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1. Introduction

A machine tool spindle has to meet certain quality requirements. Its performance has
to be carefully monitored, because in case of a problem with spindle performance, there is a
large probability that the quality of the final product is affected. This work is mainly focused
on indicating the causes of problems, which can be detected directly durings the spindle’s
first pre-assembly run — excessive vibrations and untypical noise. By revealing the problems
of this type, faulty spindles can be prevented from use until the cause of the problem is
determined and eliminated. Spindle assembly is a complex unit, and the resultant
unsatisfactory performance could be, in turn, a complex issue comprised of many causes,
each of a different degree of impact. Appropriate ways of vibration data acquisition,
treatment and analysis needed to get to its root causes are examined in this paper in order to
subsequently define the appropriate process and equipment in context of a quality assurance
procedure for spindles of a tap flute CNC grinder FG-15 developed by Viking CNC.

14
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2. Research section

2.1 Vibration diagnostics methods in rotating machinery

Vibration is a motion in a regularly reversing direction, induced by a force impact.
In the realm of rotating machinery, the causing force is unwanted and appears to be a side
effect of various flaws, which are always present in a real-world mechanical system. A
mechanical system (e. g. spindle assembly) is considered to be in a good operating condition
when the unwanted force and a caused vibrational motion is negligible and does not require
further improvement and inspection. Otherwise, certain measures have to be taken to
eliminate the source of an excessive vibration and to draw the vibration down to an

acceptable range.

Vibration can be measured in order to interpret its character, which implicitly contains
the information about the vibration-causing force. For a proper fault detection procedure, it
is critical to understand the basic mechanical principles lying in the basis of every potential

vibration source.

2.1.1 Vibration causes and associated force character

In today’s machine tools operation reality, the most common causes of the vibration
are damaged bearings, misalignment, looseness, and unbalance. Table 1 presents the typical
vibration causes with a characteristic causing force type. The presented range of causes is
not exhaustive and only covers problems which could be expected to occur in a grinder
spindle assembly with roller bearings. More comprehensive list of vibration causes is
presented in [1]. Three types of force character — periodic force, discrete force impulse, and
a force randomly changing in time magnitude - are considered. Bilos, BiloSova [2] give an

extensive definition of the force types and the vibrations associated with them.

Table 1. Vibration causes and associated force character

Vibration cause Force character

1. Bearing damage Impulsive in the moment of damage
occurrence, then changes to periodic or

random
2. Misalignment Periodic
3. Unbalance Periodic

15
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4. Looseness Periodic or random

5. Structural resonances Periodic

6. Bent shaft Periodic

7. Cracked shaft Impulsive in the moment of damage

occurrence, then changes to periodic

8. Rubs Periodic or random

In most cases presented in Table 1, the vibration-inducing force has a periodic
character, i. e. it alternates its magnitude with a certain periodicity, which can be described
by a frequency of the induced vibration. In case of forced vibration (causes 1, 2, 3, 6, 7, 8),
the frequency is the same as the frequency of the acting force. In case of structural
resonances, system responds with vibrations on natural frequencies of its objects. Harmonics
of these frequencies are also likely to occur in both cases. The aim of vibration diagnostics
is mainly to distinguish the unusual frequencies and relate them to certain causes of

performance issues.

When some mechanical damage is on its very onset, a change in force abruptly
appears as an impulse and results in a sudden raise of vibration level (causes 1, 7). Several

advanced diagnostic techniques which allow for impulsive effects detection are available.

It is extremely important to consider that the force is proportional to acceleration,

according to Newton’s second law, and in case of rotational motion, consider the following

relations:
2
v
a=—, €Y)
r
2T n
V= T
where 60 2

That means, the load transmitted by vibration-causing force increases with the
squared value of the rotational speed, so handling the problem is becoming progressively

more difficult at high speeds.

16
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2.1.2 Vibration signal analysis techniques

The main idea of vibration analysis techniques is following: when a dynamic system
of a machine tool, or its structural component, such as, in particular, spindle assembly, is in
a good operating condition, its vibration measurement signal has a corresponding
characteristic shape. If one of a performance-affecting factors is out of control and affects
dynamic performance badly, the signal response is different. The cause of the unacceptable
performance may be revealed by means of analyzing the spectrum irregularities and relating

them to the possible causes.

Norton, Karczub [1] suggest categorizing the existing techniques into 4 subsections,

which are:

e signal magnitude analysis
e time-domain analysis of individual signal
e frequency domain analysis

e dual signal analysis in either time or frequency domain

They claim, that the first two techniques are usually grouped together in condition
monitoring. Along with frequency domain analysis, these techniques are commonly used in
vibration diagnostics, whereas the dual signal analysis technique is classified as a more

advanced one.

Time (and magnitude) domain signal contains information about the overall
waveform shape, the peak amplitude and its change in time, as well as about the general
character of the response (if it is impulsive, random, or periodic).

Frequency domain signal is obtained by the Fast Fourier Transformation (FFT)
applied on a time-domain signal, and, in turn, provides information about different
frequencies’ degree of contribution to the overall vibration, and, since most of problematic
vibrations are caused by a periodically alternating force (v. Table 1), the fault frequencies,
indicating the vibration source, can be readily identified from the obtained frequency

spectrum.

Figure 1 provides a schematic representation of vibration signal time and frequency
components and illustrates, which information can be obtained from a measured signal

treated over time or frequency domain.

17
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Frequency

Amplitude

Amplitude

Amplitude

b £

Time Frequency

Figure 1. Time and frequency components of a vibration signal. [1]

2.1.2.1 Magnitude and time domain analysis techniques

Time domain vibration measurement is, basically, a record of a vibration signal
change over some period of time. It can contain information about, for instance, significant
discrete peaks, which appear with a certain periodicity and can be detected i. a. by visual
inspection of the vibration plot — as in Figure 2, where peaks and their periodicity are fairly
distinct. The other important data that can be obtained is the vibration magnitude, which can

be presented by means of one of the forms presented in Table 2.

(b) discrete defect present

-2

Acceleration signal level (relative units)
o

-3 |-

=t J
0 S00 1000 1500 2000 2500 3000 3500 4000 4500 500C
Timebase (msec)

Figure 2. Acceleration time history with a noticeable discrete defect present [1]
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Table 2. . Forms of vibration magnitude expression. Figures were taken from [3]

Magnitude Magnitude function Note
function name definition
P (P-P) Vpeak= v (t) max ¢ Maximum zero-to-peak or peak-to-

vit)

" Peakvalue peak value
¢ Used for signal evaluation in case
— there is need to determine the

}/ w/’ : magnitude of discrete excitations

RMS Vrms= _--Jrj':?v(tl?ﬁt ¢« Root mean square value
¢ Used for signal evaluation in case
o vibration overall “power” is more
‘\@ @ important than the maximum
N = amplitude
£ T 2 ot
Crest factor

The measure of a signal impulsiveness and also a significant criterion for evaluating
bearings condition is a function called crest-factor with following definition:

P 3)
Crest factor = RMS

It is generally considered that a bearing in a good condition will give a vibration
response in a form very close to random noise, so the peak and RMS values will be relatively
close to each other. Obviously, if a bearing is withstanding an impulsive load caused by its
internal damage, significant peaks will appear in the time history and the value of crest factor

will be higher than it is for an undamaged bearing.

Crest factor values for different types of vibration signals taken from [1] are
presented in Table 3.

Table 3. Crest factors values for different signal types

Signal Crest factor
sine wave 1.414
random noise <3
bearings in good condition 2.5-3.5

19
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damaged bearings >3.5

failure ~7

Probability density distribution and kurtosis

Another worth mentioning impulse presence indicator is kurtosis. This term is related
to another time domain analysis technique - probability density distribution. The technique
is based upon analyzing the probability of appearance of peaks over a range of amplitudes.
Output of the analysis are the probability distribution curves, which, again, have their
characteristic shape for the case of a sinusoidal signal, broadband random noise, etc. The
other data which can be gained from this technique are four statistical moments, which can
characterize the system condition. Their calculation is presented in [1]. Kurtosis happens to
be the fourth statistical moment of a probability density distribution and, similarly, can be
used to evaluate the bearing condition and detect fault presence.

Phase analysis
Phase analysis is an another highly valuable time-domain analysis technique, which
allows for determination of a character of the overall vibration by analyzing how do the

components move - radially and axially - with respect to each other.

Table 4 shows types of motion (different combinations of in-phase and out-of-phase
axial and radial vibrations) that can be detected by vibration measurement proceeded on, for
example, shaft bearings - by placing sensors in radial and axial direction on bearings on each

side of a shaft. Third column presents a fault commonly associated with stated type of

motion.
Table 4. Phase analysis possible outputs
Axial vibrations Radial vibrations Fault
out of phase out of phase misalignment,
both radial and axial looseness
absent opposite phase couple unbalance
absent in phase force unbalance
radial looseness
opposite phase in phase bent shaft

20
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2.1.2.2 Frequency domain analysis techniques
These techniques use Fast Fourier Transform (FFT) to transfer a time domain signal
of a complex vibration to a frequency spectrum, which provides important information about
which frequencies contribute to the vibration the most. Again, the amplitude value assigned

to each frequency over a spectrum may be expressed either as a peak value, or as an RMS

value.

The most common form of a frequency domain analysis techniques is a baseband
auto-spectral density analysis. The typical output spectrum is presented in Figure 3. Such
issues as unbalance, structural resonances and various bearing damages can be detected by
means of a frequency spectrum analysis.

|

8

Acceleration signal level (relative dB units) §
.

8
8

T 2 o T T T

0.0 Frequency (kHz) 3.0000 K

Figure 3. Vibration auto-spectrum example [1]

Unbalance means uneven mass distribution over a rotor assembly, which results in a
centrifugal force acting on bearings. The force direction is continuously changing with the
rotation of the shaft. Considering a constant rotational speed, one period of the acting
centrifugal force and, consequently, of the induced vibration equals to time of one revolution.
Thus, a frequency spectrum will depict a significant amount of unbalance as a peak at a shaft

rotation frequency.

Various bearing damages can be detected by means of a frequency spectrum. As
stated before, a bearing in satisfactory condition produces broadband and random vibrations
at a relatively low amplitude level. Once a damage appears, it produces collateral forces

resulting in an excessive vibration, which usually contains excitations at discrete frequencies.
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They are sometimes clearly identifiable at a frequency spectrum afterwards — v. Figure 4.
They can be related to definite bearing damage types and give a fairly explicit image of

bearing’s current condition. These characteristic frequencies are dependant both on a bearing

geometry and running speed. Their calculation is provided in the chapter 0.
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Figure 4. Bearing vibration auto-spectrum indicating a frequency correcponding to outer

race damage [1]

It is important to notice that in general characteristic frequency peaks are clearly
identifiable in the frequency spectrum only at a certain stage of a damage development and
supposing that they are distinguishable from the background noise. Otherwise, the system
gives a response on these frequencies, but it is harder to detect. In that cases, more advanced

analysis techniques are used.

Bearings-related diagnostics problematics

Bearing is a crucial component of a spindle assembly, and the performance of the
whole assembly very much depends on the condition of the bearings namely. Being a moving
and dynamically loaded part makes them vulnerable to unwanted damaging effects, which
can occur and develop over time, while bearing’s (read: whole assembly’s) performance will
keep declining and might end up in product’s quality loss, machine’s damage, or failure.
Calculation of bearing characteristic frequencies and the associated bearing defects is

provided in the following series of equations, which were taken from [1]:
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“Ball Passing Frequency Outer Race” — the rolling element pass frequency on a
stationary outer race (the frequency at which a rolling element contacts a fixed point on a
rotating outer race with a stationary inner race):

N d
fBPFoO =E-fs-(1—5-cos,8) %)

“Ball Passing Frequency Inner Race” — the rolling element pass frequency on a
stationary inner race (the frequency at which a rolling element contacts a fixed point on a
rotating inner race with a stationary outer race):

N d
fBPEI =§'fs'(1+5'cosﬁ) (5)

“Ball Cage Stationary Outer Race” - the rotational frequency of the ball cage with a
stationary outer race (or the relative rotational frequency between the cage and the rotating

outer race):

fs d
fecsor =5 |1 — = cosp
2 ( D ) 6)

_ fspro
N

“Ball Cage Stationary Inner Race” - the rotational frequency of the ball cage with a

stationary inner race (or the relative rotational frequency between the cage and the rotating

inner race):
fs d
facsir == (1 += COS,B)

2 D

(7)

— fBPFI
N
“Ball Speed Frequency” — the rotational frequency or a rolling element:
d f; d 5
—_—.5.1==. 8
fBsF D 2 (1 (D cosp)®) C))

“Ball Fault Frequency” — frequency of a local fault of a rolling element (contact

frequency between a fixed point on a rolling element with the inner and outer races):
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fure =5 fo (1= - cospsy?)

= fpsr * 2,

%)

where d is ball diameter, D is bearing pitch diameter, N is number of balls, § is the bearing

contact angle, and f; is the shaft rotational speed in rotations per second.

From the diagnostics point of view, vibrations caused by a bearing mechanical
damage have four stages of development. As the damage progresses, vibration changes in
character, and has a typical behavior at each of the stages giving out certain frequency
spectrum patterns. These patterns appear at different frequency ranges, so different
diagnostics techniques are available for their detection. Determination of the stage is helpful
as an orientational point to determine the degree of potential risk. The description of the wear

development stages with corresponding techniques is presented in the Table 5.
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Table 5. Stages of bearing damage development

AND EQUIPMENT

Stage | Description Frequency spectrum Technique Remaining
characteristic patterns for pattern bearing life
detection [4]
1 An insignificant Peak in ultrasonic (20+ Spike Energy, | 10-20% of
damage occurred kHz) range of frequencies | PeakVue L1o and
and started more
producing high-
frequency impulses
2 The deterioration Peak on bearing natural Demodulatio | 5-10% of
progresses and frequency in the high- n techniques | Lio and less
becomes capable of | frequency range (possibly | (High-
inducing resonant with sidebands); peaks on | frequency
vibrations of the bearing fault frequencies resonance
bearing. are seen in demodulation | techniques)
spectrum
3 The bearing Peaks on bearing fault Common 1-5% of Lo
vibrates on the frequencies in the main frequency and less
frequency of the spectrum spectrum
appropriate analysis
component damage
4 Serious damage is | Peaks decrease in Common Near-failure
present, vibration is | amplitude and may frequency condition
at a significant level | become unrecognizable, spectrum
whereas the overall noise | analysis, or
increases to a high extent | RMS value
assessment

Obviously, standard FFT spectrum analysis is helpful for bearing damage detection

only at the last two stages, and the more advanced vibration analysis techniques have to be

used to detect the damage at the earlier stages.
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Demodulation techniques (High-frequency resonance techniques)

Demodulation techniques are able to detect mainly the information whether the
bearing is experiencing the second stage of bearing wear development, according to the
Table 5. At this stage, the characteristic fault frequency peaks are obscured in the frequency
spectrum. The vibration caused by the bearing damage is not strong enough in amplitude so
far, but it is already possible to identify the problem by means of these techniques.

According to the definition stated in [5], envelope detection, or amplitude
demodulation is “the technique of extracting the modulating signal from an amplitude-
modulated signal”. The result of this process is the demodulated signal - the time history of
the modulating signal, or the original signal envelope. The demodulated signal, in turn, can
be transformed into the frequency spectrum (envelope spectrum, demodulation spectrum).

The term “envelope analysis™ is associated with the frequency domain signal interpretation.

Modulation itself is a process of varying of a periodic signal — carrier signal —
depending on the other signal — modulating signal. There are two types of modulation:
amplitude modulation, which is the variation of the amplitude of a signal at a constant
frequency, and frequency modulation, which is the variation of frequency of the signal at a
constant amplitude. Amplitude modulation is associated with the change of the loading

conditions and frequency modulation is associated with the change of running speed.

In case there is a defect of one of the bearing’s components, each time a rolling
element passes over the defect, it produces an impact to the bearing. The generated impact
is able to induce the bearing’s vibration at its resonant frequency (from a range 1-20 kHz
[6]), and the periodicity with which the impact is generated is the fault frequency
corresponding to one of the bearing components’ defects (v. equations (4 - (9). In other
words, as there is a change in bearing’s loading forces, the technique has to extract this
defect-related information from the amplitude modulated signal, where the high-frequency
carrier component is the structural resonance frequency, and the low-frequency modulating

component is the bearing fault frequency.

The process of the demodulation involves three stages. In the first stage, pre-filtering,
the vibration signal is filtered by a high-pass filter to get rid of the low-frequency high-
amplitude signals. The second stage, enveloping, is performed by using either the appropriate
analog electrical circuit arrangement, or digitally — typically, by means of the Hilbert
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Transform. At this stage, the carrier frequency is stripped away, and the output of the

procedure is the modulating signal in time domain. The third stage, analysis, includes
applying FFT on the obtained signal and analyzing the information it comprises.

This technique, or, at least, its conventional implementations, has several limitations.
One of them is the determination of the way to approach the choice of the frequency range
for the high-pass pre-filtering stage. According to [7], this range is commonly determined
by an ad hoc approach, i. e. series of experiments where filtering is performed in different
frequency ranges, and the results are subsequently compared. Then, the author states another
possible solution: “A rule of thumb proposed by Weller is to set the lower corner frequency
to be higher than 10 times running speed and to set the upper corner frequency at circa 60
times the ball passing outer race frequency”. The other and more direct method is to get the
bearing natural frequencies via an impact hammer. The other limitation is that the technique
will lose in efficiency, if more than one defect is present. Then, it is important to notice that
the amplitude of the peaks in the obtained envelope spectrum contains just relative
information, — how higher their amplitude is in relation to the background noise, — so it does
not contain the information about the detected vibration magnitude itself. And finally, it is
efficient only if the bearing is at the early stages of wear, otherwise the peaks are not so
distinguishable and the other analysis techniques have to be applied.

Spike Energy technique
Spike Energy technique belongs to the filtered high-frequency signal enveloping

methods. Xu [8] defines the concept of Spike Energy as ,,a measure of the intensity of energy
generated by repetitive transient mechanical impacts®. The technique performs amplitude
demodulation by means of non-conventional Peak-to-Peak Detection. It proceeds with the
PTP amplitudes and it is able to preserve the peaks’ magnitude compared to the envelope
detection methods, which use a low-pass filter to obtain the modulating frequency, as low-
pass filters have a smoothening effect on the signal peaks. Thus, this technique is more

sensitive to the defect frequencies.

The outputs of the Spike Energy processing might be: overall SE severity, SE time
waveform, or SE frequency spectrum. Spike Energy severity is expressed in gSE, where g is
a unit of acceleration, and ,,SE* indicates that the overall amplitude was taken from a

bandpass frequency range. It is useful to follow up the trending of this value together with
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the common vibration measurements — of acceleration and velocity. The certain indicator of

the developing damage is the increase of the value of the gSE, whereas the acceleration and
velocity vibration values are still in the acceptable range.

It is important to note that the SE values are very dependant on a sensor mounting
location and conditions and the type of the sensor itself, i. e. if some of these factors differ
from one measurement to another, the measurements will give out imcompatible results. The
reason for that is difference in structural frequencies and amplitudes, which play a key role
in the measurement. Another important fact is that sensor internal component natural

frequency has to be near center of bandpass. [9]

Shock Pulse Method

The Shock Pulse Method is a diagnostics tool which is intended to detect shock
(pressure) waves generated by metal-to-metal contact occurring during the rotating motion
— typically, as a result of lubrication film breaks. The fact that there is a direct relation
between the metal-to metal contact density and the lubrication condition makes the
application of the SPM more oriented on estimation of the lubrication condition than the
other techniques.

The principle of the measurement is based on, at the first place, using an
accelerometer of a specific design, so its natural frequency is 32 kHz - [10], [11] (although
some sources refer to the value of 36 kHz [9], [12]). This frequency is, in fact, a typical
frequency of a shock pulse wave. The signal obtained by the measurement is then amplified,
as its amplitude is rather small; then it has to pass through a bandpass filter to strip away the
frequencies outside a near-32-kHz range. Finally, the signal is converted into analog electric
pulses, which are used to produce an output in dB with a 100 uV reference value [9].

The SP measurement gives out two readings: SP carpet value, which is used for
lubrication quality assessment and SP max value, which indicated a presence of a bearing
damage. The SP Carpet Value is an indicator of the density of occurring shock impulses, this
value tends to increase as more metal-to-metal contact occurs. This typically happens as the
result of lubrication film breakdowns. SP max value is a value of the maximum shock
amplitude. Obviously, a bearing damage produce an impact of an amplitude higher than the
frictional vibrations, so the SP max value is outstanding from the carpet value. There are

unified color-coded SP levels for the bearing condition assessment.
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2.2 Bearing failure modes
As a mediator between rotating and stationary components, bearing as such is
subjected to loads. As stated before, bearing damage is a common cause of spindles
vibration. However, knowing/detection of the damage itself is not enough to provide a
sufficient diagnostics, because the aim of quality assurance procedure it to ensure the product

will functionate in an acceptable way — in other words, that the damages occurance

probability will be dragged down to the lowest possible value.

Bearing manufacturers provide an estimated bearing life ratings based on laboratory
fatigue tests’ statistics. The decisive factor in bearing choice and rating is its fatigue life
assessment expressed in L10 life rating. Paradoxically, as reasonably noted by Adams [13],
the life of a bearing is usually dictated by other damages caused by factors, damage from
which occurs before the bearing undergoes a fatigue failure. According to SKF [14], only
one third of bearing failures is caused by fatigue, while the other main causes are lubricaion

problems (circa 33%), contamination (circa 16%), and improper mounting (circa 16%).

ISO 15243:2004 states 6 bearing failure modes with more specific submodes to
categorize the types of bearing failures (Table 6):

Table 6. Bearing failure modes

Bearing failure mode Submodes
A) Fatigue e subsurface initiated
e surface initiated
B) Wear e abrasive
e adhesive
C) Corrosion e moisture
e frictional
o fretting
o false brinelling
D) Electrical erosion e excessive voltage
e current leakage
E) Plastic deformation e overload
e indentation from debris
e indentation by handling
F) Fracture and cracking o forced fracture
o fatigue fracture
e thermal ctacking
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Commonly, a distinct cause is characteristical to each of the modes, thus,it is useful

for bearing diagnostics by visual inspection.

In Appendix 1 each of the failure submodes is presented with the corresponding chain

of causation (from right to left). Information used in the table was mainly taken from [14].

A simplified categorization of the above-presented bearing damage root causes by
the type of affection is suggested in Table 7. The root causes, their damaging impact could
be partly mitigated or eliminated in the post-production stage of the assembly, are groupped
together under the thick line.

Table 7. Categorizing of the bearing damage root causes

Root cause

Category

Long operation

Wanted case

Inadequate lubrication

Proposal-affected

Light loads, speed diffrences

Proposal-affected

Ineffective insulation,

Frequency variations

Proposal/opeation-affected

Bent shaft, surface imperfections

Technology-affected

Ingress of contamination

Proposal-, operation-, and handling-
affected

Inadequate fits

Proposal-, and mounting-affected

Inadequate sealing

Proposal-, and mounting-affected

Inadequate handling/storage

(Itself)

Improper mounting procedure

(Itself)
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2.3 Vibration measurement devices
To perform diagnostics, the vibration data are needed first to be obtained in the form

of a registered signal, then appropriately treated to examine the objective characteristics of

the vibration.

2.3.1 Measurement units

Vibration is a dynamic effect, and it can be characterized by correlative physical
quantities - displacement, velocity, and acceleration. It is critical to choose the correct
quantity to measure, due to certain limitations in sensors’ construction and, thus, limitations
of the range of values, where the measurement signal corresponds to reality. Thus, the
measured value signal has to be strong enough to be distinguished from the background noise
and assumed vibration frequencies and amplitudes have to match sensor’s range of

frequencies and amplitudes. The measurable ranges of frequencies are presented in Table 8.

Table 8. Common range of measurement frequencies. Values were taken from [2]

Unit Range [Hz]
Displacement 0.1 1000 (2000)
Velocity 10 - 1500
Acceleration 1-30000

2.3.2 Measurement sensors

Displacement measurement sensors

Eddy current sensor is the most practical sensor for displacement measurement. The
magnetic field of a coil contained in the sensor changes with the change of the distance
between sensor tip and the rotating conductive material: eddy current loops magnetic field
react to the change of the distance, as it influence the resistance of the field. The voltage at
the output of the sensor is directly proportional to the gap between the sensor and the

material.

The main advantage of eddy current sensor is that it is non-contacting, since that no
wear occurs. In the field of diagnostics, it is commonly used to detect vibrations at relatively
low frequencies (there is no lower frequency limit), and/or when it is impossible to mount
an accelerometer. Besides that, it is used when the actual amplitude in micrometers is the
target value, and there is no need to perform the frequency analysis — e. g. studying the

dependence between bearing preload and the vibration amount.
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Other displacement sensors — laser, ultrasound, capacitive, and inductive are rarely

used for vibration measurement.

Velocity measurement sensors

Vibration velocity is a ratio of amplitude and frequency. So, it is undistinguishable
from the measured velocity value, if the measured system is withstanding vibration of high
amplitudes at low speed, or vibration of low amplitudes at high speeds. Namely velocity is
used as an assessment criterion for determination of grades for vibration tolerances for rotors
balancing in ISO 1940 [15] and in ISO 10816 [16].

Velocity measurement sensors work basing on the electromagnetic induction
principle: the voltage produced on a coil is directly proportional to the relative velocity
between the coil and the magnetic field. The sensor contains a permanent magnet, which is
connected to a moving part. As the vibrations are transferred to the magnet, and the coil does
not move, the inductive voltage is produced, and can be readily recalculated to the velocity

value.

The advantage of this type of sensors is that they are cheap and sensitive. However,
due to their fragile construction, their precision is limited, when used out of the laboratory
conditions, and they also tend to wear. They also have a lower frequency limit of circa 10
Hz, to avoid usage on their resonance frequencies. These sensors are large and have special
mounting requirements, and that could be another disadvantage.

Acceleration measurement sensors
Acceleration is directly proportional to the caused load. It is widely used for
sophisticated applications requiring analysis in high-frequency range, especially for

detecting frequencies caused by damaged bearings.

The vibration force is applied to a reference mass contained in the sensor, which is
connected to a piezoelectric crystal, and a charge which occurs as a result of a mechanical

deformation of a crystal is measured and subsequently recalculated to the acceleration.

These sensors exist in 3 types — compression-type, shear-type and triaxial, depending

on the direction of the vibration force being detected.

Accelerometers come in a big variety of sizes. They are rugged and the precision of

measurement is not influenced by a sensor orientation. The main disadvantage of this type
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of sensors is that their sensitivity is low on low frequencies, and they resonance on high
frequency, so they have a two-side limited frequency range, which is, however, usually large
enough to obtain target values. Commonly, smaller accelerometers have a larger frequency

range, but lower sensitivity. Thus, certain consideration has to be taken to determine the

range of interest and to check if is actually covered by a chosen sensor.

2.3.3 Vibration analysis and diagnostics equipment

Every area of industry is familiar with vibration and with a need to reduce it to
improve performance. Condition monitoring of the machines is highly reasonable for
economy purposes. If a problem occures, it needs to be solved efficiently and quickly.
Therefore, a large number of devices for vibration analysis and diagnostics were brought to
the market to meet requirements of a potential customer in every field. These devices acquire
vibration data from the sensors and then treat them in an appropriate way to perform analysis

to the extent required. They differ in size, functionality and the level of protection.

Commonly used vibration measuring devices

It is very common that vibration measurement does not need to get further than
checking if the vibration level is in a permitted range and if it is not, promptly assume the
possible fault. Many manufacturers tend to suggest very easy and user-friendly devices for
this case to save time on staff trainings and eliminate possible errors due to incorrect
measurement. Fluke 805 [17] is used for such simple purposes as screening, or prompt go/no-
go testing with such basic functions as overall vibration and temperature measurement and
bearing condition assesment using crest factor value. Vibrio M by Adash [18] is a similar
device, its functionality is though expanded also to fault source identification tool, signal
display in time and frequency domain and a possibility to export measured data to special
software for further analysis.
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Figures 5, 6. FLUKE 805 and Microlog analyzer in application. [17], [19]

Companies such as SKF and FAG mainly known for bearing production also have
lines of vibration analysis equipment and software under their own development in this
category: e. g. FAG’s Detector II [20], SKF’s QuickCollect [21], and some others.

For more complicated analysis and diagnostics purposes a large variety of more
sophisticated equipment is offered: those devices offer an extended functionality, but
commonly remain user-friendly like simplier ones. Their memory capacities and their
processors are powerful enough to perform needed measurement data treatment and present
it in an appropriate form, while the device is staying light and portable. Such devices are, for
example, VIBSCANNER 2 [22] and VIBXPERT 11 [23] from Pruftechnik, which are able
to measure overall vibration, do impact tests, and perform almost exhaustive range of time-
and frequency domain analysis. These devices have plenty of analogs with similar
functionality and parameters — FLUKES810 [24], Microlog analyzer by SKF [19], etc.

Starting with the simpliest ones, a temperature sensor could be integrated, as
temperature monitoring is always important. It is also practical to have a rotations-per-
minute (RPM) sensor. Such elements are highly useful and, fotrunately, easy-to-integrate.
Many manufacturers also add a Bluetooth feature and/or possibility to share measurement
results via email. Sometines automatic fault detection is integrated to measurement devices,
but its relevance is limited. Most devices are also able to assess the overall vibration level
according to the standard ISO 10816 [16]. There is also an opportunity to add an impact
hammer element to measure the structural resonances, like it is available from Pruftechnik’s
VIBXPERT Il [23].
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It is not uncommon that a vibration measuring device is integrated with a balancing
machine. It could be very helpful to perform in-situ balancing instantly after the
measurement station has diagnosed an unbalance. Such devices as Schenk’s Smart Balancer
[25] can provide a vector diagram of the unbalance and other data for effective one- or two-
plane balancing. That is practical since non-portable balancers are commonly not able to run
at high rotational speeds; neither count they with thermal and multiple bearing interaction
effects, which, in turn, typically occur at higher speeds. However, compared to non-portable
balancers, which are designed primarly to isolate the rotating part from the vibrations as
much as possible, in-place unbalance measurements have to be performed with certain
degree of consideration — for instance, one must mind checking and filtering the background
vibrations to make sure that namely unbalance is the problem. It is worth mentioning, that
balancing procedures, especially in two planes, especially on big machines, have to be

performed by experienced staff.

Figure 7. SCHENK SmartBalancer in application

Vibration measurement automation and customization opportunities

As the offer on vibration diagnostics equipment market is really extensive and diverse,
equipment suppliers try to follow the progress as tightly as possible and introduce new,
sometimes very useful and time-saving and error-limiting - generally by means of high
degree of automation - features to remain a compelling competitor. Such technology is, for
example, radio-frequency identification (RFID) tags at measuring spots for quick and
practical route-based data collection. With the help of such technology, the device can

identify each individual measuring point itself without a need to manually re-configure the
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measurement setup and enter measuring parameters. Obviously, it is a great advantage for
large plants with numerous machines or components to be monitored. Such feature is offered,
for example, by FAG’s Detector 111 [26]. Alternatively, the route-based data collection could
be even fully eliminated by employing Industrial Internet of Things (11oT) devices, which
are able to share measured information online, so the monitoring can be performed
constantly. Such device is, among others, VIBGUARD IlloT [27] offered by Pruftechnik.
Pruftechnik also developed its own intelligent sensor VIBCODE [28] to ensure error-free

data acquisition and transfer, also with automatic detection of a measurement place.

In many cases the monitoring is not enough, and measured data have be analyzed
more deeply, especially as a base for consequent substantial performance improvements.
Typically a vibration measurement equipment manufacturer enriches its offer with a
software, which is compatible with the range of supplied devices. With the help of this
software data can be stored, treated and analyzed using appropriate techniques, and, in case
of 10T devices, even monitored online. Such programs are, e.g. Analysis and reporting
manager [29] from SKF, OMNITREND Center [30] from Pruftechnik, DDS [31] from
Adash, etc.

Some companies use a strategy of making somewhat universal devices for vibration
measurements with subsequent expanding its functions individually by offering a customer
a special requirement set of modules. For example, VIBROPORT 80 and VIBROTEST 80
[32] offered by Schenk is able to perform a wide number of analysis techniques, balancing,
diagnostics, data collection features with a possibility of further customization. Another
example could be FAG‘s ProCheck [33] device with a large number of inputs and overall
powerful parameters, which is flexible enough to provide a substantial vibrational analysis
,»in all industrial segments®. Finally, there is also an attempt to customize less universal

devices, for example, by offering an opportunity of sensors selection.

Vibration measurement devices overview

The overview of the chosen above-mentioned devices is presented in Appendix 2.
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2.4 Assembly and control processes of precise spindle bearings

2.4.1 Design considerations. Dimensions and geometrical tolerances control

Already at the stage of the spindle assembly proposal, the fits between the shaft,
bearings and the housing have to be considered very judiciously. The consequences of the
inappropriate resulting fit (too loose or too tight) are very likely to cause the bearing damage.
Generally speaking, if the fit between the diameters is too loose, a relative motion between
the components occurs and results in fretting corrosion, adhesive wear and, definitely, in
excessive heat generation during bearing operation, which may lead to thermal cracking. If
the fit is too tight, the rolling elements raceways may be distorted, or bearing’s internal
clearance will be reduced, which, again, may result in excessive heat and thermal cracking.
Moreover, the excessive interference between components requires a high mounting force,

which increase the risk of damage.

An important factor to consider is that in case of high-speed run of precision bearings,
the impact of the centrifugal force cannot be neglected, and the fits become speed-dependent.
The centrifugal force acts in the inner ring, forcing it to expand, which might result in
clearance between moving parts, even though there was none in the moment of the assembly.
The outer raceway and ring experience additional loading and become more vulnerable to
contact deformations. The impact of the centrifugal forces in high-speed applications is
usually larger compared to the impact of loading forces.

Bearing manufacturers define strict tolerances — dimensional and geometric for the
bearing seats on the shaft and the housing. The dimensions may be measured either by a

micrometer, or by a 3D measurement station.
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Figure 8. Bearing seats geometrical tolerances [34]

Another important spindle assembly design consideration is addition of mounting-
related features. They are lead-in edges of the shaft and the housing, undercuts, maximum

radius definition.
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Figure 9. Abutment and fillet definitions [34]

2.4.2 Storage and assembly guidelines
Bearings strorage and handling is an important factor of bearing service life
influence, since there a certain risk of contaminants ingress, or improper forces application.

Bearing manufacturers produce useful guidelines in order to prevent this from happening.
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Cleanliness is a very important factor, especially for lightly loaded super-presicion
bearings. The ingress of contaminants affect bearing performance very badly, causing
vibration and operating tempertaure to increase. This may result in abrasive wear, surface
fatigue damage, moisture corrosion, or plastic deformation from indentation from debris.
Even a small amount of dirt on a bearing seat can cause a significant bearing misalignment.
The contaminants may be transferred to the bearing by air (smoke, dust, moisture), by
touching surfaces (hands, tools, packages), or they may be included into a bad quality
lubricant. The bearing have to be stored in a clean, dry, dust-free area, or appropriately

wrapped in order to protect them from the contaminants.

The area of storage also has to be free of shocks or vibrations. Bearing have to be
stored horizontally, especially in case some vibrations are present — othewise, they are more
vulnerable to the surrounding vibrations, which, in turn, might result in false brinelling.
Bearings with grease-for-life lubrication have a limited shelf life, as the grease tends to
deteriorate with time.

Before mounting procedure, again, one has to make sure that the work area is, dry
and dust-free. It is practical to arrange an area with surfaces made from easy-to-clean
materials, which do not tend to chip or rust. All of the mounted surfaces have to be clean and

undamaged. The fitting dimensions have to be within appropriate tolerances.

While induction heating application is preferable for bearings of a rather large size
(over 100 mm outer diameter), for the small- and medium-size bearings so-called ,,cold
mounting* is used, which means, they are mounted by mechanical force application. Hence,

there is a risk of damaging the bearing by improper force application.

As far as the mounting forces are concerned, there are several aspects to be
considered. The first one is that the fit between two diameters has to be proposed and
controlled appropriately — as described in section 2.4. Secondly, the force has to be applied
on the proper bearing ring — it is always the ring corresponding to the diameter being
mounted. The force must be applied evenly in a proper direction (i. e. at right angle). The
rolling elements and the raceways must be isolated from the impact force, especially those
made from fragile ceramics. Then, the proper amount of force has to be applied — the concept
of a ,,proper amount® is difficult to define and it is usually based on the experience of the

person who performs the mounting.
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The proper tools have to be used. The combination between an impact sleeve and a
dead-blow hammer with a nylon head is able to ensure the efficient force transmission and
reduce the risk of damage of rolling elements and raceways. It might also be practical to

apply a thin oil film on a shaft before mounting a bearing.

2.4.3 Bearing rigidity and preload

Bearing are preloaded to ensure that such interconnected factors as dynamic stability,
stiffness and accuracy of the system are acceptable. Moreover, preload value is directly
proportional to the the first order natural frequency of the system. [35] By applying preload
to the bearing, bearing’s deflection under load is minimized, so are the vibrations and the
risk of rolling elements‘ skidding in the raceway. However, the amount of preload has to be
carefully controlled, because too light preload results in insufficient stability of the system,
and a too high preload generates excessive heat during the operation. Lighter preloads are
acceptable for high-speed operating spindles, though they might show a performance
decrease on lower speeds.

Fixed position axial preload is reached by applying either the matched bearing sets,
or the precise bearing rings. Requirements for their tolerances are stated in the bearing
manufacturer’s catalog. The alternative to this preloading method is a fixed pressure preload
obtained by spring components pushing on the bearing rings. The benefit of this arrangement

is reducing of the thermal efects.

Radial preload is obtained by removing the bearing’s internal clearance during the
mounting procedure and depends on the proposed tolerances and fits. Radial preload cause
load to distribute between more rolling elements, so the load amount applied on each element
is reduced.

2.4.4  Grease distribution run

Greased-for-life precision bearings have to undergo a grease distribution run before
the assembly can start to be used in the machine operation. Grease distribution run has to be
performed according to the procedure prescripted by the bearing manufacturer. This
procedure has a great impact on the bearing’s life and future performance. This procedure
consists of a series of start-stop operations to ensure the even distribution of grease. Stops
are performed in order to prevent excessive heating and preload of bearing contact areas.

Nevertheless, there is a risk of bearing overheating, so it is recommended to control the
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temperatures of the bearings during this procedure. A distribution is even and completed as

soon as the bearing temperature becomes stable.

Speed  Operating and standstil periods Operation [7/) standsti

s T2 s s

e 77277 —_—

= 707777
77727727222

Figure 10. Grease distribution run procedure diagram [36]

Precision bearings life is limited rather by the properties of the lubricant, than by the
loads and fatigue. Although, if the lubricant is unable to prevent sliding of the roller element
on the bearing’s raceway, this process may produce a tangential load (in addition to the
normal load), which causes higher subsurface stresses and may lead to a premature
subsurface fatigue failure.

2.4.5 Temperature monitoring

The bearing operating temperature is a very important performance-affecting factor,
that should be monitored to make sure excessive heat is not generated during bearing
operation. It is important to have a stable operating temperature; even more important that
the value itself. The temperature trends have to be controlled and followed continuously.
The unstable behavior of the temperature (rising and falling) may be related to end of grease
service life. A rapid increase of the temperature during a short period of time is a sign of an

occurred bearing damage.

The bearing temperature is usually measured at the stationary ring, and the sensor

should be placed as close to the bearing as possible.

2.4.6 Geometric accuracy of axis of rotation
The rotational accuracy of the spindle directly impacts the resulting condition of the
machined surface, i. e. the quality of the product. Deflections of the spindle axis occur due

to external dynamic loads and elastic deformation of the assembly components and can be
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minimized by correct assembly design and mounting, especially as far as clearances and
preloads are concerned. Every clearance in the assembly fits may affect the rotational
accuracy, enabling the unwanted and uncontrolled motion between the components. The
accuracy is also influenced by RPM. This parameter is measured by displacement sensors at

different speeds.

Generally speaking, the rotational accuracy is a function of the mated parts’
manufacturing qualty precision, their dimensional and geometric tolerances, the surface
roughness, and the mounting procedure. The bearing rotational accuracy affects the accuracy
of the whole assembly. The main factor of the bearing’s rotational accuracy is the runout of

the inner ring’s orbite. Its shape can be affected during the mounting procedure.
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2.5 Methods of assembly and control currently employed at Viking CNC

This section takes into consideration Viking CNC FG-15 spindle assembly. FG-15 is
a 6-axis single-purpose CNC tap flute grinder equipped with oil cooled direct drive Fanuc
servo spindle motor with programmable speed from 0 to 15.000 RPM. The nominal power
15kW with 19kW peak performance.

Figure 11. FG-15

Figure 12. FG-15 Axes
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The FG-15 spindle assembly consists of the precise shaft with two SKF’s super-

precision sealed single-row universally matched angular contact ball bearings with ceramic

balls in the front part of the assembly and the radial sealed single-row deep groove ball

bearing with ceramic balls in the rear part of the assembly. The exact type of bearings is

defined in the Figure 14 and Figure 15. The spindle is directly driven by an electric motor,

which is connected to the assembly via a coupling.

SPACER RINGSj fBEARING NUT  REAR BEARING

fJAW COUPLING

HH I *W/\ /ﬁ’
| LB I #
MSE;xl 5 ®30 %
@100 @80 ®55 - —- - ] ®»20 ®55
T =N
7.
ANGULAR CONTACT
FRONT NUT BALL BEARINGS SPINDLE PIPE
236.60

Figure 13. Spindle assembly

Super-precision

Sealed single row-angular contact ball bearing

Size (bore diameter d=55 mm)

15° contact angle, high-capacity design

Single, universally matchable, extra light preload

Balls made of bearing grade silicon nitride Si3Na (hybrid

SKF %71911 CDGA/HCP4A

bearing)

Dimentional accuracies in accordance with ISO tolerance

class 4, running accuracies better than I1SO tolerance class 4

Figure 14. Front bearings type
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6006 2RZTN9/HC5C3WT
Single row deep groove ball bearing_/|
Size: (Bore diameter d=30 mm)

Non-contact seal, NBR, on both sides

Glass fibre reinforced PA66 cage, ball centred

Rolling elements made of silicon nitride

Radial internal clearance greater than Normal

Grease specification (Long-lasting high-temp lubricant)

Figure 15. Rear bearing type

2.5.1 Dimensions and geometrical tolerances control

The shaft dimensions that require measurement, such as bearing seats, are numbered
in the drawing, as shown in the Figure 18 and Figure 19. The dimensional control of the
shaft is performed at the manufacturer’s facilities in Italy, and the manufacturer provides
Viking CNC with resulting measurement protocols. All dimensions with geometrical
tolerances are measured on Zeiss Contura 3D measurement station (Figure 16). The
circularity of the diameters is measured on the Mitutoyo Roundtest RA-2100 measurement

station (Figure 17). The diameters are then measured with a digital micrometer.

Figure 16. Zeiss Contura 3D measurement station
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Figure 17. Mitutoyo Roundtest RA-2100 measurement station
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Figure 18. Geometrical tolerances and dimensions to be measured on the shaft
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Figure 19. Geometrical tolerances and dimensions to be measured on the shaft

Bearing spacer rings are measured with a micrometer to have the same height

(maximum deviation of 5 um is tolerable — v. Figure 20).

A

'0.005 MAX

SECTION A-A

Figure 20. Bearing spacer rings

There is no special procedure currently employed regarding spindle pipe bearing

seats geometry measurement.

2.5.2 Assembly procedure and notes

The assembly procedure is performed according to the Appendix 3.
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2.5.3 Control procedures and test run

Grease distribution run and test procedures are performed after the spindle is
mounted to the machine. Grease distribution run is performed according to the procedure
described in section 2.4.4. until the temperature is stable and stays under 40 °C on 6000
RPM.

Speed  Operating and standstil periods ] operation [7) stanastn

W I, s s

o N2 .

- 77077
5727270727022

Figure 21. Grease distribution run procedure diagram [36]

The subjective assessment by listening is performed during the spindle assembly’s
test run on the machine. The principle of the assessment could be described in the following
way: in case the bearings run without problems, they give out a “rustling” sound. Every
deviation from the “normal” sound is considered as a problem. Typically, the “squeaking”
sound signalizes that balls are skidding in the bearing raceway, or that the bearing outer ring
IS turning.

Spindle temperatures are monitored via a sensor placed in the rear part of the spindle
motor and the results are displayed in the machine’s HMI. The temperature has to be stable

at different RPM.

2.5.4 Axial clearance control

The assembled spindle has to undergo an axial clearance control: a tensile or
compressive force is applied to the shaft axially by pushing it in with hands, or by pulling it
with screws put in the front holes. The shaft’s displacement is measured during the procedure
by a dial indicator. The acceptable result of the measurement is a displacement within 0.01

mm, which has to return to zero value once the shaft is released.
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3. Practical section

This section describes practical application of the vibration analysis stated in the
research section. The analysis is applied to the series of 5 spindle assemblies, which is a
yearly production of the company. This section includes the proposal of the spindle test
stand, where the spindles are going to be measured and tested, the measurement procedure
instructions and description, along with the measurement results assessment and the

evaluation of different factors’ impact on spindles quality.

3.1 FG-15 spindles quality issues
FG-15 spindles are assembled at Viking CNC using second-party supplied
components. The spindle is characterized by a light structure, as it does not withstand loads

more than hundreds of newtons in radial direction during the grinding process.

The majority of quality issues the company faces is bearing-related. Typically, it is
associated with an uneven noise coming from the bearings. Several typical patterns have
been detected, although their cause has remained unclear most of the time. The typical
,,problematic bearings behavior and possible reasons are, firstly, that bearings might , rattle®
as a result of an unproper fit, as well as the angular contact ball bearings’ outer rings might
turn. Then, the typical for this spindle bearing-related quality issue is that bearing balls do
not roll at constant speed and skid in the raceway. Besides undesired noise, these issues result

in exstensive vibration and heat, which has a bad impact on the spindle performance.

Initially, there was no testing environment, so most of the problems have been
revealed already at the moment when the spindle had been installed into the machine. So, if
a problematic spindle is installed into the machine, and the test run shows that the spindle
performance is not normal, the spindle is pulled out and disassembled. Parts which are
supposed to be causing the problem are replaced with spare different ones, and the procedure
of test in the machine is repeated until the satisfactory performance is reached. Obviously,
such procedure might be very time-taking, especially in cases when it is hard to detect, which

parameter exactly is causing the problem.

The aim of this section is to bring a systematic approach to the spindle quality

assurance procedure and to reduce the uncertainties associated with this process.
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3.2 Spindle test stand concept

The stand (Figure 22) has a concrete base on the anti-vibration feet in order to isolate
the stand and, thus, the measurement equipment, from the surrounding vibration of the
working hall, where the stand is situated. They are also used for height adjustement, which
has to be controlled using a spirit level. The tested spindle assembly is clamped on a steel
plate with T-slots.

Figure 22. Spindle test stand

Spindle is run by a Fanuc servo motor, its speed is controlled by Fanuc control
system. The spindle is run coaxially, which corresponds to its final arrangement in the
machine and provides the conditions similar to the ones in the macine. Furthermore, by using
the direct drive, such effects as additional forces induced by the belt tightening, or additional
vibrations such as belt trembling, are eliminated. The spindle and the motor shafts are

coupled by the jaw coupling with a rubber insert.
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Figure 23. Spindle coupling [37]

The test stand arrangement is shown in the Figure 24. Spindle is placed into the two
thin housings. They are designed to have a light structure, so that they have a minimum
impact on the spindle vibration signal. A spring element is placed between the spindle and
the housing surfaces, again, to isolate the vibrating spindles from the other masses and to get
stronger vibration signal. Furthermore, the spring spindle placement is advantageous
concerning its actual placement in the machine — the spindle assembly is fitted in a glide
bushing.

motor position
top housing spring element jaw coupling ~ adjustment flange

spindl\ ' 7 L
\ \ e \ motor bracket
bottom housing / ) g L g

Figure 24. Spindle test stand arrangement
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The sensor holders are magnetic, and their lower surface is prismatic, so that it nearly
coinsides with the outer surface of the spindle pipe. The accelerometers are screwed into the
holders and sticked to the assembly.

3.2.1 AXxes setup

The tolerance of the axes misalignment should not exceed the maximum
misalignment allowed by the coupling — 0.1 mm of radial misalignment. The motor axis is
set up to be parallel with the base plate T-slots and remains fixed for the whole cyclus of
measurement or testing procedure. After the motor is set up, the following measurements

have to be taken:

1. The coupling actual diameter dc
2. The motor axis actual height hm — the coupling height hc is measured by an
altimeter. The motor axis height is then:

hy, =h, —— (10)

3. The motor axis actual distance bm from the motor bracket side surface: the

coupling distance bc is measured by a depth gage. The motor axis distance is then:
by = b, —— (11)
The concentricity between the spindle and the motor axes is ensured by manipulating

exclusively with spindles using the following procedure:

1. The spindle pipe actual outer diameter Ds is measured.
2. The shafts of the spindle and the motor are connected by a coupling.
3. The distance bs between the motor bracket side surface and the spindle pipe is

measured and then adjusted to be

D
bs = by, + 75 (12)

by hammering to the rear housing in the appropriate direction.
4. A dial indicator is fixed on the setup fixture. It is used to measure the runout in

the horizontal direction by moving the setup fixture in a T-slot. The runout in the
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horizontal direction is adjusted by hammering to the front housing in the
appropriate direction.
5. The height of the spindle pipe is measured at two points and then adjusted to be

D
hy = hyy + 75 (13)

by tightening the housings® screws.
6. Measurement of bsand of the horizontal runout is done again to control that the

values did not change after proceeded manipulation.

3.3 Vibration measurement

Generally, typical problems, which have been already detected on this type of
spindles are associated with excessive noise, vibration, and bearing heat. Despite the fact
that the quality of the spindle performance can be assessed to be acceptable or not acceptable,
it is quite a problem to detect the root cause and eliminate it.

Measured vibration signal is able to provide useful information about the vibration
character. Thus, vibration signal analysis is a very promising tool to determine the vibration
causes. The application of the vibration diagnostics on the FG-15 spindles is supposed to
provide the information about the vibration patterns, which are typical for the acceptably and
not acceptably manufactured spindles. Because of the fact that 5 spindles are going to be
measured, some statistical information can be collected. Followingly, the parameters
correlating with the certain vibration spectrum patterns are supposed to be stated, basing on

the acquired information.

3.3.1 Measurement equipment

Experimental measurements of the vibrations were performed using NI 9234
vibration input module (Figure 25 (a)) and 4 CTC AC105-2A IEPE accelerometers (Figure
25(b)). N1 9234 vibration input module has four analog input channels which can be sampled
simultaneously at the 51.2 kS/s/channel sampling frequency. Acquired signal is proceeded
to a PC with installed NI software, where the signal is processed and recorded.
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Figure 25. Measurement equipment: (a) NI1-9234 input module [38] and (b) installed IEPE

accelerometer

3.3.2 Measurement process

The vibration was measured in 2 planes, each of which corresponded to the bearings
location, as shown in the Figure 26 and Figure 27. The measurement of each bearing was
performed in 2 radial directions (horizontally and vertically). RPM value is measured by an
optical RPM sensor, triggered by a reflective tape placed on the motor surface. Table 9

descripes the sensor location and direction.

Table 9. Sensors locations and directions

Channel Number Position Vibration direction
Channel 0 Front Vertical
Channel 1 Front Horizontal
Channel 2 Rear Vertical
Channel 3 Rear Horizontal
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Figure 26. Measurement scheme (vibration signal illustrations are taken from [39])

RPM sensor

accelerometer, channel 3

accelerometer, channel 0

accelerometer, channel 2
accelerometer, channel 1

Figure 27. Measurement arrangement

The measurement was realized for maximum spindle rotational speed of 6000 RPM
and included measurement on different RPM levels, each of the measurement recording time
was 20 s. Two of five spindles were chosen to perform an experiment to study the effect of

the front nut tightening on the vibrations.
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Among the factors which are supposed to affect the vibration, there are different

parameters of spindle components geometry related to bearings, such as bearing fits, and

bearing seats geometry. Then, spacer rings flatness and height difference affect bearing

preload and might also affect vibrations. Different dimensional and geometric configurations

generate different vibrations character. The dimensional parameters used in the investigation

are shown in the Figure 28.
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Figure 28. Spindle parameters

The tolerances for these parameters are stated in the Table 10:

Table 10. Spindle parameters tolerances

Parameter Nomin_al L-ow-er U-pp-er Description
dimension | limit limit

IDso 55 -0.007 0 Front bearing Inner Diameter (ID)

odf 80 -0.007 0 Front bearing Outer Diameter (OD)

idss 55 -0.003 | +0.002 | Front bearing ID seat (shaft)

Crs 0 0.0015 | Front bearing ID seat circularity

ODr#p 80 +0.001 | +0.007 | Front bearing OD seat (pipe)

ho 35 0 0.010 | Quter spacer ring height
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hi 35 0 0.010 | Inner spacer ring height

o 0 0.005 | Spacer rings height difference

IDrb 30 -0.008 0 Rear bearing ID

odr 55 -0.011 0 Rear bearing OD

idrs 30 -0.004 | +0.009 | Rear bearing ID seat (shaft)

Crs 0 0.0045 | Rear bearing ID seat circularity

ODyp 55 -0.030 0 Rear bearing OD seat (pipe)

Then, bearings’ fits values on the inner and outer diameters are calculated in the

following way:
Front bearing ID fit = IDg, — idss; Rear bearing ID fit = IDyy, — id, (14), (15)
Front bearing OD fit = 0Dy, — odss; Rear bearing OD fit = 0Dy, — 0d, (16), (17)
Actual spindle dimensions measurement

Spindle shaft geometry measurement is performed at shaft manufacturer’s facilities,
and the measurement protocol is provided. The shaft bearing-related dimensions and
geometry measured values were taken from these protocols: idss and idrs were measured on
Zeiss Contura 3D. The circularity of the diameters Css and Crs was measured on Mitutoyo
Roundtest RA-2100. The other values available for measurement were measured at Viking
CNC facilities: for inside diameters (IDf, ODsp, IDm, ODyp) three-point bore gages of
appropriate size were used; for outside diameters (0ds, idss, 0drw, idrs) outside micrometers of

appropriate size were used. Bearings were fixed on a small vise stand before measurement.

Bearing spacer rings height was also measured by digital outside micrometer. During
measurement, a measured ring was fixed on a small vise stand. Bearing spacer rings height
was measured at 4 points over the ring circumference located 90° from each other. Because
of the fact that the ring’s height deviation was varying sometimes reaching the value of 0.007
mm, the spacer rings height difference & was calculated as a difference between the two rings

average height values.

Measured actual dimensional values of the investigated spindle components are
stated in Table 11:
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Table 11. Spindles parameters — measured actual values

Spacer
rings Inner ring Quter Front Front Rear Rear
Spindle |average  |height :ll.g " bearings |bearings bearing |bearing ID
no. height deviation e1gh . |ID fit 0D fit oD fit seat
o deviation ; ‘
difference |[mm] [mm] [mm] [mm] circularity
(mm] [mm]
2001] ©.0015| |0.001] [0.006 il'g'ggf . 00? ~0.002/ 000052
2002| | 0.001] [0.003| (0007 i'g'ggf g'gig -0.003]2:00092
2003| | 0.001] [0.004| [0.004 I'g'ggj g-ggg | 0.001[ 00018
2005| 10.004| 10.005] [0.007 E'g'ggi g'g:: 10.002 0.00043
1937 0.002 0.004 0.004 Pooggi ggig l—0.002 Liizs

It is expected that the bearing characteristic frequencies will manifest themselves on
the frequency spectra, which may happen in case of a bearing race deformation. Bearings
parameters are presented in the Table 12, and their characteristic frequencies calculated

according to the equations (4) - (9) are presented in the Table 13:

Table 12. Bearings parameters

Front Rear
N [1] 23 11
d [mm] 8 7.1
D [mm] 67.5 425
B[] 15 0
cosp [1] 0.9659 1

Table 13. Bearings characteristic frequencies

f [H2) P 1000 | 2000 | 3000 | 4000 | 5000 | 6000
fsrro 169.7 | 339.4 | 509.2 | 678.9 | 848.6 | 1018.3
Front ferri 213.6 | 427.2 | 640.8 | 854.4 | 1068 | 1281.6
bearings | fesr 1 1.9 2.9 3.9 4.9 5.8
ferr 1.9 3.9 5.8 7.8 9.7 11.7
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fecsor 7.4 148 | 22.1 | 295 | 369 44.3

ferro 76.4 | 152.7 | 229.1 | 305.4 | 381.8 | 458.1

. fepri 107 214 | 320.9 | 427.9 | 5349 | 641.9

ear
) fesk 14 2.7 4.1 5.4 6.8 8.1
bearing
farr 2.7 54 8.1 10.8 | 13.5 16.2
fecsor 6.9 139 | 20.8 | 27.8 | 34.7 41.6

3.5 Vibrations measurement assessment
The obtained vibration signal was processed in LabView environment to perform the
FFT, then Matlab and Microsoft Excel software was used for the following vibration analysis

and other vibration data processing.

3.5.1 Preliminary assessment — overall vibration severity over the 10-1000 Hz range
The vibration velocity RMS values over the range 10-1000 Hz were calculated from
the obtained signal on 1000, 2000, 3000, 4000, 5000, and 6000 RPM. Figure 29 shows these
values for the tested spindles on different spindle speed for the front bearings and for the rear
bearing in both directions. It is evident, that the spindle 2003 is showing significantly higher
vibrations than the other spindles. Spindle 2002 is showing the lowest RMS values.
Vibrations of the spindles 2001, 2005 and 1937 are quite similar on the front bearings; as for
the rear bearing, there is a worth-mentioning difference between the 1937 spindle vibrations
compared to the 2001 and 2005 spindles vibrations. Hence, it might be supposed that the
2002 spindle had the most successful dimensional configuration along with a properly
performed assembly procedure, whereas the spindle 2003 had, contrariwise, the worst
configuration. This fact should be taken into account for the further detail analysis of the
measured data. However, one has to keep in mind that spindle is a complex unit, so even if
the vibration RMS amount is similar for two different spindles, the causes of the vibration

might be different, as well as the degree of complicatedness of their elimination.
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Figure 29. Spindles RMS values over 10-1000 Hz comparison

3.5.2 Overview of the vibration character observed on frequency spectra
The vibration of a running spindle is complex, so it is reasonable to divide the

obtained vibration signal into the following categories:

e Spindle rotation speed frequency and its multiples

e Structural resonances spreaded over a wider rande of frequencies (low
frequencies)

e Bearing fault frequencies

e High-frequency excited ranges

Vibrations which come under one of these categories have common attributes,
patterns, and root causes, which are typically associated with each of the categories. Hence,
vibrations of each category are considered separately in order to evaluate the degree of
influence of the vibration-causing factors typically associated with the categories, and find
out, which spindles were affected more by these factors. The cause of the degree of the
factors’ impact is supposed to be traced back to the spindles dimensional, geometrical and

assembly parameters.
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3.5.2.1 Spindle rotation speed frequency and its multiples
Values of the rotational speed frequency (first harmonic - 1H) amplitudes and its
multiples (2H, 3H, etc.) over the different RPM levels were analyzed for each spindle, and

then followingly compared.

1H of the spindle 2001 has significantly larger amplitudes both for front and rear
bearings vibration. It shows the most significant increase at rear bearing in horizontal
direction. Rear bearing vibration amplitude in vertical direction is approximately half-valued
and the main reason for this is probably the spindle housing construction, where two parts
of it are being pulled together with tightening force acting in the vertical direction. The
magnitudes of the 2H and 3H do not manifest themselves at so high amplitudes and their
values remain similar over all the RPM levels, with 2H always having a slightly higher
amplitude, except the Rear Horizontal channel, where the 3H frequency tends to prevail in

amplitude and shows a slight increase — v. Figure 30.
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Figure 30. Rotational speed frequency and its harmonics amplitude values — spindle 2001
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Spindle 2002 has generally low vibration amplitudes at harmonic frequencies, showing only
a slight increase with RPM at front bearings. 1H has a higher vibration amplitude. 1H and
3H vibration amplitudes are generally higher in horizontal direction, and 3H increases at
high speeds in horizontal direction. 2H remains almost unexcited at front bearing in
horizontal direction and at rear bearing in vertical direction. The most rapid increase with

the highest amplitude of 1H is at rear bearing in horizontal direction — v. Figure 31.
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Figure 31. Rotational speed frequency and its harmonics amplitude values — spindle 2002
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What is unique about the 2003 spindle is prevailing 3H amplitude over all the other
harmonics, including 1H, which amplitude is typically the highest. 2H is excited at rear
bearing; 2H and 3H peaks are also present at front bearing, but with a relatively low
amplitude and a relatively slight increase with RPM. These vibrations are possibly
transmitted from the rear bearing considering the amplitudes trend and ratio. 4H and 5H are
excited at front bearings besides the other harmonics at high speeds (which might be related

to the structural resonances excitement) — v. Figure 32.
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Figure 32. Rotational speed frequency and its harmonics amplitude values — spindle 2003

Spindle 2005 shows generally low vibration at harmonic frequencies in vertical
direction, as it is shown in the Figure 33. There is a significant excitement of 3H at rear
bearing, especially in horizontal direction, which is subsequently transmitted to the front
bearing. Front bearings have also excited 4H, 5H, 6H though with relatively low amplitudes.
2H is also excited at rear bearing and its magnitude is comparable with the 1H and 3H. 2H
is excited at front bearing in vertical direction. It is excited more than the other harmonics at
front bearings in vertical direction. 1H is excited more in horizontal direction. Rear

horizontal has the highest amplitudes with the most rapid increase.
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Figure 33. Rotational speed frequency and its harmonics amplitude values — spindle 2005

Spindle 1937, as illustrated in the Figure 34, shows a rapid increase of 1H amplitude

with RPM at all vibration channels; the most significant one is at the rear bearing in

horizontal direction, then at rear bearing in the vertical direction. There is also excited 3H at

front bearings. 2H vibrates at approximately same amplitude and character at all channels.

There are also slightly excited harmonics of 4H and 5H at the front bearings in vertical

direction at higher speeds.
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Figure 34. Rotational speed frequency and its harmonics amplitude values — spindle 1937
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General behavior at 1, 2 and 3 harmonics is summarized in the Table 14.

Table 14. Spindles behavior summary over RPM - spindle rotational speed frequency and

its harmonics
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2001 2002 2003 2005 1937
1H
2H
3H
- significant excitement, - slight excitement, - generally low
vibration level

Colored cells correspond to the bearings in the following order:

1H magnitude is one of the most important criteria as this peak is the largest one in

most cases. As it is evident from the table, the measured spindles have 2 patterns of 1H peak

behavior:

1. Significant vibration amplitudes at the rear bearing and at the front bearings in
horizontal direction and a slight amplitude increase at higher speed at front bearing in the
vertical direction. (2001, 2003, 1937)

2. Significant amplitudes at rear bearing in horizontal direction and slight increases

at higher speeds at the front bearing and at the rear bearing in the vertical direction. (2002,

2005)

I Front vertical

Front horizontal I

Rear vertical

Rear horizontal I
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The rotational speed frequency course has a similar character for spindles 2001, 2003
and 1937: the 1H amplitude has a tendention increase rapidly with the rise of the speed, and
the curve resembles a rather exponential dependency between the speed and the vibration
amplitude value. Furthermore, for 2001 and 1937 the velocity curve is characterized by
similar ratio between the magnitudes of the vibration on the first, second and the third

harmonics.

The excited 1H might be caused by unbalance. This means, the spindles 2001, 2003
and 1937 might have the similar amount of an unbalanced mass which might generate an
unwanted centrifugal force during the rotation. Balancing might fix the problem and
eliminate the excessive spindle vibration at the 1H frequency. If 2H and 3H peaks were

generated by the unbalance vibration, balancing might fix this issue as well.

Then, 2002 and 2005 have the similar course of the 1H vibration with relatively low
amplitudes. The most rapid increase of the amplitude is, for both spindles, at the rear bearing
in the horizontal direction, but the magnitude of the vibration is still lower than it is for the
spindles 2001, 2003, and 1937.

The effect of the dimensional parameters on the rotational speed frequency and its
harmonics degree of excitement has been assessed, and it has been figured out that 1H
frequency higher amplitude values correspond to the spindles with higher circularity
deviation on the rear bearing seats on the shaft. Besides, it is in accordance with the fact that
1H amplitude is generally higher at the rear bearing. This constitutes a reasonable
assumption that the rear bearing inner diameter seat circularity is a factor which participates
on the magnitude of the 1H vibration. The described correlation is shown in the Figure 35.
Correlation between bearing seat ID circularity and 1H amplitude value at rear bearing in (a)
horizontal direction (b) vertical direction
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Figure 35. Correlation between bearing seat ID circularity and 1H amplitude value at rear

bearing in (a) horizontal direction (b) vertical direction

There are three patterns of the 2nd harmonic peaks behavior:

1. The 2H is either not excited, or keeps having low amplitudes with a slight icrease
at higher speeeds. (2001, 2002)

2. The 2H amplitudes are low and show a slight increase at higher speeds at the front
bearings in both directions and at the rear bearing in the vertical direction, but there are

significant amplitudes at the rear bearing in horizontal direction. (2003, 2005)

3. The 2H has relatively significant amplitudes in horizontal direction and show a

slight increase at higher speeds in vertical direction. (1937)

For all of the measured spindles, 2H tends to manifest itself more in the horizontal
direction. Its amplitudes are generally rather low, although they show an increase with the
increasing speed. For example, for 2005 spindle the 2H and 1H amplitudes are generally
comparable, and for the front bearing, vertical direction it is excited even more than the 1H.
The excited 2H frequency is typically associated with looseness in the assembly, or axes
misalignment. Another possible reason is that it might be additionally excited by the rotor
unbalance. For 2005 spindle the reason for the prevailing 2H in amplitude might be

misalignment, as the characteristic sound has been noticed during the measurement.

As far as the geometry dependences are concerned, as the vibration on 2H typically
represents looseness in the assembly, it might be related to the bearing-related dimensions

and geometry. Figure 36 show that 2H magnitude correlates with (a) shaft front bearing seat
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circularity and (b) inner spacer ring deviation at the front bearings and with (c) bearing outer

diameter (OD) fit at the rear bearing: It is shown that 2H is excited more for larger

dimensional deviations at the front bearings and for looser fits at the rear bearing.
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Figure 36. Correlation between 2H amplitude value and (a) front bearing seat ID circularity
in horizontal direction, (b) front bearing inner spacer ring deviation in vertical direction (c)

bearing OD fit in horizontal direction

The 3H frequency vibration manifests itself in 3 patterns:

1. The 3H is either not excited or keeps having low amplitudes with a slight icrease
at higher speeeds. (2001, 2002, 1937)

2. The 3H has relatively significant amplitudes in horizontal direction and show a

slight increase at higher speeds in vertical direction. (2003, 2005)

3H might be excited because of misalignment and looseness. Again, another possible
reason is that it might be excited by the rotor unbalance. As a result of the dimensional
parameters influence assessment, it has been figured out that the highest 3H values generally
correspond to the tighter rear bearing 1D fit, as shown in Figure 37. The reason for this might
be the higher deformation of the bearing by press-fit itself, or by the irregularities brought

during the assembly procedure.
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Figure 37. Correlation between 3H amplitude value and rear bearing ID fit

Summary

The spindles, performance quality of which was overly affected by the vibration
excited on the rotational speed harmonics, are listed in the Table 15:

Table 15. Spindles affected by the vibration excited on the rotational speed harmonics

Frequency | Affected spindles Possible causes
1H 2003, 2005, 1937 e Unbalance

e Bearing ID seat circulatity
2H 2003, 2005, 1937 e Misalignment

e Unbalance

e Rear bearing loose fit

e Front bearing spacer ring deviation
3H 2003,2005 e Misalignment

e Looseness

e Unbalance

e Rear bearing ID fit

4H, 5H 2003, 2005, 1937 e Resonance of spring spindle

placement

Condition of each spindle in terms of the factor of vibration at rotational speed

frequencies and their harmonics can be assessed in the following way — v. Table 16:
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Table 16. Spindles condition assessment - rotation speed harmonics

Spindle | 2001 2002 2003 2005 1937
1H
2H
3H
- favorable condition, some issues are present

The table states that the spindles 2001 and 2002 are in the optimal condition

regarding rotation speed frequency and its harmotics excitement.

3.5.2.2 Bearing characteristic frequencies

Spindles with bearings being slightly deformed due to the geometry and assembly
irregularities might give out low-amplitude vibrations at bearing characteristic frequencies
(v. Table 13). It is assumed that the degree of the deformation can be evaluated by the
magnitude of the vibration on these frequencies. Due to the fact that the magnitude of the
excited characteristic frequencies (if there are any) is distinguishable only at higher rotational
speeds (though they do not necessarily increase with the RPM), only the measurement results

at 4000 rpm — 6000 RPM is provided, which is enough to estimate the trend.

A comparison between the spindles BPFO and BPFI amplitudes is shown at the
Figure 38. It is evident that, with few exceptions, all spindles have the vibration at the
characteristic bearing frequencies with similarly low amplitude values. Then, there are
relatively large values at the BPFO at 5000-6000 RPM at 2003. 2005 and 1937. front
bearings. It is possible that the front bearings of 2003, 2005 and 1937 spindle are deformed,
with bigger deformation of the outer race. It might be related to the fact that the spindles
2003, 2005 have relatively tight fits on the front bearings, which might have brought
complications to the assembly process, while the fit of the 1937 front bearings is, conversely,

relatively loose.

Vibration on the rear bearing characteristic frequencies are lower compared to the
vibrations on the front bearings. The chart shows that the 2003 spindle has an excitement of
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the BPFO at the 5000-6000 RPM. This might mean that the outer race of 1937 spindle rear
bearing could be also deformed more than in the other cases.
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Figure 38. Bearing characteristic frequencies vibration amplitudes

Several assumptions of the relation between the dimensional and geometrical
parameters and the magnitudes of the bearings characteristic frequencies are presented below
in the Figure 39 and Figure 40. Figure 39 and Figure 40 (a) show that the vibrations at BPFI
in vertical direction both at the front and the rear bearings have higher amplitudes for
spindles with larger ID seat interference and ID seat circularity deviation. There is also a
relation between the rear bearing OD fit and the BPFO vibration amplitudes at rear bearing
in horizontal direction — asshown in the Figure 40 (b). However, due to the fact that in case
of rear bearings the most of these frequencies had zero amplitude value, so there is not

enough data to propose a comprehensive estimation.
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Figure 39.Correlation between BPFI amplitude value and (a) front bearing seat ID

circularity (b) front bearing ID fit
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Figure 40.Correlation between rear bearing (a) BPFI amplitude value and bearing seat ID

circularity (b) BPFO amplitude value and bearing OD fit

Cage frequency does not itself occur as a peak on the frequency spectra, but some
spindles (2001, 2003, 1937) have isolated harmonics (starting from the 4H and higher)
modulated by sidebands of BCSOR (FTF). The example of such sidebands is demonstrated
in the Figure 41. The issue is present at both bearings. The corresponding sidebands location
is stated in the Table 17. + or — indicates whether the BCSOR occurs to the left (-), or to the

right side (+) of the harmonic peak. The amplitude values are summarized in the Figure 42.
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Figure 41. Cage frequency modulation - 2003 spindle, 6000 RPM, rear bearing, vertical

direction

Table 17. Cage frequency modulation attachment frequencies

Front Vertical

Front Horizontal

Rear Vertical

Rear Horizontal

;ps;ﬂ] 6000 | 5000 | 4000 | 6000 | 5000 | 4000 | 6000 | 5000 | 4000 | 6000 | 5000 | 4000
2001 - - - - - - 5H+ | 5H- - 5H- | 5H- -
2002 - - - - - - - - - 8H- | 8H- -
2003 | 6H- | 4H- | 9H- | 4H- | 4H- | 7TH- | 9H- | 7H- | 9H- | 8H- | 9H- | 7H-
2005 - - - - - - 4H+ - - 6H- - -
1937 - TH+ - - - - 4H+ | 4H+ - 4H+ | 4H+ -
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Figure 42. Cage frequency sidebands vibration amplitudes

Although cage frequency occurs in the spectra as a sideband, no correlation with
these sidebands’ amplitudes and the measured dimensional parameters has been revealed.
Thus, it may be assumed that in this case assembly conditions have a greater influence on
cage deformation. If a frequency manifests itself on the spectrum, that meant the component

(cage, race) is crooked during the assembly. This is possibly the 2003 spindle‘s case.

Summary

Table 18 represents the summary of the spindles which showed relatively high

excitement at the bearing characteristic frequencies along with the possible causes.

Table 18. Spindles manifesting vibration excited on bearing characteristic frequencies

Frequency Affected spindles Possible causes

e Bearing OD fit
BPFO 2003, 2005, 1937

e Assembly conditions
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e Bearing ID fit
BPFI 1937 e Bearing ID seat circulatity

e Assembly conditions

BCSOR 2003 e Assembly conditions

The bearings‘ components condition assessment basing on the gained data is

provided in the Table 19.

Table 19. Spindles condition assessment -bearing characteristic frequencies

2001 2002 2003 2005 1937
BPFO
BPFI
BCOR/
BCIR
- favorable condition, - some issues are present

3.5.2.3 Structural resonances spread over a wider range of frequencies

In order to analyze the vibrations spread over the rest of the 10-1000 Hz spectrum
without reference to any of the specific or characteristic frequencies, the frequency spectrum
was divided into the 100 Hz intervals, and the velocity RMS values were calculated for each
of the intervals, so that it is possible to identify more and less excited ranges and compare
the spindles reciprocally by this parameter. The excitement of the wider frequency ranges
was additionally demonstrated by waterfall plots on the example of the front bearing
vibrations in horizontal direction — for each spindle. Other waterfall plots are presented in

Appendix 4.
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As demonstrated in the Figure 43, the highest RMS value happens to be at the ranges
10-100 Hz and 100-200 Hz range of the spindle 2001 — mainly because of the high amplitude
of the rotational speed frequency and its multiples. At the front bearings the range 200-300
Hz is more excited than at the rear bearings. There is also a slight excitement of the range
400-500 Hz at the front bearings in the horizontal direction —v. Figure 44. At the rear bearing
the range 300-400 Hz becomes excited at the higher speeds (from 5000 RPM). This range is
also excited at the front bearings, but the amplitudes are larger at the rear bearing, so this

resonance is likely to refer to the rear bearing.
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Figure 43. RMS values over 10-1000 Hz — spindle 2001
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2001, Front Horizontal

Figure 44. 2001 spindle waterfall plot — front horizontal

Spindle 2002 vibration at the mentioned frequency ranges has a similar character as
the vibration of the 2001 spindle, but with generally lower amplitudes (v. Figure 45). It is
worth-mentioning that the 400-500 Hz range becomes excited, but still with relatively low
RMS value, already at 3000 RPM at the front bearings in the horizontal direction — v. Figure
46.
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Figure 45. RMS values over 10-1000 Hz — spindle 2002
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2002, Front Horizontal

Figure 46. 2002 spindle waterfall plot — front horizontal

Spindle 2003 has the highest number of the excited resonance ranges and the highest
RMS values over these ranges from all of the measured spindles, as shown in the Figure 47,
Figure 48. The range 200-300 Hz at 5000 and 6000 RPM has the highest RMS value at both
bearings; and this value is higher at the rear bearing. The range of 300-400 RPM becomes
significantly excited at 6000 RPM, and this value is higher at the rear bearing. The range of
400-500 Hz also becomes excited at the higher RPM with similar values for both bearings,
where the horizontal direction has approximately two times larger RMS values. Vibrations
from 500 Hz to 1000 Hz are generally excited more in the vertical direction, which is an
expected effect of the test stand housing construction. Ranges from 600 Hz to 900 Hz show
a slight increase with RPM in horizontal direction, while 900-1000 Hz range remains

unexcited.
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Figure 47. RMS values over 10-1000 Hz — spindle 2003
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Figure 48. 2003 spindle waterfall plot — front horizontal

Spindle 2005 vibrations have a significantly excited range 200-300 Hz as shown in
the Figure 50, with the largest amplitudes in horizontal direction and at the rear bearing — v.
Figure 49. The 300-400 Hz range is excited at higher speeds with higher values on the rear
bearing and in horizontal direction. The range of 400-500 Hz also becomes excited at the

higher RPM with similar values for both bearings and directions. Higher frequency ranges
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are excited mainly in vertical directions, with the amplitudes remaining relatively low. The

600-700 Hz range excitement is quite significant from ranges from 5000 RPM and higher.

2005 Front Vertical

2005 Front Horizontal

RMS [mm/s]

vibration

2005 Rear Vertical 2005 Rear Horizontal

bration AMS [mm/s]

speed [rpm|
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—8—10-100Hz —&—100-200Hz —&—200-300 Hz 300-400 Hz —@—400-500 Hz

——500-600 Hz —@—600-700Hz —@—700-800Hz —@—3800-900Hz —@—3500-1000Hz

Figure 49. RMS values over 10-1000 Hz — spindle 2005

2005, Front Horizontal
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Figure 50. 2005 spindle waterfall plot — front horizontal

Spindle 1937 results show a significant excitement at the range of 200-300 Hz, with
the highest RMS values at the front bearing in the horizontal direction, as shown in the Figure
52. Front bearings also show the excitement of 300-400 Hz and 400-500 Hz range in the
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horizontal direction, which is also present in the vertical direction with lower RMS values.
Higher frequency ranges are excited to a smaller degree in vertical direction, while remaining
almost unexcited in horizontal direction — v. Figure 51.
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Figure 51. RMS values over 10-1000 Hz — spindle 1937
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Figure 52. 1937 spindle waterfall plot — front horizontal
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The above stated information about the RMS values for different frequency ranges

is summarized in the Table 20:

Table 20. Spindles behavior summary over RPM - RMS values over 10-1000 Hz

2001 2002 2003 2005 1937

10-100 Hz

100-200

Hz

200-300

Hz

300-400
Hz

400-500

Hz

500-600
Hz

600-700

Hz

700-800

Hz

800-900

Hz

900-1000
Hz

- significant excitement, - slight excitement, - generally low
vibration level
Colored cells correspond to the bearings in the following order:

I Front vertical Front horizontal I

I Rear vertical Rear horizontal I
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There are two patterns of the vibration behavior at the 10-100 Hz rms:

1. Vibration in both bearing plane is significant over the mentioned range (2001,
2003, 1937)

2. Vibration is less significant at the rear bearing. (2002, 2005)
There are two patterns at the 100-200 Hz range:

1. Vibration in both bearing plane is significant over the mentioned range (2001,
2003, 1937)

2. Vibration is less significant at the rear bearing. (2002, 2005)

These two ranges are excited mainly because of the high amplitude of the rotational
speed frequency and its multiples, thus in the terms of investigation of the excitement
frequency ranges they are going to be treated rather as an additional information.

There are two patterns at the 200-300 Hz range:
1. Vibration in both bearing plane is significant over the mentioned range. (2003)
2. Vibration is less significant at the rear bearing. (2001, 2002, 2005, 1937)

When examining the 200-300 Hz range vibration character in detail and comparing
its character and behavior among all spindles and bearings, it is obvious that for the spindles
2001 and 2002, and, partly, for 1937 this range is not as excited at rear bearings as it is in

the front ones while for the spindles 2003 and 2005 it is excied even more on rear bearings.

What is common for the 2003 and 2005 rear bearings fit configuration is that they
have a tight fit (0.006 mm) on the inner diameter combined with a clearance fit on the outer
diameter. The OD clearance might be the reason for the rear bearing vibration. From the
Figure 53 (a) it is obvious that for interference fit the vibration RMS is lower, although there
is no direct dependency between the fit and the vibration. The reason for lower RMS at
bigger clearance might be explained by a more favorable assembly configuration of the 2005
spindle. This is also valid for higher frequency ranges, such as 400-500 Hz, as illustrated in
the Figure 53 (b).
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Figure 53. Correlation between 200-300 Hz range RMS value and rear bearing OD fit (a)

in horizontal direction, (b) in vertical direction

Vibrations at the front bearings might be affected by such parameter as spacer rings
average height difference — the correlation between these two parameters is shown in the
Figure 54 (a). The 2003 spindle large amplitude of vibration might be caused by a
combination of other parameters which are not related to dimensions. There is also a

correlation between the inner spacer ring deviation and the excitement over this range — v.

Figure 54 (b).

Inne[; ggacer ring deviation [mm] - 200-300 Hz RMS, Front Vertical r rin&g average height difference [mm] - 200-300 Hz RMS, Front Vertical
: 35 * 1000 rpm
2000 rpm
; 03 %3000 pm
03 % 4000 rpm
x 5000 rpm
025 025’ 6000 rpm
x x
7 T
£ 02 £ 02
E £
2 2
z 015 z 0.15
0.1 X 0.1 X
x
005 # 005%
% x
x x x x
o ‘ % ¥
0 0
1 2 3 4 5 1 15 2 2.5 3 3.8 4

Inner spacer ring deviation [mm] %107 Spacer rings average height difference [mm]103

Figure 54. Correlation between 200-300 Hz range RMS value and front bearings (a) inner

spacer ring deviation (b) spacer rings average height difference

Generally, there are 3 patterns for the 300-400 range:

1. The range is excited at the front bearings with a relatively low amplitude and

vibration is also present in horizontal direction at the rear bearing. (2001, 2002)
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2. The range is excited more at the front bearings and shows a slight excitement at

the rear bearings. (2005, 1937)

3. The range is excited to a relatively high degree at both bearings in both directions

(2003)

Analogously as for the range 200-300 Hz, there is a correlation between the rear

bearing OD fit and the vibration RMS value at the range of 300-400 Hz — v. Figure 55.
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Figure 55. Correlation between bearing seat OD fit and 300-400 Hz range RMS value at

rear bearing in (a) vertical direction (b) horizontal direction

There are no characteristic patterns for vibration at 400-500 Hz. This range might get
excited because of the excitement of the structure or the resonances of the spindle spring
placement, or by a resonant of one of the spindle components (cage, rings). Then, there might
be a correlation between the RMS value and the inner spacer ring deviation (Figure 56),
because larger deviation creates differently loaded parts of the surface which can have effect

on the vibration level by contributing to the bearings resonances excitement.
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Figure 56. Correlation between front bearing inner spacer ring deviation and 400-500 Hz

range RMS value

As far as the higher frequency ranges(500-600 and higher) are concerned, generally,
there are 2 patterns (which, in fact, could be also considered as levels) of their excitement

character:
1. They remain unexcited (2001, 2002)
2. They show a slight excitement in the vertical direction. (1937, 2005, 2003)
For the correlation charts, refer to Appendix.

The frequency of the vibrations in the same bearings plane might differ from each
other in horizontal and vertical direction. This is related to several factors, particularly to the
vibrations’ modal form vector. The vibration direction is also to a certain degree influenced
by the structure itself —i. e. by flatness, parallelism of the meeting surfaces, and the assembly

process.

For the test stand used for the experiment, the vibration amount in different directions
is likely to be influenced by the spindle housings construction. A separated top- and bottom-
parts screwed together and underlaid by a spring rubber element result in a different pressing
force in horizontal and vertical directions (Figure 57). This force is larger in the vertical
direction — in the direction of the screws tightening, and it impacts against the vibrating
motion. Hence, a larger vibration amount on the lower frequencies is expected in the

horizontal direction, as this direction is more compliant.
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Figure 57. Vibration amount in different directions illustration

The result of the investigation of the vibration-affecting parameters is presented in

the table. The estimation of the spindle condition in context of excited frequency ranges is

presented in the Table 21.

It is also importatnt to note that the measurement was performed on a series of new

spindles, so it is possible that some of the bearing components’(cage, rings) resonant

vibrations will be mitigated with the components surfaces natural polishing after some

operation period, and the excitement will not be so prominent.

Table 21. Spindles affected by the vibration excited at the 10-1000 Hz frequency range

Frequency Affected Possible factor
range spindles
10-100 Hz 2001, 2003, 1937 e Complex set of factors
100-200 Hz 2001, 2003, 1937 e Complex set of factors
200-300 Hz 2003, 2005, 1937 e Spacer rings height difference
e Rear bearing OD fit
e Front bearing spacer ring deviation
300-400 Hz 2003, 2005, 1937 e Rear bearing outer diameter fit

Resonance of spring spindle

placement/bearing component resonance
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400-500 Hz 2003, 2005 e Rear bearing outer diameter fit

e Front bearing spacer ring deviation
e Resonance of spring spindle

placement/bearing component resonance

500-600 Hz 2003, 1937 e Resonance of spring spindle
placement/bearing component resonance
600-700 Hz 2003, 1937 e Resonance of spring spindle
placement/bearing component resonance
700-800 Hz 2003, 1937 e Resonance of spring spindle

placement/bearing component resonance
e Front bearing spacer ring deviation
800-900 Hz 2003, 1937 e Resonance of spring spindle
placement/bearing component resonance
900-1000 Hz 2003, 1937 e Resonance of spring spindle

placement/bearing component resonance

e Bearing ID seat circulatity

Table 22. Spindles condition assessment - - RMS values over 10-1000 Hz

2001 2002 2003 2005 1937

10-100 Hz
100-200 Hz
200-300 Hz
300-400 Hz
400-500 Hz
500-600 Hz
600-700 Hz
700-800 Hz
800-900 Hz
900-1000 Hz

- - favorable condition, - some issues are present
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3.5.2.4 High-frequency excited ranges

Vibrations on the frequencies after 1000 Hz in most cases have some wide excited
ranges, though with amplitudes generally lower than it typical for the vibrations on
frequencies under 1000 Hz. That is why it is reasonable to assesss the vibrations on the
frequencies higher than 1000 Hz at wider frequency ranges. RMS values for three ranges of
1000-2000 Hz, 2000-3000 Hz, and 3000-5000 Hz were calculated for each spindle, and then

the results were compared consequently.

Figure 58 shows that 2001 spindle vibration on high-frequency ranges show
moderate increase with RPM. The highest values has the 2000-3000 Hz, which is increases

the most rapidly at rear bearing in horizontal direction.

2001 Front Vertical 2001 Front Horizontal

m/s]

0.040

vibration RMS

vibration RMS [m

1000 2000 3000 4000 5000 6000
speed [rpm] speed [rpm]
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2001 Rear Vertical 2001 Rear Horizontal

0120

0.100 0.100

vibration RMS [mm/s

1000 2000 3000 4000 5000 6000

—8—1000-2000 Hz p— 2000-3000 Hz 3000-5000Hz

Figure 58. High-frequency ranges RMS — spindle 2001

As for the spindle 2002, all three of the examined ranges are excited to a
approximately same degree at the front bearings, as shown in the Figure 59. The 2000-3000
Hz and 3000-5000 Hz ranges are excited more at the front bearings, while the RMS values
of the 1000-2000 Hz are higher at the rear bearing, and they are relatively high already at
2000 RPM.
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Figure 59. High-frequency ranges RMS — spindle 2002

2003 spindle show a rapid vibration increase at the ranges 1000-2000 Hz and 2000-
3000 Hz, especially at high RPM — v. Figure 60. The 2000-3000 Hz range show the largest
amplitudes at the front bearings in vertical direction, while 1000-2000 Hz range is excited
the most at the rear bearing in vertical direction. The high-frequency ranges are not excited

much in the horizontal direction.

90



FACULTY

OF MECHANICAL
ENGINEERING
CTU IN PRAGUE

DEPARTMENT OF
PRODUCTION MACHINES
AND EQUIPMENT

2003 Front Vertical

2003 Front Horizontal

1000 2000 3000 4000 5000

speed [rpm]

—&—1000-2000 Hz —&8—2000-3000 Hz —®— 3000-5000Hz

6000

0.120 0.120
0.100 0.100
z z
E 0,080 € 0080
E E
g 2
& oo 2 0060
5 §
T 0.040 ® p.040
b1 ]
s H
0020 0.020
0.000 0.000
1000 2000 3000 4000 5000 6000 1000 2000 3000 4000 5000 6000
speed [rpm] speed [rpm]
—— 1000-2000 Hz —&— 2000-3000 Hz —®—3000-5000H2 —&— 1000-2000 Hz —8—2000-3000 Hz —@— 3000-5000Hz
2003 Rear Vertical 2003 Rear Horizontal
0120 0.120
0.100 0.100
- z
E o080 £ 0.080
E E
- a
= 0060 2 0.060
= €
] S
=] K
£ oo 5 oo4o
] s
0,020 0.020
0.000 0.000

2000 3000

4000 5000

speed [rpm]

——1000-2000 Hz —&—2000-3000Hz —&—3000-5000Hz

Figure 60. High-frequency ranges RMS — spindle 2003

Spindle 2005 has a relatively excited 1000-2000 Hz range with different courses at

the front bearing and at the rear bearing, v. Figure 61. Higher frequency ranges are excited

with rather low amplitudes and show a slight increase over the RPM at the front bearings,

while remaining unexcited at the rear bearing.
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Figure 61. High-frequency ranges RMS — spindle 2005

1937 spindle is characterized by the 3000-5000 Hz range excited on the front
bearings. This rapid step at 4000 RPM corresponds to a high-frequency excited range with
peaks distributed rather randomly, as shown in the Figure 62. The 2000-3000 Hz and 3000-

5000 Hz frequency ranges show a rather moderate excitement at the rear bearing, while

1000-2000 Hz course is very similar for the front and the rear bearings in both directions.
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Figure 62. High-frequency ranges RMS — spindle 1937

General tendentions

For the measured spindles the following tendention is generally valid: frequencies
higher than 1000 Hz are generally excited with smaller amplitudes. These ranges contain the
highest ones of bearings fault frequencies on high RPM, and resonances of components with
lower mass and stiffer structure placement, such as spacer rings. This could also be and
vibration generated by electrical components, such as spindle motor or components of its
control system. The differences between excitement of these ranges between different
spindles is provided using the example of the frequency spectrum of front bearings in vertical
direction at 6000 RPM.

As it is evident from the Figure 63 RMS values at the range 1000-2000 Hz always
increase at higher RPM because of bearing characteristic frequencies peaks occurrence. All
spectra contain bearing characteristic frequencies excited to a different degree (these
frequencies and their impact is analyzed in chapter 703.5.2.2), along with their harmonic
frequencies and the rotational speed harmonic frequencies. Obviously, spindles 2001 and
2002 are slightly and evenly excited over the 1000-2000 Hz range. Spindles 2003 and 1937
has significant peaks at frequencies 1020, 1080 (which could be an 11H with a 20 Hz
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sideband). Additionally, spindle 2003 has an excited range only in vertical direction, and an

excited range with a 1166 Hz frequency peak on the front bearings. Spindle 2005 has its

highest peaks at 1280 Hz and sidebands — this spindle has the largest number of excited

peaks. It is also characterized by a peak with a 1773 central frequency and 100 Hz and

sidebands, which is present at the lower RPM as well with a frequency change.
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Figure 63. 1000-2000 Hz frequency spectrum

As far as the dimensional parameters are concerned, the RMS over the 1000-2000

Hz range tends to show higher values for larger inner rings average height difference at the
front bearings (Figure 64 (a)) and for looser bearing OD fit ( Figure 64 (b)), (although the

correlation is not strict and there are values which do not correspond with this assumption).
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Figure 64. Correlation between 1000-2000 Hz RMS range value and front bearing (a)

spacer rings average height difference and (b) OD fit
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Some spindle have a slightly raised noise level over the range of 2000-3000 Hz, as

shown in the Figure 65. Then, this range also contains frequencies which correspond to the

bearings characteristic frequency multiples and their sidebands, e. g. 2564 Hz is a second

multiple of the front bearing BPFI , 2040 is a second multiple of the front bearing BPFO,
2361 Hz, 2461 Hz, and 2661 Hz are sidebands, 2296 is a multiple of a BPFI sideband.
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Figure 65. 2000-3000 Hz frequency spectrum

2800

The range 3000-5000 Hz has a range (3000-3800 Hz), which is excited for all

spindles in the approx. same manner, although the amplitudes are not the same, v. Figure 66.

This range also contains randomly distributed peaks which are unique for different spindles.

The rest of the spectrum is unexcited; small peaks are not taken into consideration.
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Figure 66. 3000-5000 Hz frequency spectrum

The high-frequency vibration character assessement is summarized in the Table 23.

Table 23. Spindles behavior summary over RPM - high-frequency ranges

- - significant excitement,

- slight excitement, - - generally low

vibration level

Colored cells correspond to the bearings in the following order:

I Front vertical

Front horizontal I

Rear vertical

Rear horizontal I
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Summary

To sum up the information about the high-frequency vibration character, Table 24 is
presented. It was includes additional division the vibration by its type: P — occurence of

singular peaks in the spectrum, R —character of excited wide ranges.

Table 24. Spindles condition assessment- high-frequency ranges

2001 2002 2003 2005 1937

1000-2000 Hz

2000-3000 Hz

3000-5000 Hz

- - favorable condition, - some issues are present

Obviously, the degrees of high-frequency ranges excitement of the measured
spindles is not significantly different, especially concerning frequencies under 3000 Hz. All
spindles are showing out a certant degree of excitement over these ranges due to the reasons

discussed above. Those reasons are summarized in the Table 25.

Table 25. Spindles affected by the vibration excited at 1000-5000 Hz frequency range

Frequency Affected spindles Possible factor
range
1000-2000 Hz 2002, 2003, 2005, 1937 e bearing-related frequencies and

their harmonics
e Spacer rings height difference
e Front bearing OD fit

e [esonances

2000-3000 Hz 2001, 2002, 2003, 1937 e bearings related - mounting
3000-5000 Hz 1937 e bearings-related
e electrical
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3.5.2.5 Time history evaluation
The desired character of the vibration acceleration time history is when the
amplitudes are low and vary within the small range, without any significant peaks occurence.
The time history of the measured acceleration signal has been investigated, and in most of

the cases the signal course did not have a preferable character. The time histories of an

acceleration signal is provided in Appendix.

To demonstrate the difference between the desired time history character and the
faulty character, the time history of the spindle 2002 and the spindle 2003 vibration at the
4000 RPM are compared at the figure. Obviously, the 2002 spindle signal has peaks with the
amplitude approximately three times larger than the average vibration level. These peaks
indicate the presence of impulsive forces impacting on the bearings during the rotation. The
occurence of the peaks is related to the scratching noise coming from the front bearings,
which has been noted during the measurement. There are 2 types of the peaks character, thin
- Figure 67 and thick - Figure 68, each of them corresponds to different type of vibration

sound, and, supposingly, the different degree of an impulsive impact.

SU-2002 vs SU-2003 - 4000rpm, Front Vertical
15
T T I

——2003
2002

afg]

| | | |
[ 2 4 6 8 10 12 14 16 18 20
tls)

Figure 67. Desired and faulty time history characters comparison — singular peak
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SU-2003 vs SU-2001 - 6000rpm, Front Vertical

e T T T
2003
2001

afg

Figure 68. Desired and faulty time history characters comparison - thick peak

Time historiy measurements of the rear bearings of the spindle 2005 on several
RPM levels and singular measurements of the 2002 and 1937 spindles has showed out a
visually recognisable amplitude modulation at a low frequency (0.4 Hz) — v. Figure 69.
This frequency is likely to be related to some of the assembly irregularities, such as a

difference between front bearings’ rotational speeds.

SU-2003 vs SU-2005 - 5000 rpm, Rear Horizontal

08 I I I
—2003
—— 2005

06

ala]

08

Figure 69. Time history amplitude modulation
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Abnormal patterns

During the measurement of some of the spindles, 1937 in particular (2001 to a smaller
extent), the effect of a sudden vibration self-excitement occurred, which is demonstrated in
the Figure 70. :he part of the measurement record consists of an even noisy time history with
a relatively low acceleration level without peaks (which is a desirable spindle vibration
character), and then it a sudden vibration level raise occurs. The figure shows the time
histories of all of the channels, and it is evident that the vibration level raise is more

prominent at the front bearings.

SU-1937-M4 05 4000rpm, Time History
I

Figure 70. Self-excited vibration time history

The comparison of the FFT spectra of the first, ,,Low* part of the measurement and
the ,,High* part is shown in the Figure 71. It is obvious that the raised vibration level
corresponds to the wide frequency ranges excited, with central frequencies of approx. 300
Hz, 600 Hz, 800 Hz., and then keeping a raised level of noise. In the meantime, harmonics
amplitudes have slightly lower values; and the bearing characteristic frequency peaks have

similar values.
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Figure 71. FFT spectra of the low-amplitude and high-amplitude acceleration signal

Summary

The evaluation of time history character from the peaks presence and peaks-to-

average ratio point of view is presented in the Table 26.

Table 26. Spindles behavior summary over RPM -time history character

2001

2002 2003

2005 1937

Time history

character

- significant peaks presence,

- satisfactory character

Colored cells correspond to the bearings in the following order:

I Front vertical

Front horizontal I

I Rear vertical

Rear horizontal I

The higher peaks amplitude correspond to the larger force or impulse acting at the

bearings, so this might have negative consequences on the bearing condition after a number

of operating hours, as in this case the bearngs are experiencing higher cyclical loads. Such

undesired time history character might symbolize the uneven load distribution, which causes
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unconstant velocity of bearings® balls motion in the raceway. If a sudden change of the load
occurs, the balls tend to change their velocity — accelerate or decelerate, and this might
generate a vibration effect of the balls in the raceway, or induce the collision between the
rolling elements and the cage, which might induce the shock impulse. The change of loads
occurs due to the spindle manufacturing irregularities. However, sometimes the raised noise
level might be related to the grease distribution, and be considered an allowable effect. Then,
some of the peaks are not necessarily related to the bearing issues and might be caused by

the coupling problems.

Some of the spindles have given out favorable time history patterns, such as 2003
spindle at 4000 RPM in the Figure 67. Such pattern could be used as a sample of a desirable

spindle vibration output for the quality assurance procedure.
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3.6 Summary and correlations overview

The final spindle quality assessment is presented in the Table 27. It is evident that
the 2001, 2002, and 2005 spindles show relatively low vibration level in almost all the
vibration categories, whereas the 2003 and 1937 spindles show a raised (though not

dramatically excessive) level of the vibration among all the categories.

Table 27. Final spindle quality assessment

Rot. speed Bearing 10-1000 Hz 1000-5000 Hz
frequency and | characteristic ranges ranges
its harmonics | frequencies excitement excitement
2001
2002
2003
2005
1937

The overview of the assumed vibration-affecting factors is presented in the Table 28.
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Table 28. Correlations overview

AND EQUIPMENT

Manifestations

Rot. speed Bearing 10-1000 Hz 1000-5000 Hz
Parameter | frequency and | characteristic | ranges ranges
its harmonics | frequencies excitement, excitement,
[H2] [HZ]
Bearing ID
_ _ 1H BPFI

circularity
Rear bearing
ID fit (less 3H BPFI 900-1000
interference)
Rear bearing

_ 200-300, 300-
OD fit (less 2H BPFO
_ 400, 400-500
interference)
Front bearing
spacer ring oh 200-300, 400-
deviation 500, 700-800
(inner)
Spacer rings
height 200-300
difference
Assembly BPFO, BPFI,

- 1000-3000
conditions BCSOR
Placement 4H, 5H 200-1000
Electrical 3000-5000

Basing on the experimental results, the quality assurance has to be focused on

minimizing the looseness in the assembly and the dimensional or geometric deviation of the

important bearing-related components, such as bearing spacer rings, or bearing seats. The

presented table could be used as a diagnostic material to identify or confirm the problematic

component causing the excessive vibration of the spindle.
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3.7 Quality assurance procedure proposal

3.7.1 Design considerations

Referring to the assembly procedure, it is highly recommended that the spindle
components' edges chamfering is included into the manufacturing process, and,
consequently, manual edges breaking procedure is excluded from the assembly process. This
step is not only time-saving, but it also prevents chips gathering in the assembly area and

reduces the risk of particles getting inside of the assembly.

Basing on the spacer rings dimensions measurement, the surface flatness and
parallelism geometric tolerances and have to be revised and corrected to comply with the

bearing manufacturer’s recommendations.

Regarding front bearings, it is also recommended to consider using bearings with
different parameters, such as balls/cage material combination. It is possible that other
cage/balls material combination would be less sensitive to varying loads, hence less

vibration-prone.

3.7.2 Before assembly
This stage is aimed to ensure defected components to be excluded from the assembly
process and describes the control procedures that have to be performed before the assembly

process.

Front bearing spacer rings height difference and each rings' height deviation has to
be controlled. The spacer rings have to be ground together to have 0.002 mm maximum
deviation and packed and delivered in sets. Before the assembly, the bearing height has to
be measured with a micrometer at minimum 4 surface points and the deviation should not

exceed 0.002 mm.

Shaft bearing seats diameters runout have to be measured in centers, using the
micrometer dial indicator to double-check that the runout is the same as stated at the

manufacturer’s protocols.

3.7.3 Assembly guidelines
This stage of the proposed quality assurance process is aimed to bring improvements

to the already established process of the spindle mounting.
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Special attention has to be paid to the front nut and the back nut bearing fitting
surfaces flatness during the rubbing procedure, as these surfaces are most likely important
vibration-affecting factors.

The spindles® performance has to be tested with the various nut tightening moments,
and the correct value of the nut tightening moment has to be defined. Then, it will be ensured
that all of the spindle bearings have the same preload amount

3.7.4 Grease distribution run

The very first time spindle is installed on the stand after assembly, the grease
distribution run has to be performed, according to the section 2.4.4. The Fanuc CNC control
station might be used as a tool for a full automatization of the time-consuming process of
spindle run-in. The spindle rotational speed is supposed to be controlled by the CNC system;
at the same time the bearings temperature could be monitored by installed temperature
sensors. The signal from the temperature sensors could be assessed, and the rotation will be
automatically stopped once the set temperature limit value is exceeded, preventing the
excessive bearing heating. After the spindle is cooled down, the procedure can be

automatically resumed..

3.7.5 Vibration testing

The vibration measurement procedure has to be adapted to SBS-5500 device (Figure
72). The device is able to measure the vibrations up to 1666 Hz, which is satisfactory for the
vibration character assessment of a new spindle. It is recommended that the standard
cylindrical magnetic sensors are replaced with the prismatic ones for better vibration signal

quality.

The measured vibration signal is supposed to be exported from the device using a
Putty software and the measurement output can be displayed as an Excel plot. Then the RMS
value can be calculated and assessed. The resonances at the characteristic frequency ranges
have to be controlled along with the other peak amplitude values
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Figure 72. SB-5000 vibration analyzer [40]

3.7.6 Bearing sound patterns

Establishing a bearing sound patterns database containing different bearing patterns
samples is also a useful tool for spindle bearing quality assessment. The database misr
upposed to contain patterns which represent various bearing issues. Then, if a spindle
produces a characteristic sound pattern, it can be recorded by the SKF sound measurement
stethoscope (Figure 73), proceeded in the Audacity software and compared to the typical
defects samples, or to the sample of ,normal performance* proceeded in the Audacity
software and compared to the typical defects samples, or to the sample of ,normal

performance®, and the condition assessment could be performed.
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Figure 73. SKF sound measurement stethoscope [41]

3.7.7 Temperatures monitoring

The temperature sensors have to be installed on both bearing planes of the spindle
assembly to monitor the bearings temperature. The CNC control system can be programmed
to stop the spindle run, if a limit temperature value is exceeded either during the grease
distribution run, or a test run. It provides the reliable testing procedure, minimizing the risk

of bearing damage.

3.7.8 Static stiffness measurement

It is practical to know the exact spindle static stiffness values both in radial and axial
directions. The proposed stand could then be used for static stiffness control measurement.
It has to be performed using a dynamometer and a dial indicator. The dependency between
the deflection and the applied force has to be controlled. Then, it is important to have the
patterns of a loose (compliable) spindle recorded to complete the bearing sound patterns

database.

3.7.9 Quality assurance protocol
It has to be decided which of the above-mentioned stages have to be included in the
final quality assurance procedure. Then, the output results of each of the stages could be

entered into a digital spindle measurement protocol, which is issued and stored. The protocol
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would become a helpful material for further spindle condition assessment for the possible

service cases and can be used for condition monitoring.

109



N FACULTY DEPARTMENT OF
/@ 2.5.;‘:5‘12‘.‘,'.".:.2"‘ PRODUCTION MACHINES
CTU IN PRAGUE AND EQUIPMENT

4. Conclusion and discussion

This Master thesis was aimed to determine the quality-affecting parameters of an
examined spindle assembly basing on the experimental vibration measurement, and to
propose an appropriate quality control procedure. The research section of the work included
the study of the vibration diagnostic methods and the appropriate equipment, the bearing-
related problematics, such as bearing failure modes, and bearing assembly and control
procedures along with the study of the assembly methods which are currently applied to
Viking CNC spindles. The practical section of this work included the proposal of a test stand,
vibration measurement equipment definition, and the description of the vibration
measurement applied on the series of spindles, followed with the measurement results

analysis and spindles condition assessment.

For the analysis purposes, the vibration signal was decomposed into several vibration
categories, basing on the vibration character and its frequency range. The vibration
amplitude values within each of these categories were cross-referenced with the spindles’
actual dimensional and geometric parameters and the assumed correlations between the
parameters and the degree of vibration excitement have been summarized and presented. The

final assessment of the spindles’ condition has been presented.

The performed experiment has shown that though the spindles do not give out
excessive vibrations (the performance is generally satisfactory), the vibration character is
sometimes uneven, peaks on vibration time history are typically present, and the uncommon
bearings noise is present, which signalizes about not inconsiderable irregularities brought
either by dimensional configurations, or assembly conditions. The vibration character
typically comprises an excitement of the spindle rotational speed frequency and its
harmonics, which have a large contribution to the overall spindle vibrations. The vibration
amplitudes at these frequencies depend, i. a., on the looseness in the assembly: the
correlations between the bearing seats dimensional parameters and the amplitudes have been
figured out and presented. Typically, the amplitudes are larger for larger dimensional
deviations and looser fits. The other significant vibration type is the excitement of wider
frequency ranges. There are spindle behavior patterns where the same spindle shows both
high and relatively low degree of excitement at these ranges. The excitement of these ranges
is likely related to the bearings’ fit parameters, potentially to the front bearings spacer rings

parameters (but it is also needed to consider that the wide frequency range excitement partly
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depends on the spindle spring placement on the test stand). Besides, it has been figured out
that spindle spacer rings have a large height deviation, which exceeds the values
recommended for the precise spindle bearings spacer rings. This parameter might be related
to the several front bearings vibration ranges degree of excitement, so it is highly

recommended to revise the bearing spacer rings manufacturing prescriptions regarding

planarity and parallelism.

The bearing characteristic frequencies have been excited with very low amplitude
which is expectable for new bearings. The magnitude of the amplitude value at these
frequencies might be in a correlation between the bearings inner diameter circularity and the
bearing fits. At higher rotational speeds, some of the spindles also tend to vibrate at high
frequencies, and typically, at bearing characteristic frequencies’ harmonics with rotational
speed frequency sidebands. There has not been detected an explicit correlation between these
frequencies excitement and the measured dimensional parameters, so it is supposed that these
frequencies exitement has been influenced by assembly conditions.

The following limitations of the proposed methods have to be pointed out: the
proposed study is focused mainly on revealing problems associated with the bearing proper
fits and assembly. The conclusions and the following quality assurance procedure is based
on the spindle vibration and measurement with the maximum rotational speed of 6000 RPM,
and it covers the spindle vibrations behaviour only in unloaded state. This fact has to be
taken into account, as under load the effects of bearing preload induced by the front bearing
nut and the spacer rings, especially the front nut tightening moment, can be significantly
different. Then, only the effect of selected dimensional and geometrical parameters has been
studied, so it is possible that some other vibration-affecting dimensional and geometrical

factors have not been taken into account.

The main contribution of this paper is to bring the systematic approach to the spindle
vibration ploblematics and to propose a comprehensive informative material about quality-
affecting factors regarding company’s spindles namely, along with the spindle test stend
conception proposal and establishing the environment for test and measurement purposes.
The presented measurement results followed by the vibration analysis are intended to extend
the company’s spindle-related problematics overview. It is recommended, that in the future
the spindle quality control and assurance procedure is completed with the static stiffness

measurement and the geometrical accuracy of axis of rotation measurement; then, the
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knowledge base could be extended by the spindle placement resonant frequency
measurement results, temperature behavior study results, behavior under load study results,

potentially with the confirmation of the proposed correlation hypotheses.
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