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Abstract — Process monitoring plays a key role ina strict dimensional/geometrical accuracy and an
industrial machining operations such as turningdlimgi  appropriate surface finishing. While most of the
and grinding, for assuring part quality and lorfigdpan of ~ dimensional/geometrical accuracy constraints can
cutting tools to reduce production costs. Whenpghe nowadays be fulfiled by the adoption of extremely
dimensions are scaled down to submillimeter rangeaccurate micromilling machines and spindles, théasa
process monitoring becomes essential but harder texture generation is still an open issue in maobimnd
implement. This work evaluates the possibility tonitor  especially in micromilling. Two approaches can bedito
the surface quality of micromilled parts by mearfs opredict the texture characteristics: theoreticald an
cutting-related signals, such as Cutting Forces andxperimental. From the former point of view, resbhars
Acoustic Emission. Micromilling of cylindrical pingith  are developing models to support the arising need t
0.8 mm diameter and aspect ratio of 1.875 has beamwntrol the micromilled surface texture by meanghef
studied, representing a significant case for inp@amnolds.  milling parameters selection. An example of the
This manufacturing task is challenging because li¢h theoretical approach is the dynamic model [1] fivets
dimensional/geometrical accuracy and the finishinghe generated texture and the cutting forces in
quality of the part have to be maximized to guagarthe micromilling for manufacturing micro-molds. Vehmeie
final part functionalities. On the other side, teect [2] presented another surface generation model table
measurement of these characteristics on the fiadbpgs control the basic mechanism of surface generatiwh a
challenging considering the state-of-the-art metygl simulate the topography of micromilling, with dedih
systems. This fact motivates the adoption of irdire cutting edges geometry. The biggest problem of the
monitoring approaches, that can estimate the pelity theoretical approaches is the lack of generalitih véspect
in alternative ways. A design of experiment apphoacto the variation in material and microstructure
(DoE) together with Analysis of Variance (ANOVA)ave  characteristics, tool shapes and toolpaths anditfaility
been adopted to assess the statistical relatiohstipeen to describe real phenomena such as tool wear, chip
the monitored signals and the quality indexes tdrast, adhesion etc. On the other side, predicting anditorimy
such as the average surface roughness of the paes. in a robust way the achievable roughness in rehidtrial
emerged correlations between the achievable surfacases can be done by applying a strong experimental
roughness and process parameters, together with thpproach based on surface topography measurenasnts,
existing correlation of micro cutting forces andastic done in micromilling cases in [3],[4]. Most of the
emission with process parameters, sustain thebiégsof  experimental approaches attempt to derive a linkéen
using these signals for implementing advanced rmaoniy  the machining parameters, as the feed, the toehtaiion
and control schemes of the micro cutting operation. and the 3D topographies. Literature confirms thet t

machining parameters mainly affecting the different
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machined features become more complex, such as when
1. INTRODUCTION aspect ratios increase (and static stiffness deesgas for

Part quality in micromilling is more difficult toomtrol ~ the studied cylindrical pins, dedicated investigasi are
compared to macro cutting processes due to numerouwsquired to understand the phenomena involved @ th
phenomena that rise up during cutting operatiort® T texture generation, with the aim to better monimd
most significant differences consist in the strplayghing  control the cutting process. Even if many machining
that govern micro cutting and in the lower statiffriess  studies already used Cutting Forces and Acoustic
of the milling tools and parts caused by their lowEmission signals to monitor machining operations
dimensions. When considering micro features a$6],[7],[8], no studies seem currently available on
cylindrical pins used as mold cores, two imporigumlity  micromilled pin texture monitoring, where limited
factors are required to improve the mold perforneaine.  stiffness affects both part and mill.
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A previous study by the present paper authors [9process parameters on the cutting forces and ompithe
identified the presence of a direct relationshipneen  geometrical quality characteristics. The selectcidirs
process parameters and workpiece quality in caskiof levels have been determined in a preliminary expental
wall manufacturing and pointed out the processipatars campaign based on mill manufacturer suggested
effect on cutting forces [10]. guidelines and on previous authors experience €T2pl

This study performs a similar investigation basimg
the acquisition of Forces and Acoustic Emissiomaig in
cylindrical thin pins with the aim to improve theinrface |
finish. Section 2 describes the test case and the ‘
experimental setup involving both the manufactudopge
and the measurement procedures. A presentatiomeon t
achieved results, which focuses on outlining the
relationship  between surface roughness, cutting
parameters and acquired monitored signals, thdows|
in Section 3.

workpiece

2. MATERIAL AND METHODS

The present study target feature is a pin with dtam
of 800um and height of 1.5 mm, made of AlSI420 (UNI
X20Crl13). The material has been selected as
representative of molds applications where, fotainese,
core pins roughness has to be minimized to reduce Forceand Acoustic Emission measurements
extraction forces during the micro-injection molglin A top piezoelectric load cell (Kistler 9317B) wased
process. In order to represent a pin array cordigium, — to measure cutting forces. The triaxial cell wapbfied
characterized by limited pin centre-to-centre dist&a by three Kistler 5015A charge amplifiers. Signalerev
playing a role on the cutting process, the machinedcquired by a National Instrument USB 9234 board at
samples contain multiple pins closely positionateddy 51.2 KHz sampling frequency.
side (Figure 1). In the study, different pins hayeen
realized with different machining parameters andtde

Figure 1. Experimental setup on the machine

Table 2. Experimental design summary

and acoustic emissions were acquired during cutting Factor Symbol Levels
operations. Synthetic indicators were then extchfitem Axial depth
those signals and were compared to the actual cgurfa of cut ap [Hm] 700
roughness, directly measured on pins surface. Radial depth of cu dam] 10, 20
Feed per tooth fum] 6, 12
Experimental Setup/Design Revolution speed N [rpm] 24000, 32000

A Kern EVO ultra precision 5-axis machining centre
has been used in 3-axis configuration to machire th Cutting force measurements were affected by
studied pins (Figure 1). Workpiece is firstly roeghby Vvibrations, due to the low resonance frequency hef t
using a CAM software (CimatronE®) generated todipat fixturing and force measurement system, excitedhgy
Then, it has been finished in dry conditions, adimay to ~ Tooth Passing Frequency (TPF) multiple harmoni¢e T
the required experimental plan parameters (Tabl&@)-  Main resonance was approximately 4000 Hz in kathd
Flute Coated Carbide Flat End Mills (Code: HLS 2005 Y directions. The Frequency Response Functions (FRF)
020), with 0.5 mm of diameter, 30° helix angle &igimm  resulting from an impact test on the fixturing aodce
of maximum axial depth of cut from Union Tool haxeen  measurement system was identified and used to
used for finishing. A down-milling Z-Plane approaish ~compensate the measures.
adopted in order to limit tool wear and tool passes Since the tool moves around the pin following a
overlapping that would generate less replicablgirgut ~circular trajectory in this study, it has been ded to
conditions. In addition, since tool wear was net ttject analyze the Resultant Cutting For€R, computed from
of the study, multiple tool units were adopted et the acquired forces iXX-Y-Z directions. However, the
experimentation. All the adopted milling tools were vertical force componerizwas negligible in all the cases.
presetted by using an on-board optical presettyisgesn  AS can be noticed in Figure 2 (depicting Test #th\ai
(Marposs VTS®) that is able to measure the toghiming =20 um;f, = 6 um;N = 32000 rpm)FR is characterized
conditions. by the typical pulsing profile of a milling operati. In the

A proper factorial experimental design® (factorial, ~showed case, as in all the other tests, the fuiging
replicated three times, fully randomized) has beemarmonic (Tooth Passing Frequency, (TPF), in tiotupe

prepared in order to point out the effects of takested ~at 32000/60*2 = 1066 Hz) is the spectrum highest
component, followed by the spindle frequency (at
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32000/60 = 533 Hz), which is caused by tool anddipi
run-out. Dataset
On the other side, a Kistler 8152B221 AE sensor is
adopted for the acquisition of the Acoustic Emissio
signals, generated by the cutting process. Inqudati, the
RMS computed at 0.0001 s by the conditioning bolaad,
been acquired at 51.2 KHz. One of the advantagéiseof
use of AE for process monitoring consists in the fhat
the sensor frequency bandwidth (~ 0.5 MHz) is much
higher than machine vibrations and ambient acoustic
noise.

Data Restore

Surface texture measurements

The workpiece measurements have been performed by
a 3D white light interferometer (Bruker Countouit&™
K [11]). Almost half of the pins lateral surfacesns
measured for all the pin length by adopting muitipl

images stitching acquisitions. Figure 4. Texture measuring and filtering procedure

Z 1

g ! Sa = 3 If, 12(x, )| dx dy (Eq.1)

IZ'..E 2 2

£ 3. RESULT AND DISCUSSION

30 0 The tests were carried out according to the dedigne

* "o °~2T 04 06 0294 O-ZT?rf]é’[-s]% 0:297 plan (Table 2). Three different milling tools warsed to
ime[s] machine the 24 pins. The tool measurements aftérteat

o6 confirmed that tool wear was negligible.

= .

= Most of the surfaces showed a basic regular pattern

2.0.4 . . . . .

£ with inclined marks created by the conjunct effecimill

;0'2 [ | I | 1.4 helix angle and feed. Relatively large ploughingrikea

o 2 were visible in the conditions with smallae and few
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scratches were randomly distributed on the pinaserd.
Figure 5 depicts both Test #2 and Test #20=010 pum;f,
=6 pm;N = 32000 rpm), respectively.

Figure 2. Resultant Cutting Force FR during Test #2
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Figure 3. AE RMS Signa]s during Test #2 Figure 5. Finished plﬂ surfaces of Test #2 and #20
After the acquisition of the Dataset, a Data Restod The first ANOVA result is that the rotational Spdédi

a user designed Masking and Filtering were appiged not significant orSa(Table 3). Consequently, the attention
compute the areal texture parameter on the ceatesl, has to be given to the two factas andfz, whose main
Figure 4. In addition, a peak removal function wpplied ~ €ffects @e fz) and interactiongefz) played a role on the
to eliminate some optical artifact peaks that aéfidcthe ~Saparameter. The biggest effect is playedagy whose
data. Texture has been evaluated in terms of surfadligher levels lead to average worst roughness salue
vertical (i.e. Height) deviations respect to theablone by around Ra= 320 nm. The limited effect of the feed per
means of the Surface Arithmetical Mean indicaBa  tooth compared to the radial depth of cut cannotdssly
which is one of the most widespread areal surfacpredicted by using standard kinematic analysis hef t
roughness parameters [12]. The arithmetic mearhh8&y  cutting process, as discussed in literature. Imonidling
is defined as the arithmetic mean of the absoluigeevaf in fact, the phenomenon of minimum chip thickness
the height within a sampling area (Eq.1). generates a continuous alternation of the ploughing
dominated and shearing-dominated cutting zoneginga
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a dominant role in the cutting surface generationere s true even considering the opposite effect offéteel per
ploughed marks can lead to an increase of the tverdaooth that, on one side decreases the surface mesgiout,

roughness. on the other side, increases the forces.
Table 3. ANOVA Table “Sa versus ae; N; fz” Ao N -
330
Source DF AdjSS AdjMS F-vValue P-Value 220 Vs
ae| 1 32801 32801 3461  0.000 £ / .
N 1 2173 2173 0.23  0.639 8 oo / .
fz| 1 22862 2286.2 2.41 0.14 § =00 / - -
ae*N | 1 89.3 89.3 0.09 0.763 N
aexfz| 1 35436 3543.6 3.74  0.071 ool /
N*fz 1 5164 516.4 0.54 0.471 o5 *
ae*N*fz 1 1582 1582 1.67 0.215 10 20 24000 32000 6 12
Error 16 15165.4 947.8 . .
Total | 23 562012 Figure 6. Main Effect plots for Sa

Table 4. ANOVA Table “FR (Resultant Cutting Force)
On one side, this phenomenon can be limited by versus ae; N; f2”
adopting bigger maximum chip thicknesses, i.e. $quet

tooth: in effects, higher feeds per tooth lead tteerease U BF  AdSS  AGMS  F-vaue P-value

of surface roughness in this study (Figure 8). i@ndther ae 1 1.03609 1.03609 3698.93  0.000
side, the use of a big axial depth of apt(Table 2) could N 1 0.00007 0.00007 0.25 0.622
have introduced a high sensitivity of the surfameghness fz 1 0.08975 0.08975  320.40  0.000
to the ae parameter, due to the relatively large radi  ae*N 1 0.00016 0.00016 0.57  0.463
deflection that could have affected the system tduihe ae*fz 1 000574 0.00574 2048  0.000
cutting forces. In effects, this possible explamatagrees N*fz 1 0.00027  0.00027 0.95  0.344
with the fact that the feed per tooth seems to alstyonger ae;’;'r’gf 1; %%%i%% 06058828 Libza il
effect wheraeis bigger (Figure 6). otal 22 122902

It is now interesting to analyze how the acquireu
signals relate to the cutting parameters. Regardieg
force signal, the RMS of the Resultant Cutting [Eorc
ranges between 0.6 and 1.25 N. The overall vaitbil
inside the three replicates seems very small. Th
significant factors are illustrated in Table 4, whe P- Ae N fz
value less than 0.05 indicates statistical sigaifae. 11 /

Again, the strongest effect is played by the radiégdth /
of cut ae, both as direct effect and interactions with the 1.0 /

This information can be exploited for controllinget
process e.g. through a signal threshold for trigger
process control actions.

other parameters. § / /
A bigger ae always causes an increase of the force 0.9 / —

RMS and this fact was expected since the contaw ti 0.8

increases witlae, as a consequence of the bigger angula /

tool engagement. Indeed, the spindle spBei not a 07/

significant factor alone, but it becomes significaas 10 20 24000 32000 6 12

interactions with both the other parameters. Itlmanoted . - .
that the feed per toofis very significant and its increase Figure 7. Individual valu_e and Main Effect, for the
causes an increase in the forces. Eventuallyiritésesting Resultant Cutting Force FR
to note that the interactiome*fz*N is the MRR, i.e. the Let us consider now the Acoustic Emission signal.
nominal cutting Material Removal Rate, Its statsti During the chip removal process, Acoustic Emission
significance is somehow in agreement with the ogtti generates in the form of transient elastic waves
modelling theory that foresees an increase of theng  propagating in the structure. As discussed, diffecauses
force when MRR increases [1]. make the AE signal rise, as the material plastitelastic
Looking at the Figure 8 that depicts the scatterplodeformation and the chip formation phenomena, like
between the surface roughn&s[nm] and the Resultant friction (mainly between the chip and tool rakedamd
ForceFR[N], it can be noticed that a (weak) correlationpetween the tool flank and the workpiece materiz)p
between th&Saand the cutting forces seems to exist. Theadhesion, breakage and collision with the cuttiagl.t
effect ofag which deteriorates the surface roughness, isjoreover, the AE signal is a function of the sensetup
well captured by the~R force, that increases rapidly, since it also captures the elastic waves reflestion
passing from the smaller to the biggervalue. This fact influenced by the material density and geometrical
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discontinuities on the path between the processansor
points. 0.35

v
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Figure 8. Scatterplots of Sa versus FR . £
£ £ o
The present study confirmed the expected sengit¥it = ** £ o
the AE sensor in respect to the cutting operatimspite £ R \\
the sensor position was not extremely close tccthitng g g
contact point due to the limitations caused by sens % , 2 oms
dimensions (Figure 1). Figure 3 depicts the AE RMS oz = 00w
signal for two different cases with different rddia LT N0 320 6 R
immersionae = 20 um and 10um, respectively. It can be P-Values of AE RMS Mean P-Values of AE RMS
observed that the signal to noise ratio increasksnw 4620.000 ;‘;ESC‘) gtg;'”q har monic
cutting begins, at around 0.05 s from the beginwoifhtpe N=0.000 N=0.000
acquisition. The signals in the two cases showffardint £2=0.002 2=0.002

mean value but also a different variability, goetioy the
presence of randomly distributed peaks. SincehallAE
RMS signals present a very dense spectral endrbgsi

Figure 9. Scatter and Main Effect Plots of the AE
RMS mean value and AE RMS TPF

been decided to take into account, besides the fHre S L O oD

RMS mean value, also a narrow band competing trte SIS

cutting frequency of the AE RMS spectrum. It is esied a0 T AEmean ap CSTAETharm - ae N

that this frequency band contains more processriatie N MERPER 00 s

information and therefore more information relatedhe o 30 g " 300 ‘“..% 5 20 22000

surface texture generation. D oo & o, S Tt wmams
The two AE RMS synthetic indicators, i.e. the AE » mEmE

RMS mean and the AE RMS peak at the TPF, seem nc. 190 100

related to each other (Figure 9), but the ANOVAfooms

that the three main process parameters affectdfatiem 0 0

O D o 8 H
(and that none of the parameters interaction issttally SN NN
AE RMYV]

significant). It is interesting to note, by lookiagthe main .

effect plot in Figure 9, that the spindle speedyslan Figure 10. Scatterplots of Sa vs. AE RMS mean value
. o " ' and AE RMS TPF

opposite role on the two indicators: increadihgroduces

an increase of the AE RMS mean and, at the sang &m For this reason, the use of the AE RMS as a sifgmal

decrease of the AE RMS TPF amplitude peak. It is namplementing aSa monitoring and control system is

clear why this fact happens and further investigetihave  neither obvious, nor trivial. Without a model dekitrg the

to be carried out to clarify this evidence. Howevssth  relationship between AE and process parameters it

the AE RMS indicators show a direct proportionalityh ~ therefore impossible to exploit the information @ined

aeand an inverse proportionality with. This result does in the AE signal as a feasible information souroe f

not seem in agreement with the expected propoltigna process monitoring and control systems.

between the AE RMS mean and the MRR already found

by other authors [6]. Now, the point is to checkettter a 4, CONCLUSIONS
relationship between the AE RMS and the surface In this paper, the surface generation in micromille
roughnessaexists. cylindrical features has been investigated. Theceff the

The direct correlation between the AE RMS indicator main cutting parameters on the achieved surfateaetic
andSais not clear, as showed in Figure 10: in both sasemean heighSahas been pointed out, through a suitable
there is not a clear connection between the indiseind experimental campaign. It has been found that dlogéat
the Savalue depth of cut is the main parameter affecting thdase
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generation, followed by the feed per tooth. Theimal

parameter combination for minimizing the roughness

resulted the highest feed per tooth, the lowesinguspeed
and the lowest radial depth of cut. The relatiopghisting
between the process parameters and the monitagnals
(Resultant Cutting Force and Acoustic Emission) dlas

been pointed out for supporting the adoption of the

corresponding sensors in process monitoring andraon
approaches. The Resultant Cutting Force seems girgmni
under this point of view, while Acoustic Emissioaets
further investigations.

This study then represents a step towards a sensor-

based online quality monitoring and control system.

Real time control systems could be implemented

basing their decisions on signals that are eastigsurable
in the process as cutting forces and acoustic @miss
Being the adoptedSa surface quality index quite
insensitive to the distribution of peaks, valleps apacing
of the various texture features, it is not capableapture
the entire process fingerprint information. Therefahe
link between the monitoring signals and the surfzmed

be verified also in respect to other surface textur

indicators that address more specific surface idetai

Moreover, this research could be extended by

investigating the capacity of the studied signalsupport
the analysis of the geometrical/dimensional paviat®ns
and burr formation, which are other fundamentaleatp
for micro milling processes.
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