measurement was repeated three times at three different locations, which are labeled
as y1, y2, and y3. The interfaces D, E, and F were created during the first phase of the
experiment (with the heated spindle). The interfaces A, B, and C were created during the
last phase of the experiment (with the cold spindle).
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3. Results

The results of the measurement are recorded in Table 7 and Figure 6. The interfaces
can be seen by the naked eye. They look like shallow grooves. This table shows the depth
of the interfaces at each point, the average depth for each interface, and their standard
deviation. The labeling is corresponding with the one in Figure 4.

Table 7. Profile fluctuation at interface position.

Measurement
Position

Measurement Profile
[µm] Average Value

[µm]

Standard
Deviation

[µm]y1 y2 y3

A 11.8 10.1 7.9 9.933 1.955
B 3.7 9.6 7.9 7.067 3.037
C 4.3 4.3 4.2 4.267 0.058
D 5.0 2.1 4.8 3.967 1.620
E 3.7 3.1 2.9 3.233 0.416
F 2.9 4.8 3.7 3.800 0.954

Average value
[µm] 5.233 5.667 5.233
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Figure 7 is an example of a graphical interpretation of measured contour changes in
the surface in direction y2 and positions A ÷ F. The individual records are as output from
the Surfcom 5000 device, locally magnified on 500×. We present profiles of the machined
surface in individual locations. The value of the contribution of this image is that we can see
the place of the largest deviation of the surface unevenness, where the machining finished
and started the next day. Figure 7 shows interfaces between tool paths with the machined
surface comparisons. It can be seen that this interface is very small but clearly identifiable.

A note on the use of the Surfcom device in measurements: Surface roughness was not
measured. We measured only contours (perpendicularity distance) between the machined
surfaces. Due to this, parameters Ra and Rt were not measured and evaluated.

Considering that the measured profiles can only be evaluated at high magnification
because otherwise, the profiles only appear as straight lines, it is difficult to determine
the change in “ap” of individual surfaces. Table 8 contains the distance of the surface in
the vertical direction, but these values are indicative because the roughness of the surface
already affects the determination of the value.
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Table 8. The distance of the surface in the vertical direction.

Measurement Area
Measurement Profile y2

[µm]

0 ÷ A −6.6
A ÷ B −11.7
B ÷ C −14.6
C ÷ D −17.0
D ÷ E −9.2
E ÷ F −12.6
F ÷ _ −8.3

Figure 8 shows the profile for y3 at 2:1 magnification. The profile at such magnification
shows no changes in ap.
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Figure 8. The profile of the machined surface at measured position A ÷ F.

The profile changes at twice magnification (Figure 8) are very similar, which is doc-
umented in the presented measured values at individual points A ÷ F. Increasing the
magnification in Figure 8 causes the shortening of the record from measuring; therefore, all
analyzed points at the measured length of 80 mm will be not visible. The cutting depth “ap”
in graphical interpretation cannot be highlighted in the Z-axis in ACCTeePRO software,
version 5.0.15.0, because the software is causally increasing both parameters in the record.

4. Discussion

The question is as follows: does a heated spindle of a milling machine (in our case,
even a machine designed for precision machining) versus a cold spindle have an effect on
the machining accuracy, in our case, on the resulting profile of the planar milled surface for
the ceramic material being machined? Here are some findings from our research:

4.1. Finding 1

According to the results shown in Table 7 and Figure 7, it can be concluded that the
heating of the spindle has a positive effect on the resultant precision of the machined
surface. The average interface depth achieved values of 7.089 µm and 3.667 µm for cold
and heated spindles, respectively. It means that when spindles are not heated, the depth of
the interface is higher by 93% (almost double the depth). The average standard deviation
of the interface depth is 1.683 µm and 0.997 µm for cold and heated spindles, respectively.
It means that when the spindle is not heated, the process is not as stable, and the standard
deviation is higher by 69%.
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4.2. Finding 2

According to the results presented in Table 7, it can be concluded that the average
achieved values of interface depth for single-body profiles y1, y2, and y3 have the following
values: for y1—5.233 µm, for y2—5.5667 µm, and for y3—5.233 µm. We can see that from
this point of view, there are differences at the level of over 5 µm for all three profiles. In
percentage terms with respect to profile y2, the deviation of profile y1 and profile y3 is at
the level of 92.3529 percent.

4.3. Finding 3

According to the results shown in Table 7 and Figure 9, it can be concluded that the
maximum is located in point A profile y1 and its value is 11.8 µm, and the minimum is
located in point D profile y2, and its value is 2.1 µm. The difference between the maximum
and the minimum gives us the flatness of the machined surface, the value of which is
0.0097 mm, i.e., 9.7 µm.
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Figure 9. Scheme of the measuring procedure and marked maximum and minimum. First day of
machining, we started on track F, followed by tracks E and D. Second day of machining, we started
on track C and followed tracks B and A.

4.4. Finding 4

According to the results shown in Table 7, Figure 8, and “The Description of the
strategy of machining movements divided into two days”, it can be concluded that the
minimum is located on the tool path—path D. At this time, the entire machining system, i.e.,
“machining ultrasonic machine—cutting tool—workpiece—clamping device” was found in
a mutually stable temperature state. This condition occurred after a sufficiently long time
of finishing machining. At the same time, the experiment was finished on the first day.

5. Conclusions

The following are results from our experiments that confirm known theoretical knowledge:

- The generation of heat during machining is an accompanying phenomenon.
- Heat is generated in the process of chip formation, but also in the machine tool in all

moving parts of the machine tool, such as the spindle, guide surfaces, etc.
- Heat is removed to colder areas. After some time, stabilization will occur.
- The principle for finishing follows from the experiment and that finishing must be

carried out in one shot, in one sequence, without interrupting machining.
- The magnitude of the resulting inaccuracy for the machining method presented in this

article will depend on many variables. The biggest variable is the machine tool itself
and, above all, the accuracy of its execution with regard to temperature compensations.

Research significance is in the verification of the importance of correct heating-up of
the spindle, even for such advanced technology, like rotary ultrasonic machining. This
knowledge should have a positive impact on the industry because this technology is often
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used for achieving superior surface quality of advanced materials, and with a cold spindle,
it could be difficult to reach the required surface parameters.
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