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Abstract. The article presents the results of works on the analysis of the
possibility of using force measurements to determine the state of the
machining process, both in relation to the phenomena occurring during
machining and the workpiece itself compared to acoustic emission signal
(AE). The research and analyzes were carried out for the commonly used
material removal processes of objects; turning, milling, grinding and
drilling. Various materials were processed - metal alloy Hardox 400 as well
as fiber composite materials (GFRP - Glass Fiber Reinforced Polymer) and
polymer construction material RenShape® BM5035 with various structures.
As a result of the conducted analyzes, it was determined that the forces
generated in the machine tool-holder-workpiece-tool layout can constitute a
good diagnostic signal, on the basis of which it is possible to conclude about
the state of the process.

1 Introduction

The term “diagnosing of a state” has been adopted as determination of all activities that lead,
by measuring or defining a diagnostic signal, to indicate symptoms that may indicate correct
or incorrect operation (state) - most often in relation to the machine [1]. Diagnosing the state
can also be implemented in relation to determining the correctness of phenomena, occurring
during various types of treatments. There are terms used in technology such as: "process
monitoring", e.g. using acoustic emission [2-4] and "trouble diagnosis" [5] in relation to
changes occurring in time (variable over time) during objects machining. In such an
approach, the diagnosis process can be indicated as diagnosing a condition of the process.

Recently, a significant increase in the number of studies on new or modified materials
can be observed [6-8], which should then be further processed - in this area, due to the
previously unrecognized behaviourism of the shaping process, the processes of their
formation should be diagnosed. Among the many existing machining processes, works
related to determining the state of the process (diagnosis) are particularly often described for:
turning [9-17], milling[18-22], grinding [23-24] and drilling [25]. On the basis of the
literature review, the physical phenomena that are most often used as the source of diagnostic
signals were distinguished. They are: temperature [26], vibrations [27], forces [28-30] and
acoustic emission (AE) [31-32] or audible energy sound [33]. These are the values that
indirectly an indicate the condition of the machining processes. The state of the process is
determined by: the processed material - its properties, the machine tool and tool used - their
condition; stiffness, ability to dampen vibrations, cutting edge condition, environment -
temperature, dry or machining using coolant.
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2 Characteristics and diagnosing of machining processes state

An attempt was made to determine the suitability of the acoustic emission signal (as a
measurement method that does not require interference with the system) and the forces
generated in the tool-holder-workpiece system (as a method that requires interference with
the system) for various processes; turning and milling and various materials: Hardox 400
alloy, fiber composite material (GFRP - Glass Fiber Reinforced Polymer) and polymer
construction material RenShape® BM5035.

2.1 General set-up, methodology and technique of experiments

The article presents the results of original studies using the Kistler 9257B dynamometer with
the 5017 signal amplifier. The set was supplemented with acoustic emission acquisition (AE)
set: Kistler coupler 5125C, (gain: x1, time constant: 0.12 ms, hardware filter: 1kHz), acoustic
emission sensor 8152C (50 + 400kHz). The AE sensor has always been mounted vertically
and separately from dynamometer, regardless of the orientation of the dynamometer axis.

The acquired and processed signal was sent to a data acquisition system for force
measurements (DAQ) Type 5697A module. During the measurement of the grinding force
and acoustic emission signal, the proprietary software Dynoware 2825D-02, supplied by the
manufacturer of the dynamometer was used. The software had a database structure, which
made possible to conduct collected data without the need to record the obtained results.

Before making the tests, the dynamometer was programmed in Newtons (based on the
attached calibration card - the values are given in Table 1.) and checked by applying a force
with a known value.

Table 1. 3-component Kisler 9257B dynamometer technical data.

Range Fx, Fy, Fz Fx, Fy, Fz kN 5.5
Fz for Fx and Fy<0,5 Fz Fz kN -5..10
Threshold - N <0,01
I;X’ pC/N -7,92
Sensitivity (calibrated) F}z/ pC/N -7,90
pC/N -3,69
Hysteresis, all ranges - %FSO <0,5
Cross talk - % <2
Natural frequency fu(X, y, ) kHz =3,5
Natural frequency fa(X, y) kHz 2.3
(mounted on flanges fu(z) kHz =~3,5

The obtained results were analysed and presented in the form of charts. Fy, Fy, F, — cutting
force components and AE values changes during machining are presented in figures.
Digitally unfiltered values (raw values) were analysed - in this case, a hardware low-pass
filter of the amplifier 10Hz and sample rate: 100Hz, marked as Stage 1 in the graphs, was
used; e.g. Fig. 1.

Digital filtration was used - a low-pass filter -3dB, SHz for the signal of the force
components and the raw signal of acoustic emission - marked in the graphs as Stage 2; e.g.
Fig. 2.
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Digital filtration was used - a low-pass filter -3dB, SHz for the signal of force components
and the acoustic emission signal - marked on the graphs as Stage 3; e.g. Fig. 3. The other
conditions are listed in the individual paragraphs below.

2.2 Turning process

Polymer material turning conditions were:
e RenShape® BM 5035 material
e PTTNR-2525-16 toolholder and TNMG 16 04 08-QM 4035 insert,
e cutting speed v.,- 126 m/min, kinematical feedrate vi— 0,19 mm/rev, cutting depth
= 2mm,

RenShape® BM 5035 is a low density polyurethane with good dimensional stability. It is
easy to machining. This material is used in the production of models and prototypes. As
shown in the study [33], the BM5035 material is characterized by a relatively low resistance
to intense friction.

Steel material turning conditions were:
e Hardox 400 material, average (measured) hardness: 45 HRC,
e PCLNR-2525-12 toolholder and CNMG 12 04 08-PM 4325 insert,
e cutting speed v.,- 67 m/min, kinematical feedrate vi— 0,05 mm/rev and 0,19 mm/rev,
cutting depth a, = 0,2mm,

RenShape® BM 5035, vc 126 m/min, vi 0,19 mm/rev Stage 1
“ Zoom on v ARV

Fx N Y1

wwwmmwwwwww -

004
—— Cycle No.: 1

Fig. 1. Fx, Fy, F; and AE values changes during turning RenShape® BM 5035, Stage 1.
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Fig. 2. Fx, Fy, F; and AE values changes during turning RenShape® BM 5035, Stage 2.
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Fig. 3. Fx, Fy, F; and AE values changes during turning RenShape® BM 5035, Stage 3.
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Fig. 4. Fx, Fy, F; and AE values changes during turning (vi=0.05 mm/rev) Hardox400, Stage 2.
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Fig. 5. Fx, Fy, F, and AE values changes during turning (vi=0.05 mm/rev) Hardox400, Stage 3.
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Fig. 6. Fx, Fy, F; and AE values changes during turning (vi=0.19 mm/rev) Hardox400, Stage 2.
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Fig. 7. Fx, Fy, F, and AE values changes during turning (vi=0.19 mm/rev) Hardox400, Stage 3.
2.3 Milling process

Main conditions during milling operation were;
e mill #1 - Guhring 3715, diameter 12mm,
e mill #2 - Sandvik Coro Mill Plural 2P460-1200-NA,
e  GFRP - IDA hardener was used,
e cutting speed v¢,- 30 m/min, feedrate vi— 200 mm/min, cutting depth a, = 10
mm, cutting width a. = Imm.
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Fig. 8. Fx, Fy, Fz and AE values changes during milling GFRP with Guhring 3715 tool, Stage 2.
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Fig. 9. Fx, Fy, F; and AE values changes during milling GFRP with Guhring 3715 tool, Stage 3.
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Fig. 10. Fx, Fy, F, and AE values changes during milling GFRP with Coro Mill Plural 2P460-1200-
NA tool, Stage 2.
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Fig. 11. Fx, Fy, Fz and AE values changes during milling GFRP with Coro Mill Plural 2P460-1200-
NA tool, Stage 3.

3 Discussion and conclusions

When analysing the turning of the RenShape® BM 5035 material, a relatively high sensitivity
of the AE signal to the changes taking place in the process was found. RenShape® BM 5035
material is a polyurethane with a porous structure (it has the ability to damp vibrations), it is
easily machinable and the obtained cutting forces were characterized by low values. Despite
this, an increase in the value of the AE signal was observed at the moment of penetrating the
workpiece, in a strong correlation with the courses of the cutting force components (Figs 1-
3). In this case, the use of Stage 3 filtration (Fig. 3) is satisfactory for determining the state
of the process.
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When analysing the turning of Hardox 400 material, a high sensitivity of the AE signal
to changes occurring in the process was found, however, the nature of changes in the AE
signal value is slightly different from the changes in the cutting force components. In the case
of machining with a feed of 0.05 mm/rev, an increased and time-varying amplitude of
changes in the AE value can be noticed than during machining with a feed of 0.9 mm/rev.
While in the second case (Fig. 6 and 7), the use of digital filtering of the AE signal gives
satisfactory results, in the case of processing with a feed rate of 0.05 mm/rev, a significant
part of the information carried by the signal is lost as a symptom of an incorrect state of the
process (amplitude "waving"). Changes in the amplitude value over time indicate an incorrect
state of the process — feed rate (Fig. 4.5) was too small for machining this material and the
tool performed friction work instead of cutting one. In the case of machining Hardox 400
with a feed rate of 0.19 mm/rev, the process conditions were more stable, despite the
decreasing values of the F, component of the cutting force and the AE signal. This could be
related to the heating of the material in the contact zone of the tool with the workpiece, which
leads to a reduction in the specific cutting resistance and thus occurs as an improvement in
the machining conditions.

Analyzing the milling of the GFRP composite with two different tools; general purpose
Guhring 3715 cutter and Coro Mill Plural 2P460-1200-NA cutter with push-pull cutting
edges - dedicated to processing fiber composites, AE signal was found to be useless in
determining the process status. In the case of processing the GFRP composite, the AE signal
remained unchanged, regardless of whether the processing was taking place or not - only a
very slight change in the signal was observed when the tool entered the workpiece. In the
case of GFRP machining with the Coro Mill Plural 2P460-1200-NA cutter, there was a
significant increase in the amplitude and value of the AE signal at the time of penetration and
exit of the tool from the workpiece, despite the quasi-invariable values of the cutting force
components. Such a signal may lead to erroneous conclusions about the process state - in this
case, it may be related to transient conditions due to the specific geometry of the tool and the
reduction of cutting forces in the direction of the workpiece main axis.

Based on the literature review and the results of own work, the following conclusions
were formulated:

e The acoustic emission signal can be a good signal for diagnosing the material
removal machining process condition. Its great advantage is that there is no need to
interfere with the tool-holder-workpiece system.

e The legitimacy of using AE signal measurements to monitor the state of the
machining process should be considered each time, taking into account the mutual
relations between the components of the machining process.

e  The values of the machining force or force components generated in the process of
machining workpieces are good as diagnostic signals. The biggest disadvantage of
this solution is the necessity to interfere with the tool-holder-workpiece system and
the very high price of measuring set-up.

e A better correlation between the AE signal and the cutting force components was
observed during turning due to the AE sensor mounting close to the tool (rigid
system, low damping).

e  Worse correlation between the AE signal and the cutting force components was
observed during milling due to mounting close to the workpiece (flexible system,
greater damping)
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