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Abstract

The diffraction gratings are regular structures made on the surface of a certain
workpiece, through the use of different technological processes. These gratings are
nothing but evenly spaced regular structures gexted bytechnologiesi.e. laser,
chemical processes or mianatting of a tool. The micromilling process, therefaie,
well insertedin this context: theaim of the research work is to study primarily the
feasibility and then the quality of textured sudes, proceeding with an investigation
and optimization of the various cutting parameters, through various experiments
conducded on test piecesThe analysis is carried out by acquiring the surfaces under
the microscope to extract various parameters relatedhe regularity of the surface
and its roughness.

Part of the research is carried out in collaboration with the Uniweisi Bradford in
order to study the impact of the cutting parameters on the realization of regular
surfaces on Stavax ESR ste@dtipn molding inserts, while a pagtin collaboration

with the university of Padua in order to study tlapability of the micramills to
generate this regular surface on NiP coated steel.

The results obtained show that through the selection of the optincutting
parameters and an wdepth understanding of the cutting mechanism, these regular

structures can be recreated omigaces of different materials by micromilling.

Keywords:micromilling, regular structures, diffraction gratings, Stavax ESR Ni€el,

coating







Abstract (Italiano)

| reticoli di diffrazioni sono strutture regolari realizzate sllgerficie di un certo

LISTT 25 FGGNY 9SNB2 £ QAYLIAS3I2 RA RAGSNEA LINI
che strutture regolari equamente spate, generateda tecnologie come il laser,

processi chimici o microlavorazioni con utendil@rocessali microfresatura, percio,

A AYASNRAOS o6SyS Ay ljdzSaid2 O2yidaSadz2y f QA
studiare in primis la fattibilita edn seguito la qualita di superfici testurizzate,

LIN2 OSRSYR2 02y dzy QAy @S a i vailpdramaty @ tadlio, dzy Q2 G
FGONY OSNB2 OFNRS ALISNAYSY(GlITA2yA O2yR2G0GS
acquisendo tali superfici al microscopibfime di estrarre vari parametri riferiti alla

regolarita della superficie e alla sua rugosita.

Unapar6 RSt f Il NAROSNDOI § &adRdrsiia-di Biagfordekfind | 6 2 NJ 1
RA A0GdzZRAIFINBE f QAYLI G2 RSA Lilpédficive§alaiigdu RA G| -
inserti per stampaggio a inieziona acciaio Stavax ESR, mentre una parte in

collabdNI T A2 YUF A OSWRA QL RA tIR2GF It FAYyS RA &
di generare tale superficie regolare su acciaio ricoperto al NiP.

[ risultati ottenuti mostrano che attraverso la selezione dei parametri di taglio ottimali

S dzy QI LILid@®pFeRsipReAdél Imeccanismo di taglio, tali strutture regolari

possono essere ricreate su superfici di diversi materiali mediante microfresatura.

Paole chiave:microfresatura, strutture regolari, griglie di diffrazione, acciaio Stavax

ESRrivestimento al NiP
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1. INTRODUCTION

1.1 Introduction and problem statement

The demand for micrgscale products used in the biomedical and consumer
electronics industries has been increasing in recent yearsong micro processing,
micromilling micro eledro discharge machininggnd microlaser processing are
common technigues used to manufacture migcale parts made with different
materials.Micromilling is a process of chip removal which, as stated in the name, is
part of the world of micromahining andwhose bases, however,edve from
conventionalmillingon a macroscopic scale. This process is constantly evolving and
finds particular use in the mould sector, thanks to its high versatility in the realization
of 3D components in an accuratadirepeatabé way.

In the field ofthe realization of complex microstructures, the micromilling is able to
confer optical properties to the surface of a material through the realization of
regular structures, which are nothing more than equidistant stuoes with the same
geometry, charaerized therefore by a certain regularityrhis regular surface is
therefore able to function as an optic and can be used in diffelssttors i.e.
monitoring or security system. In this cakdl Q& LJ2 a Zoptiddl rBicroiniéng, O £ £ A
as it is possilel to use this technology both to directigxture the surface of a certain

material and through replication with nutdding processesMicromilling is able to
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produce microstructures characterized by complex geometried) asenicromalds

for injection maulding: the area ofnjection maulding is of great industrial interest
thanks to the possibility of producing large batches of-lmgt micreacomponents.

This research work therefore starts from this idea, that is talgtthe micranilling
process, thats to understand the degree of regularity that this process can give and
how it could be used in the future for procesgesinjection moulding The goal is to
understand the mechanism and optimize the various cuttingapaaters in eder to
create a qualatively best possible diffraction grid directly on the surfaces of the
materials being processed, through various experiments on the materials used to
make maulds The various experiments were conductedthe MI_crolab icro
Machinng Laboratory) of thiMechanical Engineering Department of the Politecnico
di Milano, using a faxismachiningcentre. A part of the research is carried out in
collaboration with the University of Bradford and consists in the preliminary study
and finallyin the realization ofregular diffractive surfaces on inserts for injection
moulding in Stava¥SRsteel, while another part is carried out in collaboration with
the University of Padua to study and create such regular surfaces on steel with N

coating.
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2. STATE OF THE ART

2.1 Macro vs micro milling

The trend toward miniaturization has increased dramatically over the last decades
and it is expected to increase more and more, especially within the fields concerned
with bioengineering, electronicgerospace att many otherq1]. This growing need

of micro-operations is characterizing all the different technologies, from laser to
waterjet operations, from additive manufacturing to remoyabcesses &. In this
context, micromilling is well inserted: it is defined as the downscaling of traditional
milling process using end mills, whose diameters are in angllimetre range[2].
Micromilling has established its importance in micro context due to its higher
material removal rate (MRR) compared to other micro operagiand its pplicability

in realzing microstructures with high aspect ratios and complex geometries on
different engineering materials, such as metallic alloys, ceramics and polymeric
materials[3][4][5].

Micro machining techniques derived from the widespread knowledge on
conventional milling operations. The cutting mechanism is the same as that of
conventional milling, but moving on to the micro context, new aspects emerged and
were aralysed and radelled in order to obtain a vast knowledge even in the micro
milling field[1]: the material is removed generating a chip by a miniaturized cutting

tool set in relative rotation wh respectto the workpiece, but new parameters have
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to be considered to proper characterize the entire process. Many studies and
researches have been done to analyse in detail these new aspects associated to micro
milling; here a list of the main onesreported:
1 9dze efect;
Material micrestructure;
GaAyAYdzY OKALI GKAOlYySaaseT

1

1

1 Burr formation;
1 Tool wear,;

1

Tool and workpiece deformations;
2.1.1Size effect

In the transition from conventional milling to micro milling, the size effect proved to
be a fundamental agrt not to ke overlooked. This phenomenon occurs considering
miniaturized tool used for micro operations. In fact, any tool used in macate
machining presents the tool edge radiug @setween the clearance and the rake face
lower of some order of magiude compaed to the undeformed chip thickness (h)

G2 o06S Odziz Ffft2gAy3 G2 o6S | aadzySR | a
analysis,Figuire 1(a). Based on this observation, no contact between machined
surface and the clearance face occurs and thema@ism of atting is essentially by
shearing. On the other hand, the radius of the cutting edge becomes not negligible
using a miniaturized tool and its value reaches the same magnitude of the thickness

of material to beremoved, Figre 1(b) [1][2][6].

(@) [ (b)
Fa¥

Figurel. Schematic of the cuttingdge in(a) conventional macre&cale andb) micrescale cutting

[1].
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This is a drawback generated during the downscaling from macro to micro tools
because it is not possible to scale all ttienensionsproportionally, due to the

limitations of the technologies used in production; as a consequence, the rake angle

is not univocally defined, but it changes locally, thus the partial effective rake angle

0 SOSNE LI NIep) GdrkfiheNasliiz adinatio? ahgledol ttangent

G2 GKS FINO 2F (KS 0Odzi i S[Blard itsSvalE&Ss highly § K I

negative,Hgure 2.

Figure2.{ OKSYI 6 A O 2 7F (i KfShe padtdl &f6duR sakeSmy@ Hr twoydiRereat
points, c1 and c2, within the chig].

This local negative rake angle generatggaaughing effect on the previously worked
surfacedetermining a direct increase in cutting forces and a worse surface quality.
In Figure 3a SEM image of the cutting edge of a 200 ball end mill, in which it is
possible to observe that the edgenst perfectly sharp as could be assumed for a

tool for macro operations:

Figure3. SEM image of the cutting edge of a 28@ ball end mil[6].
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2.1.2 Material micro-structure

While in traditional machining thenaterial could be considered homogeneous and
isotropic, in micromilling processes the material structure becomes extremely
important. Cutter geometrical dimensions and chip thickness become comparable
with grains, cavities and inclusions sizes, that aeally between 100 nm and 100
>Y® |4 GKS RS Llrated arerdducediztie chip/léad éhénkered in
the process bcomes the same order of magnitude as the grain size of many alloys.
Whereas, in conventional milling processes, the workpiece ratecan be
considered to be homogeneous and isotropic, in the mimithng process, it must be
modelled as heterogeneous dnin some cases, anisotropic.

This multiphase material cutting generates high variations in forces amplitude and
high frequency Wrational components, proportional to phase dimensions. The force
amplitude is different because phases usually have differenechanical
characteristics passing from a phase to anotfi@r These vibrations can lead to
vibrational issues, that could accelerate also the tool breakage, and surface quality
losseslIn Figure 4, a drawing of an end milling operation on ductile iron workpiece,

in which it is shown the different phases, i.e. graphferrite, pearlite.

Graphite |

Ferrite — l\"

Figure4. End milling of ductile iron workpie¢#).
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it has been observed that the chip formation mechanism is different from the
conventional milling. Cuttings are @ity influenced by the ratio of the depth of cut

to the effective cutting edge radius of the tool. In micromachining, the edge radius of
the tool tends to be the same ord@f-magnitude as the chip thickness. Thus, a small
change in the depth of cut sigitantly influences the cutting procel. As a result,
cutting takes placewith a highly negative tool rake angle and the relatiapsh
between the cutting thickness and tool edge radius will set the chip removal
mechanism. Thus, the chip will not form unless the cutting thickness is greater than
a critical value called the mininm uncut chip thickness {#): the material iSorced
under the tool and then recovers back after the tool passes (elpdstic
deformation or ploughing), therefore, no material is removed as a chip. As the cutting
thickness matches and exceedsnhploughing decreases considerably and chips are

formed completel\{5][9]. Figure 5 well explaintiese conditions

Cutting Tool

No material removed, \

Elastic deformation Chip

Removed
material

Edge radius

(a) Uncut chip thickness (h) < Critical value (hmin) (b) Uncut chip thickness (h) > Critical value (hmin)

Figure5. Chip formation mechanism in micro machinifgj.

The ratio of minimum chip thickness to the cutting edge radius is essential in
micromachining in order to avoid or minimize the ploughing effect and achieve
desired material removal. Typical value$ the ratio between minimum chip
thickness over cutting edge radius are set t0-0.3.

Considering this phenomenon, the cutting could be intermittent: the effect of the

minimum chip thickness combined with the low stiffness of the microtools generate
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the so-called intermittent cut, a conditiomn which the tool is not able to remove
material during its feed until the threshold value of minimum chip thickness is
overcome. The chip is generated and the tool returns in its undeformed condition.

The intermittent cut mechanism is showin Figure 6:

Too!

| 1sttool pass

| Workpiece |~

)

| ath tool pass

-~ | oth tool pass

— L~

Figure®6. Intermittent cut conditiof10].

As shown by the picture, since the cutting is not continuous, the chip thiskises
higher than the predicted one, imposed by the feed per toprameter and it is
confirmed by the trace left on the machined surface of the workpiece.

A way to set the minimum chip thickness is to look at the values of cutting (tangential)
and thrust(radial) forces in relation with the chip load: the rate of incedor both

the cutting force and the thrust force is much higher for ploughing than the chip
formation process. Further, there is an abrupt thrust force change at the minimum
chip thicknessdue to the transition between the ploughing and shearing cutting

mechanisms as observed experiment§ll§], has shown ifrigure 7:
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Figure7. Chip load/force for{a) ferrite and(b) perlite[11].
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2.1.4Burr formation

Beside surface finish, burr formation is the most critical issue in micromachining,
since it affects the capability to meet desirable tolerance and geometry definition.
They are not acceptable and further removal is acbnomicdly and eventually not
technically feasible when the features are in the range of microns. Conventional de
burring operations cannot be applied on microcomponents because it will damage
the actual dimension of the part. Thus, it is important toméhate bur formation
either by developing strategies for minimization or new ppsicessing technology

for burr removal[1][5].

In micromachining, burrs can be described as entrance, exit and top burrs. The
mechanism of burr formation in micromachining has been reported to be dominated
by the interaction between cutting edge radius and feed per todtlhen the ratio

of undeformed chip thickness to the cutting edge radius decreases, the effective rake
angle becomes more negative: material ahead the tool is pushed/compressed, flows
away, bent and a portion moved in the axial direction of the tool and wheéol
plasticaly into a burf5].

¢Kdzax AGQa ySOSaalNR G2 2LIWNAYAT S (GKS Odzid
as much as possible. It has been shown that thehtefithe micreburrs is linearly
proportional to the feed rate and very dependent from cutting edge wear. Also, the
strategy used for machining results as very influent in the burr formation: a micro
processing performed in down milling produces burrs refluced dimengins

compared to that performed in up millifg2].
2.1.5Tool wear

Tool wear on the cutting edges of micro end mills isimportant issue affecting
proces outputs such as tool deflections and surface roughness, especially when
difficult to cut materials such as titanium alloys, stainless steel, etc. are machined at

micro scale. The wear conditions of a mitool are different with respect to the
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conditions of wear of a standard tool: the depths of cut are low and the edge radii
are comparable to the uncut chip thickness during machining, which leads to plowing
of the material onto the workpiece surface, instead of cuttinigexists a minimum
uncut chip thckness value where continuous chip formation ceases and plowing
becomes the dominant cutting mechanism. A mitwol presents the same
geometries as a standard tool, thus the chip has to flow on the rake surface of the
tool: in this condition, the tool wiks in the right condition and the wear is reduced,
ensuring a long life to the to¢13][14].

Generally, for the monitoring of the tool wear, some measuring systems based on
laser are used: this procedure must be done every time a new operation starts
because even a small increase in wear can haeagiaus impact on the quality of ¢h

final processingin Figure 8a picture of a sharp new tool and a worn one, on which

the length of flank wear zone is indicated as VB:

[ 790.20um ]

[ 747.35um ]

(b)

Figure8. Optical images of tool profilea) sharp new tool an¢b) worn tool[13].

2.1.6 Tool and workpiee deformations

Being the milling and thereforalso the micremilling a technology that involves the

contact between a tool and the workpiece, in the cutting mechanism forces are
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generated and are not negligible during the chip removal process. Although th
forces generated in micrmilling are contaied, in some cases even lower than 1 N,

it could be sufficient to determine the deflections of the tool and of the machined
part, given the low stiffness of the system. The consequence of these phenomena is
primarily the failure to comply with the geometriand dimensional tolerances
imposed on the workpiece; if it was the tool to be deflected under the cutting forces,
more serious phenomena could occur such as tool breakage, while in case of

deflections in thevorkpiece, it would become a scrap.

2.2 Surface texure characterization

The surface texture of any part or product is usually constituted by repetitive and/or
random sequences of peaks, valleys and gradients. The spatial distribution of these
elementsforms the entire surface texture, which can be consékto be geometrical
deviations of spatial components from a hypothetically ideal, perfectly smooth
surface forming a threglimensional (3D) shape. In a 2D case, this ideal surface will
be representedby a flat geometry. The surface texture significantifluences
functional performance, physicahechanical properties and visual appearance of a
part or product. Some of these characteristics include wear and corrosion resistance,
adhesiveness, tribologal, and optical/aesthetic properties of thimal praduct. The
importance of such surface attributes is further intensified with product
miniaturisation requiring complex 3D and fré®m shapes. The texture of such
miniature products typically contains iano/nano-scale geometric features with
tolerances, acuracy, precision and surface quality having the same order of
amplitudes as feature dimensions.

In general surface texture consists in two main components, i.e. roughness and
waviness. Roughness refeis a measure of more closely spaced, finer, generally
random irregularities of the surface texture attributed to the cutting tool edge marks

and other material removal tools. Whereas, waviness is a measure of the widely
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spaced repetitive irregularities sallted from the machine tool mechanical structure
vibrations, chatter, heat deformations, or warping straiRgyure 9 showaschematic

illustration of the basic components of surface text{t&].

| Waviness spacing |

)
I Waviness height

Waviness profile !'i' WX 4.4.0)

Surface texture

A P Roulrhmssljidunw
"7 I Roughness height
h I—’ Y
Y o - "
Surface profile /ifx,4,v) Roughness profile /1,(x,_4.v)

Figure9. Schematic illustration of the basic components of surface tefliie

Based on the distribution and nature of the spatial content of the profile surface
roughnes, three major classes of profile roughness parameters are used for
guantitative and qualitatie assessments of the surface text(it&][16].
These are:

1 heightparameters;

1 spatial/spacing parameters;

1 hybrid parameters.
2.2.1 Heightparameters

Height parameters are by far the most widespread parameters. They quantify vertical
deviations of the surface respect to the ideal one. Sa and Sq are respectively the
Average Roughness and Root Mean Square Roughness. These parameters are
evaluated over thecomplete 3D surface and represent an overall measurement of
the texture of the surface. Being Sa and Sq insensitive in differentiating peaks, valleys
and the spacing of the various texture features sometimes their application leads to

a lack of accuracyfhus, Sa or Sq may be misleading in that many surfaces with grossly

different spatial and height symmetry features (e.g., milled vs. honed) may have the
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same Sa or Sq, but function quite differently. Sq is typically used to specify optical
surfaces and Ses used for machined surfaces. Ssk and Sku are the Skewness and
Kurtosis of the 3D surface texture respectively. Figuratively, a histogram of the
heights of all measured points is established and the symmetry and deviation from

an ideal Normal distributiors represented by Ssk and Sku.

Root mean square height, Sq

The root mean square height or Sq parameter is defined as the root mean square

value of the surface departures, z(x,y), within the sampling area, A.

e P

A QO Q®

Provide insufficient information on shape, presence/absence of infrequent high

peaks and deep valleys in roughness profile. Sensitive to surface peak anfl&lley

Arithmetic meanheight, &

The arithmetic mean height or Sa parameter is defined as the arithmetic mean of the
absolte value of the height within a sampling are®a

"Y O g H N OQA®

Provide insufficient information on shape, presence/absence of infrequent high

peaks and deep valleys in roughness profile. Sensitive to surface peak anf@l&lley

Skewness Sk

Skewness is the ratio of the mean of the height values cubed and the cube of Sq
within a sampling are&sk represents the degree of symmetry of the surface heights

about the mean plane.

a G QuwQw®
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This parameter can be positiveegative or zero, and is uAgss since it is normalized

by Sqg. The sign of Ssk indicates the predominance of peaks (i.e. Ssk greater than 0) or
valley structures (Sskde than 0) comprising the surface. If the surface heights are
randomly distributed, sdollow a Normal Gaussian distribution, then the skewness
Ssk is equal to zero. This parameter cannot distinguish if the profile spikes are evenly
distributed above or blew the mean plane and is strongly influenced by isolated
peaks or isolated valley$6][17].

Figure 16shows an example of positive andgaive Skewness:

Negative Sowness

Sampling length [

Figurel10. Example of positive and negative Skewngs§.

Kurtosis Ku
The Sku parameter is a measure of tharpness of the surface height distribution

and is the ratio of the mean of the fourth power of the height values and the fourth
power of Sq within the sampling area

Y06 o2 ¢ wwoeas

™M O
Kurtosis is strictly positive and udé@ss and characterizes the spread of the height
distribution. A surface with a Gaussian height distribution has a kurtosis value of
three. Unlike Ssk, use of thismameter not only detects whether the profile spikes
are evenly distributed but also provides a measure of the spikiness of the area. A
spiky surface will have a high kurtosis value and a bumpy surface will have a low

kurtosis value. The Ssk and Sku parerseecan be less mathematically stable than
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other parameters since they use high order powers in their equations, leading to
faster error propagatiofl6][17].

Figure 11shows an example of Kurtosis higher and lower than 3:

I~

Kurtosis =3

Eamplme |f|'|£'H'| [ Eurtosis <3

Sampling length [

Figurell.Example of Kurtosis >3 and g13/].

Maximum peak height, Sp

The Sp parameter represents the maximum peak height, that is to say the height of
the highest point of the surfacé\s heights are counted frothe mean plane and

are signed, ®is alwaygostive [16].

Maximum valley height, Sv

The Sv parameter represents the maximuatieyheight, i.e. the kight of the lowest
point of the surface. As heights are counted frdm mean plane and are signed, Sv

is always negativel6].

Maximum height of the surface, Sz

The Sz parameter is the maximum height of the surface, i.e. is sum abtwute
values ofSp and Sv

Y& YR SY8 YR Yo
The maximum height parameatgare to be used with caution as they are sensitbve

isolated peaks and pits which may not be signifi¢a6i.
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2.2.2 Spatial/spacing parameters

A surface is called isotropic when fesatures are independent from the direction
along which are measured. Unfortunately, is tough to get this random texture when
the surface isnachined because machining processes usually leave a periodic mark
on the face. Anisotropy is investigated by meahtechniques like the Fourier

transform and autocorrelation functichased comparison.

Autocorrelation length, Sal

Sal, the AuteCorrelation Length, is a measure of the distance over the surface such
that the new location will have minimal correlationttvithe original location. The
direction over the surface chosen to find Sal is the direction which yields the lowest
Sal value. The autocotegion length, Sal, is defined as the horizontal distance of the
autocorrelation function ACF (tx, ty) which has flastest decay to a specified value
s, with 0<s<1. The Sal parameter is given by

YR ad Qe 00
Figure12 shows the autoorrelation of a textured surface. The white part on the

central lobe is above the thresholdk5].

Figure12. Autocorrelation peak with applied threshold of 0.2 (white part above the thresfidii)

A radius is calculated from the center to the perimeter of the lobe and the shortest
radius is kept for Sal. For all practical applications involving relatismooth
surfaces, the value for s can be taken as 0.2, although other values can be used and

will be subject to forthcoming areal specification standards. A large value of Sal
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denotes that that surface is dominated by low spatial frequency componeritie w

a small value for Sal denotes the opposite case. The Sal parameter is a quantitative
measureof the distance along the surface by which a texture that is statistically
different from the one at the original location would be found. The contour of the
central lobe is measured from the center and the shortest radius is identified. This

radius giveshe value of the Sal parametesisshown in Figurd 3[16].

Figurel3. Shortest radius measured from the centre to the contour of the thresholded lobe on the

autocorrelation plof16].

Texture aspect ratio, Str

Str, the Texture Aspect Ratio, is an indicatorhaf spatial isotropy or directionality
of the surface texture. The Str parameteurst-less and its values lies between 0 and
1. It can also be expressed as a percentage between 0 and 100%. For a surface with
a dominant lay, the Str parameter will tendwards zero, whereas a spatially
isotropic texture (i.e. having the same propertiegardless of the direction) will
result in a Str of one. The texture aspect ratio parameter, Str is one of the most
important parameters when characterizing a surface in apal manner as it
characterizes the isotropy of the surface texture. Str can h@essed as the ratio
between the length of fastest decay of ACF in any direction and the length of slowest
decay ACF in any direction.

Yoi —

While theSal parameter is calculated from the minimum radius on the central lobe

of the ACF, the Sparameter is calculated from the minimunit, and maximum
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radii, max found under the same conditions, on the autocorrelation plot after

applying a threshold d@.2, as shownn Figurel4[16].

T max

Figurel4. Minimum and maximum radineasured on the central lobe of thatacorrelation plot
[16].

On an isotropic surface it is far more significant an assessment of the estebdare
using a 2D (profile) surface texture measuring instrument (faster, simpler, cheaper)
than on a surface presenting a low Str. As mentioakdve, if Str is close to 0, then
the surface is anisotropic, i.e. it has a dominant texture directionhis ¢ase, the

parameter Std will give the direction of the texture.

Texture direction, Std

The texture direction parameter, Std, is assessed froenRourier spectrum of the
surface. Moving from the centre to an edge of the spectrum in a gitection, the
spatial frequencies go from the lowest to the highest value. The frequency at the
centre corresponds to the continuous value in z (frequencyzero or infinite
wavelength). When the surface is centred, this offset is zero. Frequency adgslitu
along the radius at a given direction "h" can be integrated between two selected
spatial frequenciespfnand ez AY 2 NRSNJ G2 Ol reptedents theS |
spatial frequency content in that direction. By repeating this integration icarsgles
between 0 and 180, a polar spectrum is obtained that can be represented with a
semkcircular graph Figure 15The maximum value of the graph idled the main
texture direction, or Std. The Std parameter is given in degréean@ 180 and

should be considered as insignificant if the isotropy factor Str is below 0.6 and 0.8
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(depending on the application). The definition of Std specifies that tlghearan be
given from a reference angle s. The Std parameter is a convenient parameter on

surfaces showing scratches and oriented textyi®].

100° a0° 80°
"me  ——— 70
e g -y

Figurel5. Polar spectrum graph representing the texture directiidrs.
2.2.3Hybrid parameters

Hybrid parameters are nothindput a combination of height and spatial parameters.
Considerable properties are the capability detect surfaces slope and curvature,

they are rated to be useful fdribological evaluation of the surfaces.

Root mean square gradient, Sdq

Sdq is theoot meansquare (RMSgurfaceslope including the surface, evaluated over
all directionsThe rootmean square gradient is then calculated on the wislgace

where A ighe projected area of the surface

a 1a
b TE T hane
W w

YQn
Sdq is a general measurement of the slopes which comprise the surface and may be
used to differentiate surfaces with similar average roughness, Sa. Sdq is affected both
by texture anplitude ard spacing. Thus, for a given Sa, a wider spaced texture may
indicate a lower Sdq value than a surface with the same Sa but finer spaced features.

The Sdq parameter has a ufé@ss positive valugl6].
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2.3 Process pammeters

In the manufacturing process, there are two masasons that influence thsurface
roughness of thevorkpiece. The firsbne due tathe cutting of the residual area from
the relative moton of the tool and of theworkpiece. The other reason is réda to
the property of the material and the principle t¢fie cut as plastic deformation,
friction, build upedge BUB and vibrations of the process system and so on in the
cutting process. In particular, the first reason relating to the movement betwbken t
tool and the workpiece is related to processing paeders such agutting speed,
feedrate, axialdepth of cut, radial cuttingmmersionand so on. In order toptimize
the various parameters to improve the quality of the ahah much research has been
conducted on this topic. In the following are recordexine studies that make up the
current state of the arregarding the characterization of the surface quality of pieces

machinedby conventional milling and micnmilling.

S.N.B. Oliaei et Al18] investigated the influence of process input parameters such
as cutting speed, depth of cut, feed per tooth, radial immersion percentage, and
plunging metltod on process outputs during circular pocketing operation which
allows conducting uninterrupted imro milling experiments with longer tool path
compared to slot milling operatiorkigure 16. Tool wear, machining forces and
surface roughness meaements wee considered to identify the relationships

between process inputs and outputs.

Figure16. CAM simulation of circular pocket milling operat[@8].
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The tool used in this study was micro end mill (NS tookgeth, 30° helix angle)
having diameter of 0.8 mm and the workpiece was Stavax ESR. Cuited s
(N=15000pm) and depth of cut (ap=0.1&m) were fxed, while feed rate (0.5 ,2, 4,
c >Y0O YR NIRAIFIfT AYYSNEAZ2Y OHANZIsuwfacg vy :

o |
32>
33>
c

roughness was measured.

Surface roughness is the most important process output ket most difficult to
analyze in micro scaldn the curent research, a contactless method of surface
roughness measurement method was used to analyze the machined surfaces. In

Figurel7 it is shown an acquisition of a machined surface.

Figurel7. Surface of micro milledrcular po&et [18].

It is observed that low radial immersion experiments yileld surface roughness

than high radial immersion tests. Aigh radialimmersion, increasing feed yields

better surface roughness. Based on measurements, 20% radial immersion and 4
>YK(G220K FSSR O02Y0oAYyl A FguellBvhife siidkaid 6 Sad |
discontinuous type of chips formed at very low feasishown ¢ have an adverse

effect on surface roughness measurements
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Figurel8. Surface roughness as a function of experimental condifiiis

K.S.Neo etAl. [19] explored the feasibility of using PCBN tools for direct ultra
precision machining of Stavax, a type of alloy steel from ASSAB. The performance
characteristics in terms of surface rougss of arultra-precision machine using tool

in PCBN (99% of cubic baornitride or CBN) and conventional CBN-98%6 of CBN

and cobalt as binder) under different machining conditions were studied and their
results were compared. The parameters considexsglrotational cutting speed, feed

rate, depth of cut and tool materis. At one time, one parameter was varied and
while others were fixed.

The surface roughness of the workpieces machined by both the PCBN and CBN tools
exhibit similar decreasing trend thi increa® in the rotational cutting speed.
However, at higher cuttip speed, the PCBN tool can give better surface finish
compared to the CBN tool.

For both the PCBN and CBN tools, asd#eth of cutis increased, there is a highly
correlated increaseni surfaceroughness. When theeapth of cutis increased, there

is a coresponding increase in cutting forces with result in increasedesalited
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vibration and accelerated tool wear. Both these factors are responsible for the
increase in surface roughness

Surfaceroughness increases rapidly for high feed rates for bothNP@sd CBN
cutting tools. To maintain a low value of surface roughness, the feed rate should be
kept low. In Figurel9, all the graphs are shown the graphs for each of the related
factorsare shown
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—&— CBN Insert
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Surface Roughness, Ra (um)

Feed Rate (umirev)

Figurel9. Surface roughness as function(af rotational cutting speed)p) depth of cut(c) feed rate
[19].

D. Li etAl [20][21] discusses a new micro milling strategy for manufacturing
microstructured surfaces with optical function on ste@hese microstructures, a
combination of arrag of micreridges, has been developed to maximize tbhatcast

of the reflected light from orthogonally patterned features. The burr formation and
insufficient material removal, influenced by the tool wear and the machine accuracy,
were the main challenges this process. In a first research, it has been iswidhe

impact of different cutting parameters, i.e. different tool diameters, the rotational
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cutting speed, the cooling condition and the feed rate by machining a workpiece in

Orvar Supreme (Uddeholmyvith hardness of 480 HRC. The contrast values are

used as theesponse of the DoE to evaluate the influence of the parameters on the
functionality of the surfaces. The conclusion was that the cooling condition and the

feed rate affected the contrast3iy A FA Ol yaGft ey a2AtblrANE | YR
prefemred sincethe optical functionality was linearly decreasing with ther height.

In the following work, the cutting strategy was investigated in order to reduce the

burr formation during the proces#®n explanation of the two strategies is reported

in Figure 2Q
Old strategy New strategy
A . s
togl- feed . ours : | B
[ i
L A
. ‘ Ridge
. order
L X
‘ S
Tool feed™~" —pu:
_a 2o il
J i Ridge order
ooy . AN tool tool
Ridge order Buirs —
cut1 ¢ cut 1 i
:;;—‘.r_f—__‘w ‘ P T
desired feature profile
sample | | sample
A-A B-B

Figure20. (a) the old strategy(b) the new strategy21].

Figure21(a) shows lot of burrs left on the featuseproducedby the old strategy.
Figure21(b) showsno burrs were left on the features by new machining strategy.
Further measurements proved that no burrs formed even after machining 1000

pixels. As expected, the bgrwere only observed on the last ridgeeach pxel.
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Figure21. The comparison of the geometries(aj features by old strategy ar(td) features by new
strategy,(c) the comparison of the average profi[@4].

Surface roughness increases during cutting over 1000 pixels. The roughness was
relatively stable among the first 400 pixels and fluctuations emerafter that. The
trend can be associated with thedbwear, wich will be verified by further tool wear

tests. A graph of thiphenomenon is reporteth Figure22:

Sa [nm]

$ @ 8 4 5 & B ® B A
pixel number [x100]

Figure22. Surface roughness as a function of pixel nunipg}.

Xuefeng et Al[22] studied the relationship between the process parameters and
surface roughness. The type of kpiece is Cr12MoV die steel, while two different
tools is used during the experimentBhe flat mill is a diamond integrated carbide flat
end mill, with a diameteof 10mm, 4 flutes, the ball mill is a badind vertical mill,

with a diameter of 6 mm and@ flutes. The aim of the study is to analyse which are
the main parameters affecting the surface roughness, i.e. spindle speed, feed rate,

axial depth of cut andadial deph of cut.
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For both cases, the bigger spindle speed is, the smaller surface rowgisreesd also

the smaller the feed rate, the smaller the roughness. Instead, both the axial depth of
cut and the radial depth of cut generates small changes ifasarrougimess by
changing theivalues. Figure23 and 24 showthe impact of each factor under test

on surface roughness:

Spindle speed(r/min) feed rate(mm)
0. 304
0. 254
0. 204
i. 0.154 /\/
Z
g 0' 10— T T T T T T T T T T T T T T
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[ 4 - M N M S M S A
§ | axial depth of cut (mm) radial depth of cut(mm)
E 0.307
0. 254
0. 20 w T~
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Figure23. Surface roughness as a function of different cutting parameters using a flat ef@2ill
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Figure24. Surface roughness as a function of différemtting parameters using a ball end n@2].
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The threedimensional surfacepograply of the plane machined by the flat end mill
is show in Figue 25(a), while the surface machined by a badid mill is shown in
Figure25(b).

a um um b um um
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Figure25. 3D topography of machined surface us{aya flat end mill(b) a ball endmill [22].

The effect of milling parameters on surface integrithiigh spee milling of ultrahigh
strength steel is studied by Zhenchao et[&B]. The results show that the influence
of milling speed and feed per tooth on twbmensional (in x and y directions) and
three-dimensional surfaceoughness(mean, RMS and maximurmegk height) is
significant, but the milling depth of cut has little effect. Workpiece material used in
the experiments is 16Co0l14Nil0Cr2Mo steelFlgures26, 27, 28, it is shown the

impact of different cutting parametesron 2D ad 3D surface roughness:
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Figure26. Effect of milling speed af) 2D surface roughness afig) 3D surface roughnefa3].
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Figure28. Effect of depth of cut ofa) 2D surface roughness afig) 3D surface roughnef23].

From the gaphs, itis possible to conclude that the Zirface roughness increases
with milling speed and feed per tooth, but decreases with milling deptie
maximum peak value Stecreases with all milling parameters, [RD arithmetical
mean deviation of the mfile Sa ad 3DRMS height value Sg have nadent changes

with milling parameters

Felho et Al[24] studied the influence of feed per tooth on the calculated theoretical
and the real measured surface roughness of a machined surface, considering

different insert shapes. The material used as a sample is 42CrMo4 alloyed heat
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treated steel. Ests, keeping anstant some cutting parameters, i.e. cutting speed,
depth of cut and radial engagement of the tool, were carried out changing the values
of feed per tooth and the shape of theserts. In Figure 29, a pictuoc a theoretical

surface machird with three dfferent inserts is shown:

Insert shapes:

Figure29. Theoretical surface with three different insef24].

The theoretical and measured results demonstrate a similarity, just as can be seen
from the comparison between the extracted profileskigure 30; from the study
made, an increase of treurface raighness value is highlighted to the increase of the
feed per tooth, that therefore turns out to be a significant factor. In Figure 31, the

theoretical and measured roughness trend is shown as a function of progress.
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Figure30. (a) theoretical andb) measured profile atonstant feed per tootf24].
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Figure 31. Theoretial and measured surface roughness as a function of feed per @éth

2.4 Techniques for machining optical nutds

2.4.1 Diamond engraving

These mald inserts were manufaared for Bradford university by the precision
optics laboratory of Durham University Centre for advance instrumem#b]. The
inserts were made of amorphous aluminum and were diamond engraved to produce
a regular structure. Amorphous alunum was slected because of its diamond
machining characteristics, amorphous aluminum machines well and does not have a
grain structure e very highquality surface can be achieved.

The sample presents three different zones, the inner one presents a g@Evsity

of 200 lines/mm, while the others present a density of 30 and 100 lines/mm. In

Figures 32 and 33 are reported drawing of the insert and a picture of the machined

insert:

!r"'llf] lines/mm 100 Uines/mm

Extra thick groove

=—3mm —~+~—4m =t=3mm =1

Figure32. Drawing of the mald insert[25].
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Figure33. Machined mald insert[25].

Figure 34 showthe diamond engraved insert at 200, 100 and 30 lines/mm:

o o ‘@
Py \ .
‘_ \ »
o LAt ot
. % 0t A
- Uity N
) Pl
. Y

2D DN aDan ste 0w 7enon 2e21 201200124 0907 F SD6.7 x1.5k  50um

TM3000_2623

Figure34. Diamond engraved mould insdg) 200 lines/mm(b) 100 lines/mm(c) 30 linegmm,
magnification x150025].

Beforechoosing this method of fabrication several other engraving techniques were
investigded, including photolithography and direct laser engraving. These
techniques have potential but are considerably more expensive to use than diamond

engraving for small piuction runs.

ChabumlLee etAl. [26] fabricateda mould for polymer based by diamorghgraving

on the electpless Nicoated surface ont8vax steel.

The feasibility of an engravimyocess with a rectangular formed diamond tasl

studied Cuttingdepths of about 0.2 Y 2y (GKS FtlF 4G YSGlFf &dzNFI
because the tool wear caused by stress concditnais severe and the size of a

diamond tool in dimensions is much bigger than that of the cutting area.
Furthermore, while fabricating the blazed gratingsisitof importance to keep the

blazed facets smooth and the edges sharp. Micro fracturing, such as potential micro

cracks and dislocations on the substrate, is a key problem in micro optics machining.
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In order to provide tool weafree, springback effectfree and a small period of the
blazed gratings, a diamond tool is inserted with a larger depth alang the thrust
direction. The cutting processes repeat the first tool path, the second tool path, the
third tool path, until the last tool path in ordealong the cutting direction while the

diamond tool moves abne stepalong the feed directionin Figured5, it is showrthe

scheme of the cutting process:

Cutiing 1"toolpath  2%toolpath  3toolpath

dim:li(/ s

Fcck

direction

Figure35. (a) scheme of tool path cutting operatidf) detail of cuting operation[26].
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Figure36. (a) atomic microscope image of machined surfgban extracted profil§26].
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2.4.2 Diamond turning

As another fabricating method, ultjarecision diamond turning has been
successfully used in thalfrication of microstructures on nonferrous material with
high form accuracy and surfaémish quality. Before machining, the workpiece is
reacted with nitrogen to avoid chemical reactions between the iron in the workpiece
and the carbon in the diamond & by modifying the chemical composition of the
workpiece subsurface; as a result, dianddool wear was reduced.

For the current worldone by Wang et AJ27], nitrited AISI 4140 die steel specimens
with a diameter of 50 mm and thickness of 5 mm were used in the experiment. Single
crystal diamond tool viih the same crystal orientation but different geometries were
used in the preliminary ctihg test and Fresnel microstructure machining. For the
preliminary cutting test, a roundhaped diamond tool was used, while for the Fresnel
microstructure machining,a \shaped diamond tool was used. The cutting
experiments were carried out on a two axiléra-precision lathe Figure37 showsa

picture of the experimental setup:

Nitrided steel
Diamond tool

Dynamometer

Figure37. Diamond turning machining setyg7].

Preliminary cutting test was carried out to verify and estientite effect of plasma
nitriding treatment with rare earth addition on the tool wear before the Fresnel
microstructure machiningFigure 38 shows a SEM photograph of the Fresnel
microstructure generated by the proposed machining method. It is evident that t

Fresnel annulus was generated sequentially to form a Fresnel microstructure on the
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nitrided specimen. The annulus as well as the zone stepeadentified clearly as

concentric rings with no defects.

SEl 20.00KV 30.0X

SEI 20.00KV 150.0X

Figure38. SEM photograps of the Fresnel microstructure: (a) general view and (b) detailed view
[27].

Figure 39(a) and (b) shows the interferometer images of a part of the Fresnel
microstructure. The annulus agell as the zone step could be fabricated precisely.
Figure 39(c) showsthe crosssectional profile of the diamonturned Fresnel
microstructure. It is evident that the machined microgrooves are almost uniform and
that no visible roundness or microfractucecurred at the corner or the edge of the

microgroove, although some random submicrecale defects were observed.
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Figure39. Measurement results of the Fresnel microstructag¢3Dinterferometer image(b) 2D
interferometer image, an¢c) 2Dcrosssectional profilg27].
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Holthusenret Al.[28] investigate the replicability of diamond turned blaze gratings for
injection maulding. Testing different optical polymers.

For the experiments, the aterial of the specimens was CuNi8Zn42Pb4Mn1, while a
single crystal diamond tool with wedgarped geometry in the cutting test. For the
assessment of the replication press, continuous blaze structures without height
modulation were diamond turned omeaultra-precision machine.

In Figure40(a) and (b) the mauld insertand the surface topography of the blaze
structureareshown. A white light interferometer was used to asaire and evaluate
the geometry of the blaze structure, which will be compared vitie moulded

surfaces using different polymers, Figd@c) and 41
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Figure40. (a) diamond turned mald insert,(b) surface topography measured with a white light
interferometer andc) extracted surface profile-B[28].
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3. AIMS OHHEWORK

Theaim of this research work is to study and then apply micromilling technology to
recreate regular optical profiles on mould materials. The idea is to study in depth,
throughvariousexperiments, the mechanis of generation of this regular texture on
the surfa@ of the material under examination and understand the influence of
different factors on it, to obtain a strategy to process specimens that will then be
usedto machineinserts forinjection moulding

Two case studies were addressed during this work

3.1 Casestudy 1: machining of Stavax ESR steel

The first research onductedn collaboration with the University of Bradford. A low
cost inspection system for microneedle patches was requiféese micronedds

are used in the biomedical fielthey are replicated on patches order to be applied

to the patient's skin to admister the right amount of drudor the cure For this
reason it is essential that the mading of these microneedles is succedsftilled.

The goalof this projectrequires machining of diffractive (preferably blazed) gratings
on mould surfaces, placed e backside of the part, using Stavax ESR dteeigure

42 is reported a conceptual drawing of the moulded parts containing the

microneedles and the diffraction area on the back:
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Diffracting area at the back
b

Figure42. Drawing of the moulded part containing the microneedles

¢tKS RATFTTFNI OGADS | NBI & K24mnRx 4an8) becausd of I &
the laser spot sizthat is used for monitoringThe idea is that if the grating replicates
well, most probably the needles will be filled too. Thus, the quality of thergygor

the intensity of the first order diffraction) will tell that the needle is fillinthis
strategy has the goal to avoid @tking the quality of each needle with a direct
investigation method, i.e. looking all the needle with a microscdipat, shoud be a
very timeconsuming methodbut allows a quick inspection, through the use of a
laser light that is diffractetdy the texture generated on the back of the patch.

To do this, various experiments, varying different cutting factors and tools, will be
carried out in order to better understand the mechanism of cutting and generating a
regular diffraction grating on thenaterial. Once this is done, the objective will be to
process three inserts for injection moulding using the optimal parameters obtained
from the various cutting testdn Figure43is reported a drawing of the insert that

will be machined:
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Machined area
?5mm

Figure43. Insert for injection moulding to be machined.

3.2 Case study 2: machining of NiP coating

The second research is in atlbration with the University of Padu&utomotive
lighting market increasingly requirgtiree-dimensional mald micro features, such

as micro grooves, micro lenses and micro prisms, with polished surfaces. In
particular, retroreflectors (RRs) are opticlvices made of transparent plastics and
normally utilized in automotive lighting deveéo return incoming light and to make

the vehicle visible while driving in low light conditions. Their functionality is based on
the inverted corner cube (ICC) geomet This particular geometry enables the
incident light to be retroreflected after threenternal consecutive reflections,
according to the optical principle called total internal reflection (TiRREigured4, a

drawing of the mould and the reflex insddr injection moulding of the RRs:

Gas valve

Figure44. Drawing ofthe mould and the reflex insert for injection moulding of the RRs.
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Therefore, micromilling of electrolegdated NiFs a viable manufacturing option for
the fabrication & moulds for RRscutting parameters effects on muid surface
topography were experientally characterized and optimized. Moreover, the uttb
surface texture was replicated by injection odding on polycarbonate RRs and its
effects on their retroreflectivgperformance was characterized.

In the current study, iis requested to continu¢he research work already started
previously, deepening the study of mienailling on NiP coating.

The aim of this research will be to understand the mechanism of genernsqdar
sawtooth surfaces obtained using a flat end mill and to compare them witsé
obtained previously from a ball end milised for machining the RRshrough various
experiments, it will be possible to understand the influence of different factmor
the quality and on the regularity of the profiles obtained. The goal will be to optimize
the various parameters to recreate the best regular g¢anth sufaces in order to
replicate them on the injection moulding insert and finally observedpicalquality

of the moulded sample.
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4. MATERIALS AND METHOD

4.1 Used materials

4.1.1Uddeholm Stavax ESR stg€lase study 1)

Uddeholm Stavax ESR is a premistainless mould steel for small and medium
inserts and cores. It combines corrosion and wear resistance wittellert
polishability, good machinability and stability in hardening. Stavax ESR is mainly used
to produce mailds and dies. The presence of chiam in the material confers high
corrosion resistance in presence of water, chlorides and organic substahaear¢
usually dangerous for carbon steels and in some cases also for austenitic stainless
steel. After the hardening heat treatment, the highhéeved surface hardness is 56
HRC.

Chemical composition

The chemical composition of this material is showthmtable below Table 1

Chemicalomposition of Stavax ES&eel (%)
Carbon| Chromium| Silicon| Vanadium| Manganese
0.38 13.6 0.9 0.3 0.5

Tablel. Chemical composition of Stavax Egfel
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General properties

Uddeholm Stavax ESRaspremium grade stainless tool steel with the following

properties:

T

= =/ =4 =4

good corrosion resistance
excellent polishability
good wear resistance
good machinability

good stability in hardening

The combination of these properties givessteeel with outstandig production

performance. The practical benefits of good corrosion resistance in a plastics mould

can be summarized as follows:

T

Lower mould maintenance costs: the surfaces of the moulds retain their
original finish over extended runmy periods; moulds sted or operated in
humid conditions require no special protection.

Lower production costs: since water cooling channels are unaffected by
corrosion (unlike conventional mould steel), heat transfer characteristics, and
therefore coolng efficiency, are catant throughout the mould life, ensuring

consistent cycle times.

These benefits, coupled with the high wear resistance of the material, offer low

maintenance, longife moulds for the overall moulding economy.

Applications
UddeholmStavax ESR is recomnaed for all types of moulding tools and its special

properties make it particularly suitable for moulds with the following demands:

M

Corrosion resistance, i.e. for moulding of corrosive materials and for moulds
subjected to humid workig/storage conditions
Wear resistance, i.e. for moulding abrasive materials. Uddeholm Stavax ESR is

recommended for moulds with long production runs.
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1 High surface finish, i.e. for the production of optical parts, such as camera and

sunglasses lenses, @ifor medical containes, e.g. syringes, analysis phials.

4.1.2H13 steelCase study 1)

H13 tool steel is a versatile chromiamolybdenum hot work steel. It combines good

hardness and abrasion resistance with the ability to resist heat checking. It is an AISI

H13 hot work tool steelthe most widely used steel for aluminum and zinc die casting

dies. It is also widely used for extrusion press tooling because of its ability to

withstand drastic cooling from high operating temperatures.

Chemical composition

The diemical composition athis material is shown in th€able 2

C

Chemicalkomposition ofH13 steel(%)
Cr Mn Mo P Si S V

0.32-0.45| 4.755.5 |1 02-05]1.1-1.8| 003 | 0.8-1.2| 003 | 0.8-1.2

Table2. Chemical composition of H13 steel.

General properties

H13steelis a chromiurrmolybdenum steel that presents the following properties:

T

T
T
T

Uniform and high level of machinability and Polishability
Good high temperature strength and resistance
Excellent through hardening properties

Good resistance to abrasion at bddw and high temperatures

Applications

T

Inserts

1 Cores

1 Cauvities for die casting dies
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Hot forging dies
Extrusion dies

Plastic mald cavities

A =/ =_ =4

Components that require high toughness and excellent polishability.

4.1.3Electrolessplated NiPsteel (Case study 2)

NiP electrolesglating is a kind of coating that consisiis covering the surface of a
material, such as steelyith an amorphousalloy of Nickel (Ni) and Phosphorous (P)
to confer protection against corrosion and we&enerally, the deposit can have a
thA OlySaa 2SN GKIY pnn >Yo

The considered coating, used tims research, presents a phasorouscontent of

around 10% anthis amorphoudayer has a hardness of around-89 HRC.

General properties

NiP electrolesgplatingpresents the following propertie
Good mechanical properties
High wearesistance

High corrosion resistance

= =/ =4 =4

Favourable tribological properties

Applications
1 Protective and functional coatings for automotive, aerospace and general
engineering industries
1 Decorative coatings for automotivedustry

1 Fabrication of higlprecision components
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4.2 Manufacturing systems

4.2.1Kern EVO fxis CNC machining cenet

The MI_crolab laboratory of the Politecnico di Milano owns the Kern E&3 £NC
machining cente, Figure 45,on which all the cutting operatia have been

performed.

Figure45. Kern EVO-axis CNC machining ceat

The X, Y and Z axes are used for movements in the plan, while the machine is also
equipped with two axes B and C which constitute two additional degresedom

of rotation. Themachine is manufactured by the German manufacturer Kern for use

in precision machining and is therefore used for all research in the field of the-micro
milling that the laboratory is supporting. The main feature that distingusshe
machine like this frona traditional machining ceng is the higher spindle rotation
speed (N) reachable equal to 50000 rpm. This property of the machine is fundamental
to be able to work with micrdools, because the speed of the spindle is linketht®

cutting speed parameter that must be high enough termit the cutting of the
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material. It is equipped with the numerical control Heidenhain iTNC 530. The data
sheet of the Kern EVO is reportedthe AppendiB.

4.3 Tool selection

Here is a list of 3 wls, the first two were used for the tests on oid stee| while the

last one was used for various tests on kioting
4.3.1 MitsubishiD015MS2SS0

Tool fromMitsubishi

Solid carbideshort lengthflat end mill;
Number of flutes2;

Cutting diameter: 1.5 mm

Cuting length:2.3mm;

= =/ = A -4 -

Unoated,

4.3.2BFT TDMG 31 040 KAG0

Tool from BFT;

Solid carbide flat end mill;
Number of flutes: 3;
Cutting diameterd mm

Cutting length: 9 mm;

= =/ =A A A4

Coated

4.3.3Zecha481.030

i Tool fromZecha
1 Solid carbide flat end mill;

64



Number of flutes2;
Cutting diameter:0.3mm

Cutting length0.3mm;

= = =4 =

Unoated

4.4 Measurement equipments

4.4.1 Mahr MarSurf CWM 100

The MarSurf CWM 108 a precise optical measuring instrument with suamometer
resolution combining a confocal microscope with a white ligterferometer, sold

by the company Mahin Figure 8 there is a picture of the Mahr MarSurf CWM 100

Figure46. Mahr MarSurf CWM 100
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The mairfeatures of this device are summarizad follow:

= =2 =2 A =4

High precision with sulmanometer resolution

Universal suitability for technical, optical and reflective surfaca@so for
surfaces of printed circuit boardsnd semiconductor products as well as
biological tissues

2D surface analysis and measuring evaluations

Topographic 3D surface analysis and nueiag evaluations

Intelligent measuring strategiefast measurementg short measuring times
Microscope imageiéld sizes, easily expandable by fully automatic stitching
Automatic table or object positioning: 100 mm x 100 mm, longer distances on
request

A wide range of lenses allows for an ideal adaptation to the measurement
object

Solid construction withgranite base plate and granite column for the best

possible vibration damping

This device finds some applications in different fields:

T

Mechanical Engirexing, to qualify and quantify roughness, geometry and
wear volume

Electronics and semiconductors, conmgmt inspection down to the sub
micrometer range for defeefree products

Medical Technology, quality assurance of medical surfaces in production and
laboratory

Material Science, optimization of functional properties of new surfaces and
products

Microsysems Technology, measure complex surface geometries of smallest

components with nanometer precision
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4.5 Sensors and acquisition chain

4.5.1KistlerMicrodynamomeer 9317b

Thefirst device for theacquisition of the forces is composed by a microdynamometer

¢ Kistler 9317b (sedppendixQ), on whichthe samples have been screwed. The
dynamometer is able to measure forces up to 2 kN. The core of the dynamometer is
composed of three piezoelectric quartrystal layers oriented in the three orthogonal
directions. The core is protected by a shell and separated by the plates by mean of
two ceramic rings, which provide electrical insulation. The dynamometer is
connected tothree different charge amplifiers Kistler 5015 A1000, that are
independent and represent the three Cartesian directions x, y and z of the forces.
Through 3 BNC cables, the three channels are linked to an acquisition be2284\|

with 4 synchronous chmels, +5V. Finally, the acquisitiboard is connected to a PC
with a USB cable, on which the software NI Experire Data is used to set properly the
parameters required by the dynamometer and to acquire the forces. All these devices

are showedn Figure Z:

Figure47. Forces acquisition set ua) load cell(b) channel x, y and z

This is the simplified scheme of the acquisition proced&igure 8:
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|

Charge amplifier (x,y,z) — Kistler Acquisition module NI-9234 — 4

D ter — Kister 9317b
ynamometer = kister 5015 A1000 - sens synchronous channels 5V
pseudodifferential
s
“C D w [ ™ |
\\ - 1 cable BNC SR \\ 1 cable BNC that i 5 4

transfers the analogic
Figure48. Acquisition system schenfier Kistlerd317h

[N

signal to the
acquisition module

4.5.2 Kistler MicroDyn type 9109AA

The secondsystemfor the acquisition of the forces is composed the Kistler

MicroDyn type 9109A4seeAppendixD), onwhich the samples have been screwed.

In Figure 8, a picture of the dynamometes presented

Figure 49. Kistler MicroDyn type 9109AA

This dynamometer has been borrowed by Kistler Germany to Politecnico di Milano

for only one week, thus it l&been used only for the measurements of few force

signals.The multicomponent dymaometer is used for dynamic and quasistatic

measurement of the 3 orthogonal components of any force acting on the cover plate

of 30x30 mm(forces in x, y and z directiondt is able to measure forces up to 500 N.

The dynamometer is extremely rigid ancetiefore has a high natural frequensym p
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kHz The sample have been fixed on the plate of the dynamometer with 4 screws
M4x25, with 3 Nm of tightening torque as suggestedthg Kistler instruction
manual.To fix he device on the working table 8 screws M4xi2tve been used.

The dynamometeis linked to the charge amplifier and data acquisitaevice -
Kistler LabAmp type 5167AXdy an 8channel high resistant connecting d¢akliype
1677A5 with 9 pins. The software used for the force acquisition is DynoWare type

2825A given by KistleiThe aquisition scheme is reported Figure50:

Dynamometer - Kistler Charge amplifier and data Notebook with DynoWare
MicroDyn type 9109AA acquisition - Kistler type 2825A

LabAmp type 5167Ax1 —

- |

el . ) = bbb™|
~LE2lw | el

High resistant cable type Ethernet cable
1677A5

Figure50. Acquisition system scheme for KisBd09AA

4.6 Softwares

Since the output given by the entire forces measurement system are text files
containing the values of the three cquronents of the force acquired by the load cell,
the software MATLAB has been usdhbe script used to analyze all the data to
perform the experimental analysis is reportedire AppendixE

The part programsfor performing milling operations on Kern habeen written
directly on the machine ousingthe Heidenhain iTNC530 simulator, when the
program contains less the 100 rows or usingenerctext file program depending if
the machine was free or used for other operatioAd. the part programs are ithe
Appendix A.

Minitab software has been usetb carry out the statistical analysis of the data

acquired.

69



Mountains Map is the software used for the surfaces analysis of the machined
surfaces extracted by using the Mahr MarSurf CWM 100. It has beeriasedluate

the surface roughness and extrabietsurface texture parameters.

4.7 Setup

4.7.1 Setup for case study 1

For the screening operationwb samples of H18teel(size 42x42x1ghm) cut from

a block of the same materidlave been prepared to be screwed toettKistler
MicroDyn type 9109AA in order twoth test the device and to acquire the forces of
the slotting operations.

The microdynamometer has been screwed on the KEewOplane usingd screws
(M4), as suggested by the instruction manual, and a sampléders placed on it to
measure the forces durg cutting test.

In Figure 51the pictures of the two samples are reported:

Figure51. (a) sample 1 and (b) sample 2 in H13 steel for screening operations.
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To acquire the forces in y,and z directions, the KistléficroDyn type 9109AA has
been used, set at a sampling frequency of 100 kHz. The software used for the
acquisition is DynoWare Type 2828B downloaded from Kistler website.

When the forces in all the three components havesbeacquired, they have been
processed using a Matlab cod@ppendixE), to extract the values of the planar
vertical and total force. For the acquisition of the surfaparameters the Mahr
MarSurfCWM 100 has been used.

For the extended evaluation on BXteel, the setup is quite sitar to the previous
case, but in this case the samples have a dimension of 25x25x12 mingtedd of
using theMicroDyn type 9109AAthe Kistler microdynamometer 9317b has been
used. The sampling frequency used for thipexxment is set to 51.2 kHz, tha the

maximum value allowed by the acquisition board.

Regarding the setup for machining the inserts, thaye beermachinedon the Kern

EVO Baxis CNC machining cesat The main problem is due to the gripping of the
workpiece due to its circular shape and to the fact that it is impossible to screw it to
some support. Therefore, asgards thesetup, aclampwas placed on the KefgBvVO
plane and a support was realized thveorked as &lampto hold the insert. The image

of this aluminumsupportis shown irFigureb52:

Figure52. 3D view of the aluminum support.
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The support is made from an aluminum cube measuring 20x20x20 mm, in which a
circularhole of 15 mm diameter was made, just like the sizehw central body of

the insert, and 8 mm deep. Finally, the support was cut in half and divided into two
equal partsto allow the workpiece to be gripped when tightened ime clamp
positioning it so that the cutting plane is parallel to the contactaces of theclamp

The fact of starting from a cube is due to the need to have two flat surfaces to ensure
contact with the surfaces of the clamp. In this way it was possible to solve the
problem of gipping, but this solution does not allow the acquisitiof cutting forces
during processing, a compromise that can however be accepted as they have already
been acquired dung the various previous experiments.

Therefore the setup is composed by tlamppositioned on the KerieVQplane, by

the aluminum suport that istightenedin the clamp inside which the insert to be
machined is positioned. To have the maximum possitditness, the insert is
mounted using dohanssorgaugeblock that comes in contact with the surface of the
clamp, as a reference surig@nd the surfacef the workpieceao be machined. With

this method, using the touch probe of the machine in varipaiits of the insert, the

lack of planarity was at most3m, therefore negligible.
4.7.2 Setup for case study 2

The cutting experiments were pgermed on the KernrEVO Baxis CNC machining

centre, using the@0.3 Zecha 481.030 uncoatetbol. The test workpiece has a

rectangular shapeFigureb3, and has a NiP coating of 58M. The fact of having two

parallel flat surfaces allows to grab the pietieectly in the clamp, without having to

design a support to for it. The main problem assfrom the need to keep the

workpiece in the clamp with a certain inclination, a problem generated by the fact

that the machine no longer has the fourth and fifthisaXxro overcome this problem,

the procedure is rather simple, but this generates a lospretision in positioning

0SOlIdzaS A0Qa R2YyS YI y dzclanip#itd a defad unkiohOS A & 3N

inclination, then the height in z is measured with toeich probe in two points so as
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to know this inclination and finally rotated manually irder to obtain the desired
position, always proceeding with the method just described. The procedure is quite
long, so the error, within which the inclination has Inegefined acceptable, is 0.1°.
Once the piece is in position and has been tightened incthenp, no other setup

operations are required and the experimentation can begin.

7.50

FNiP Coating
m}l a
2

(1 - l :|'

|
Lrnnnannnnnd
25

Figure53. Design of the flat insert for cutting tests dhP.
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5. MODELLING AND CALBUIONS

5.1 Modelling of cuttingoperations

The modelling of the cutting operations is proposed starting from simulations and
experimental face milling tes{29]. Observing what happens in the simulation and
comparing this with the experimental results, itnsted that during slotting if the

tool overuns the workpiece with small or m&tatic/dynamic deflection of the tool,

the cutting edges will engage on the rear side of the tool in the already machined
surface after the main cut. Based on the superposition of the feed and cutting
movements, a trochidatlike mark pattern resulted orhe surface. The influence of
back cuts on the resulting surface patterrsfeownin Figure54, with a comparison

of idealized and modelled cutting edges in relation to experimental measurements

Simulation: Simulation: Experiment:
Ideal Modeled Real
cutting edge cutting edge cutting edge

Center Center

Figure54. Influence of the backut on the surface topograpH9].




The additional engagements of the tool result in agigant reduction of the average
roughness det, which is attributed to a reduction of the depth of the marks.

As shown in Figure 55, the surface obtained by considering a tool without defects is
very different from that obtained from a tool with microetects: in the first case
there is a surface whae profile is ideal characterized by straight lines following the
cut, while in the second such defects are clearly evident from the fact that these lines

are undulating, following the geometry of the toolahis no longer ideal.

Ideal cutting edge

Rough cutting edge

Profil Il

Profile |; mes=  Profile ||; me==  Profile |Il; s

1 A

Hm :
o -
0 25 50 pm 100
Length of profile
25 uym

Rmax, = 0.93 ym

5
)
I

Praofil |

Height

25 uym
Rmaxn = 1.64 ym

Figure55. Influence of the microgeometric properties of cutting edges on the surface
roughness;omparing an ideal shape with a detailed representafizsj.

The aim of the slotting operations is to use the geometry of the tool and its deflection

during cutthg to reproduce a regular patteron the workpiece to recreate a
RAFTFNI OGA2Yy 3ANIFGAYy3I F2N KS fAIKIGP [ SiQa
orientation of 180° one to the otheftypical case for a tool for micromilling). When

the tool hits theworkpiece and starts to cut, a force pgsite to the direction of the

feed is generatedFigures6:

o >

Tool holder Tool holder

Tool Tool

F
h

F
b

Figure56. (a) undeformed tool(b) bended tool.
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That force whose value is equal to the value of the force in fieed direction,
deflects the tool depending on theihess of it; the force (cutting force) depends on
three parameters:

{1 The feed per tooth, i.e zf

1 The depth of cut, i.e.,a

1 The properties of the aterial to be cut.

"GeQ 0QO Q¢ I

Depending on the stiffness of the tool, its dimension and the force applied on it, two
models have been proposed, the first one the represents an ideal case in which the
force is low and the toas so rigid that it is possible to assume that the tool does not
deflects during cutting operations (tool with infinite stiffness). This situation well
describes a tool for macro cuttings; in the second one, the force is high and the tool
is not enoughigid, thus it bends and during cutting it works in a deflected mode (tool
with finite stiffness). This situation well describes a tool for micromachining.
A third model is proposed, regarding the cutting mechanism using the rotation of the

head of the macime.

Tool with infinite stiffness (ideal case)

This case well represents the situation in which the tool is subjected to a force that is

G22 t2¢ G2 3IASYSNI OGS || y20l06fS RSTFESOUA2Yy:
R2Say Qi o0 SynipletelpstRighk Tihisskiuation occurs when the cutting

parameters, i.e.fand g are too low to generate a great value of force on the tool

the diameter of the tool is too big to generate a certain deflection

In Figure 57 is reported a scheme of this &iton:
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Workpiece

Figure57. Tool with infinite stiffness cutting scheme.

Considering a tool with two flutes, the front tooth cuts the material generating the

chip and a regular pattern, while the rear one, as no deflection is generaaethges

the surface already created. The peaks thus created by the passage of the frdnt toot
are cut by the action of the rear tooth upset and the regular pattern is no more

present. In Figuré8 the trajectorydone by the two teeth of the mill is reported

% w‘”“&m

S

SRR

As showrby Figures8,A ¥ G KS (22f R2SayQid oSyRx
marked in the entire slot.

Tool with finite stiffness (real case)

This case wellepresents what happens during the slotting operation on H13 steel
using the tool with 1.5 mm as diameter. The forces acting on the tool are in the order
of magnitude of 10 N and combined with the low moment of inertia of the tool (the

value is proportioal to the diameter at the forth power) generates the desired
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deflection necessary to realize a regular pattern on the surface of the sanfjigese
59 showsthe condition in which the tool works in a bend condition: only the front
tooth working, while therS+ NJ 2y S A& y2aG Ay O2yidl OG oAl¢

damage the already machined surface.

Tool

Figure59. Tool with finite stiffness cutting scheme.

As results of this deflection, the pattern realized on the sample would be differen
from that obtined previouslyFigure 58; the passage of only one tooth would

generate a regular surface like that showrFigure60:

Figure60. Regular structure generated by the passage of the tool.

As shown, the distance Ib&een two consecutive trags is equal to thefeed per

tooth, considering an ideal tool without considering a possibleauherror.

79



Inclined head machining

A method for machining and producing regular traces on the surface of a material
consists in inghing the head of the mill in order to permit only to the front tooth to
do the cutting.In this way, by imposing a certain rotation on the head, the tool can
work with its own axis not parallel to the normal of the plane of the workpiece,
allowing only tle front tooth to cut the material In Figure61, a schemeo better

clarify this mechanism:

Tool holder

Workpiece

Figure61. Scheme of the inclined tool (rotation of thea#s).

This method is similar to the case of tool with finite stiffness, huhis case instead
of using the deflection, it is used a real rotation of it, because of its high stiffness that

not allow todeflect this tool.

5.2 Modelling of the runout on surface regularity

The effect of the run out is however to be considered whenidgakith micrometric
procesgs the presence of this phenomenon is therefore evident in the case of
machined surfaces in whithe alternation of peaks and valleys with the same height
is not equal to the advancement to tooth. It is possible that threenades occur:
1 Case 1) rmiout = O(ideal case); in this case the two teeth work in the same
way and the peaks will all haveetsame height, with a period equal to the

feed per tooth.
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1 Case 2) ruout < feed per toothjn this caseboth the teeth work dumg the
cut, but in a different way and the generated profile will see the alternation
of peaks at different heights with a ged equal to twice the feeger tooth.

1 Case 3) ruout > feed per tooth;n this case only one of the two teeth is
working, whie the other does not cut material. The result of this is the
presence of only one peak per revolution of the tool distant froime

following of a period equal to twice the fegubr tooth.

5.3 Calculations on cutting parameters for Stavax steel

For the calculabn of the value of the cutting force during the slotting operations, the
formula for the cutting force for conventional milgnis used. Théormula for
calculating the cutting forces:

OeQ OQVEF
Considering this formula and considering the case in winelmaterialto be cut is
the samejt is possible to rewrite that:

M AW wEEl ODED

¢ KNRdzZAK (KS f dsibleito ekttattMexallie ofatifikéepingZonstant
the cutting force, by imposing one of the two variables. This method has been used

for the calculation of the cutting parameter for machining theeiris (case study 1)

5.4 Calculations on NiP coatin@dial depth of cut

Considering the experimentation on the inclined sample of NiP coated s&e#l test
of cutting consists of 10 slots realized in parallel, with differextial depth of cut,

determined by the desired-gtep and the inclination of the erkpiece, Figuré2.
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Known inclip.,..
3tion (4
z step )

Radial depth of cut (ae)

Figure62. Scheme to calculate the radidépth of cut.

In this way the radial depth of cut, i.e;, @hat is the same value for the displacement
in X direction at each passage of the tool, that is necessakpown for writing the
part program for machining, is calculated using a simple trigogtac formula and it
is function of two parameters:
® & JDE
Ly GKS LINB@OA2dza ¥ 2 N)fdafnth&plane ohtlie clanip Gardllgt Ot A y I G A

to the plane of the Kern EVO) and the top surface of the sample.
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6. CASE STUDYBEXPERIENTS

6.1 Screening operations on Hlseel

Thefirst operation to be done is to understand which cutting parameters influence
the regularity on the surfaces considering Hi8elas material to be cut.
To realize the diffraction gratings, differefactors, i.e. cutting speed §{V depth of
cut () and feed per tooth @), have been considered and varied on different level
not following a complete design of experiments, but in a random way, aimed to
understand if the required structure would havedseobtained or not.
The selected values of the paraters are:

1 Cutting speed: 41 ¢ 94.2¢ 1414 ¢ 1885 m/min

1 Feed per tooth: & 7 ¢ 15¢ 30>m/tooth

1 Depth of cut: 004 ¢ 0.08 mm
The two samples have been flattened on both the upper and lower surfade¢heen
have been pierced to permit the link with tllynamometer using 4 screw®14). One
side of the first sample (samplel) have been used entirely, cutting a total of 22 slots,
while the second one (sample2) have been used only for 10 slots, to leaneeatber
space for future tests. A total of 32 sldtave been cut using th&1.5 mm tool from
Mitshubishi.
Here is reported the tabk Tables3 and 4 containingall the values of the factors for

each test and the values of the output variables; as output variables, it has been used
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the RMS value of plandorce Fxy, the RMS value of vertical force Fz, the RMS value

of the resultant force Ftot and the surface rdugess Sa.

Test

©C O ~NOOODN»NWNE?S

NNNNRPRRPRRPRRRRERRRR
NP OOWOW~NOUDMWNERO

Test

23
24
25
26
27
28
29
30
31
32

S
[rpm]
30000
30000
30000
30000
20000
30000
30000
30000
30000
20000
10000
10000
10000
10000
40000
40000
40000
40000
30000
20000
20000
30000

\Y/e
[m/min]
141.4
141.4
141.4
141.4
94.2
141.4
141.4
141.4
141.4
94.2
47.1
47.1
47.1
47.1
188.5
188.5
188.5
188.5
141.4
94.2
94.2
141.4

fz

ap

®> YK [mm]

30
30
15
5

30
30
30
15
5

O8]
o

U1l N N 0101 NN 01 ol

30
30
15

0.08
0.08
0.08
0.08
0.08
0.04
0.04
0.04
0.04
0.04
0.08
0.04
0.08
0.04
0.08
0.04
0.08
0.04
0.08
0.08
0.04
0.04

Fxy
[N]
8.80
9.76
7.20
4.81
11.18
6.64
6.50
491
3.27
6.66
4.18
7.63
6.11
3.31
7.11
3.45
7.78
12.12
9.70

Fz
[N]
0.73
0.86
1.01
0.92
1.50
1.98
2.48
1.19
1.86
2.45
1.00
1.37
2.24
2.89
2.83
1.71
2.96
4.30
4.36

Ftot

[N]
8.83
9.79
7.27
4.90
11.28
6.93
6.96
5.05
3.77
7.10
4.30
7.75
6.51
4.40
7.66
3.86
8.32
12.86
10.64

Sa
w>Y
0.593
0.552
0.24
0.21
0.317
0.179
0.177
0.109
0.0846
0.202
0.202
0.058
0.0672
0.089
0.114
0.132
0.0727
0.137
0.104
0.159
0.132
0.09

Table3. Factors and outputs for screening operation on H13, sample 1.

S
[rpm]
30000
30000
30000
30000
30000
40000
40000
40000
40000
40000

Vc
[m/min]
141.4
141.4
141.4
141.4
141.4
188.5
188.5
188.5
188.5
188.5

fz

ap

@W> YK [mm]

15
15
15
15
15
15
15
15
15
15

0.08
0.12
0.16
0.20
0.24
0.08
0.12
0.16
0.20
0.24

Fxy
[N]
9.07
11.54
14.05
16.09
18.73
8.51
13.63
16.72
19.85
22.85

Fz

[N]
2.40
3.67
3.55
3.13
3.04
4.21
1.89
5.51
3.85
6.95

Ftot

[N]

9.38
12.11
14.49
16.40
18.98

9.50
13.76
17.61
20.22
23.8

Sa
w>Y
0.0846
0.107
0.106
0.0972
0.100
0.0911
0.101
0.0899
0.103
0.0586

Table4. Factors and outputs for screening operation on H13, sa@ple
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In the table is also reported the values of the spindle rotation in revolute per minute;
the aim of this column is that in the part prograihhas besn set these values and

not the values of cutting speed, but the two factors are linked by the following

formula:
w “ XY

6.1.1 Response variable: Fxy

Individual Value Plot of Fxy Main Effects Plot for Fxy
Data Means

10000 20000 30000 40000 5 15 30 004 008 012 016 020 024

Figure63. (a) individual value plot for Fx{h) main effect plot for Fx screening on H13

Individual value plot shows no outliers-igure 63(a). Experiments were not
O2YLX SiiSte NIXYR2YAI SR 2NJ RSaA3daySR yR GKI
20000 there are not lot of experiments. The main effects plot displays thponss

means for eachdctor level in sorted ordefFigures3(b). A horizontaline is drawn at

the grand meanTheA Y 1 SNJ QG A2y LI 24 AdQa y2i O2yaAiR!

replicates.

General linear model

Factor Information

Factor Type LevelsValues

S Fixed 4 10000; 20000; 30000; 4000

fz Fixed 45;7; 15; 30

ap Fixed 6 0.04; Q08; Q12; Q16; Q20;
0.24
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Analysis of Variance

Source DF AdjS! AdjMS FRValue P-Value
S 3 1984 6.614 4.92 0.012
fz 3 3461 11536 858  0.001
ap 5 32660 65320 4858  0.000

Error 17 2286 1345
Lackof-Fit 11 1119 1018 0.52 0.833
Pure Error 6 1166 1944

Total 28 756.89

Model Summary
S Rsq Rsg(adj Rsq(pred)
1.15959 96.98%  95.03% 91.16%

From the ANOVA table all the factors havevalues lower than 0.05. But before

O2y Of dzZRAY3 AlGQa ySOSaalNER (2 OKSOl GKS | aa
normality first.
Scatterplot of SRES vs FITS; S; fz; ap Probability Plot of SRES
FITS s Normal
2 * / Mean -0,006010
: *l, //° StDex 1005
cwr ettt .- 4l = e
- . . i . . p /.. P-Valug 0769
- t ! - 0 ;
E a 5 10 15 20 10000 20000 30000 40000 2 § Eg //
& = > 3 §§ /J/
1 ' : 212 /”(‘f
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: ] 20 30 005 010 015 020 025 ’ B ' SRGES ' ? ’
Figure64. (a) scatterplot for Fxyof SRES vs FITS; S; fz{@mrobability plot of SREScreening on
H13.
There are not any outliers. The hypothesis of normality cannot be refiSgdres4.
LiQa LlaaAirofsS (G2 O2yOftdzRS GKIFG Fff GKS GKNJ

planar force.
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6.1.2 Response variable: Fz

Individual Value Plot of Fz Main Effects Plot for Fz
Data Means
.
s fz ap
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Figure65. (a) individual value plot for F#h) main effect plot for Fz

[atN

Individual value plot shows noutliers, Figure65. The interactionLJt 2 (i A

considered because there are not any replicates.

General linear model

Factor Information

Factor Type Levels Values
S Fixec 4 10000; 20000; 30000; 400

fz Fixec 4 5; 7; 15; 3(

ap Fixec 6 0.04;008; 012; 16; 020;
0.24

Analysis of Variance

Source DF AdjS! AdjMS FRValue P-Value
S 3135189 4.5063 3.32 0.045
fz 3 0.7214 0.2405 0.18 0.910
ap 5112961 2.2592 1.67 0.197

Error 17 23.0561 1.3562

Lackof-Fit 11 14.1445 1.2859 0.87 0.605
Pure Error 6 89115 1.4853
Total 28 61.8275

Model Summary

S Rsq Rsg(adj Rsq(pred)
116458 62.71%  38.58% 0.00%

From the ANOVA #ble only the factor Shas p values lower than 0.05. But before
O2y Of dzZRAY3a A0Qa ySOSaalNE G2 OKSO]

normality first.
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Scatterplot of SRES vs FITS; S; fz; ap Probability Plot of SRES

FiTS 5 Normal
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Figure66. (a) scatterplotfor Fzof SRES vs FITS; S; fz{t3probability plot of SRES

There are not any outliers. The hypothesis of normality cannoehesed Figures6.
LGQ& L2 aaaof Bnlying cutrd gpddd asignSicartt &nl-thie RMS of the

verticalforce.

6.1.3Regonse variable: Ftot

Individual Value Plot of Ftot Main Effects Plot for Ftot
25 Data Means
.
s z ap
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Figure67. (a) individual value plot fortbt, (b) main effect plot for tiet.
Individual value plot shows noutliers, Figure67. TheAy 4 SN} OG A2y LX 24 A

considered because there are not any replicates.

General linear model

Factor Inbrmation

Factor Type LevelsValues

S Fixed 410000; 20000; 30000; 4000

fz Fixed 45;7;15; 30

ap Fixed 6 0.04; 008; 012; Q016; Q20;
0.24

88



Analysis of Variance

Source DF AdjS¢ AdjMS FValue P-Value
S 3 2721 9071 5.46 0.008
fz 3 3285 10.949 6.59 0.004
ap 5 32653 65306 3932 0.000

Error 17 2823 1661

Lackof-Fit 11 1218 1.108 041 0.903
Pure Error 6 16.05 2.675
Total 28 77175

Model Summary

S Rsq Rsg(adj Rsq(pred)
1.28872 96.37% 94.02% 89.55%

From the AN®A table all the factors have p values lower than 0.05. But before
O2y Of dzZRAY 3 AdQa ySOSaal standaiized ©fdSaB jand i K S

normality first.

Scatterplot of SRES vs FITS; S; fz; ap Probability Plot of SRES
FiTS 5 Normal
2 @ 7
/ Mean -0.006099
. P StDev 1000
95 /. N 29
- AD 0250
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Figure68. (a) scatterplot for Fot of SRES vs FITS; S;dz(la probability plot of SRES

There are not any outliers. The hypothesis of normality cannathesed Figuress.
LOQa LkRraaAiofsS G2 O2yOft dzRS GKI O Fff GKS

total force.
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6.1.4Response variable: Sa

Sa
)
&

10000

Individual Value Plot of Sa

20000
30000
40000

Figure69. (a) individual value plot foBg (b) main effect plot foGa

Main Effects Plot for Sa
Data Means

s fz

10000 20000 30000 40000 5 7 15

ap

30 004 008 012 016 020 024

Individual value plot showsvo possibleoutliers, but a deeper analysis has to be done

to understand if they are outliers or noFigure69. The interaction plot @ not

considered because there are not any replicates.

General linear model

Factor Information

Factor Type

LevelsValues

S Fixed 4 10000; 20000; 30000; 4000
fz Fixed 45;7;15; 30
ap Fixed 6 0.04; Q08; Q12; Q16; Q20;
0.24
Analysis of Variance
Source DF AdjS¢ AdjMS FValue P-Value
S 3 0.061220.02040¢ 257 0.083
fz 3 0.1739C0.057967 7.30 0.002
ap 5 0.0599€0.011992 151 0.231
Error 20 0.158830.007941
Lackof-Fit 13 0.125180.00962¢ 2.00 0.181
Pure Error 7 0.033650.004807
Total 31047591
Model Summary
S Rsq Rsq(adj Rsq(pred)
0.089115( 66.63%  48.27% 29.57%

90



From the ANOVA tablenly the factor fzhas p values lower than 0.05. But before

O2yOf dzRAY3 AGQa ySOS&4rNE (2 eSiduddand (KS

normality first.

Scatterplot of SRES vs FITS; S; fz; ap Probability Plot of SRES
FITS S Normal

SRES
t

oooooooooo

SRES

Figure70. (a) scatterplot forSaof SRES vs FITS; S; fz{@mprobability plot of SRES

There are not any outliers. The hypothesis of normality cannot be refésgdre70.
LiQa LI angludé th& onlii &ed Qer tooth issignificant on thesurface

roughness

6.1.5 Effect of thecutting parameters on regularity

hyOS +ft GKS GSada KI@S 0SSy R2yS 2y
characterize the regularity of the profiles obtained tlye passage of the tool,
understanding the phenomenon that generates the texture. Hegeraported some
profiles extracted using the Mahr MarSurf CWM 1(@08agnification50X NA 0.60)
with the corresponding cutting parameters:

1 Cutting speed: 144 m/min (30000 rpm);

T CSSR LISN) (220KY on >Ykd220KT

1 Depth of cut: 08 mm
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Parameters Value  Unit
Length 400 pm

Figure71. (a) extracted area(b) 3D extracted aredc) extracted profile at Vc=14lm/min, fz=30
> Yk (2 2 (.08 hm(repliCast)

9 Cutting speed: 144 m/min (30000 rpnr)
T CSSR LISNJ G220KY on >YklU220KT
91 Depth of cut: 008 mm
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Figure72. (a) extracted area(b) 3D extracted aredc) extracted profile at Vc=14lm/min, fz=30
> Yk (22 (.08 m [rdplican2)

9 Cutting speed: 144 m/min (30000 rp);
f CSSR LISN) G220KY mMp >Yki(220KT

1 Depth of cut: 008 mm
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Figure73. (a) extracted area(b) 3D extracted ared¢) extracted profile at Vc=14lm/min, fz=15
>Yk (22 4dmmml LI n

9 Cutting speed: 92 m/min (20000 rpm);
 Feedp®J (G22GKY on >Ykili220KT

1 Depth of cut: 004 mm
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Figure74. (a) extracted area(b) 3D extracted ared¢) extracted profile at Vc=m/min, fz=30
>Ykid224d@Bml LI n

These are exampdeof extracted profils that present a rgular pattern due to the
passage of the tool during cutting operations.

91 Cutting speedi885 m/min (40000 rpm);

f Feedpertooth7>Yk (22 0GKT

1 Depth of cut: 008 mm

pm o

350

300
250 1.0

200

150
0.5

100

50
0 0.0

0

94



nm
| P I P N P P T N R R R T P N T P T . .

200 344 3

100 4§ 3
0 :
-100 3 3

-200 3
-300 3 3

LI B B B S LA B B S B N B B B B B B A B S B B B B S BN B B B B B N N B N |
50 100 150 200 250 300 350 pm

Parameters Value Unit
Length 400 pm

Figure75. (a) extracted area(b) 3D extracted aredc) extrated profile at Vc£885 m/min, fz=7
>Ykid22dmaml LI n

This is an example of extracted profile that does not present a regular pattern due to
the passage of the tool during cuttirmgperations.

In the preliminary tests, desired results are obtained @tolving combination of
parameters.

T Ve=14In Yk YAYSEZ FiTon >YkG220KZ LIndny YY
f Ve=14In YKk YAYS Firmp >YkG220KZ LIndny YY

T Ve=944 YKYAYS FilTon >Ykii220KX FLIndny YY
Looking at all thextracted profiles, for the regularity of surface, the most significant
factor is the feed rate: by decreasing it the regularity of surface decreases. The second
important parameter is the depth of cut (ap): higher values of it generated a more
regular prdile.
All these considerations are confirmed by the modkthe tool with finite stiffness
(paragraph 5.1 The cutting force therefore leads to the deflection of this tool during
cutting, allowing the tool to work only with the front tooth and therefoleave a

regular trace on the surface being machined.

6.2 Extended evaluattn on H13 steel

Before starting with the realization of the diffraction grating on the inserts for
injectionmasf RAY 3> A0Qa ySOSaal NB ( 2paradetedF 2 N |
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that influence the regularity of the profile, selecting the best valueeach factor
From the screeningxperiment,anidea d what are the significant parameters and
what arethe valuesaround which to conductraexperimentis obtained.

A 2k factorial design with 3 replicates has been performed, for a total of 24 cutting
tests, using the @1.5 mm flat end mill from Mitsubishi as tool. Three factors, i.e.
cutting speed, feed gr tooth and depth of cut, have been varied on two leswedch

in a random order In Table 5 are presented all the test conditions and the

corresponding outputs of the experimentation

Test S \/e fz ap Fxy  Ftot Sa
n. [rpm] [M/min]  ©> YK [mm] [N] [N] w>Y
1 30000 1414 15 0.07 | 462 5.16 0.158
2 30000 1414 30 0.07 | 573 6.35 0.396
3 30000 1414 15 0.10 | 7.36 7.56 0.243
4 30000 141.4 30 0.10 | 829 8.61 0445
5 40000 188.5 15 0.07 | 1094 11.19 0442
6 40000 188.5 30 0.07 | 10.27 10.70 0413
7 40000 188.5 15 0.10 | 12.26 12.48 0.157
8 40000 188.5 30 0.10 | 18.10 18.23 0.170
9 30000 1414 15 0.07 | 5.27 5.64 0.179
10 30000 141.4 30 0.07 | 685 751 0.262
11 30000 141.4 15 0.10 | 7.76 8.01 0.130
12 30000 141.4 30 0.10 | 950 9.67 0472
13 40000 188.5 15 0.07 | 1557 15.&% 0.136
14 40000 188.5 30 0.07 | 1254 12.97 0.373
15 40000 188.5 15 0.10 | 13.47 13.70 0.157
16 40000 188.5 30 0.10 | 23.11 23.20 0461
17 30000 141.4 15 0.07 | 5,70 6.23 0.184
18 30000 141.4 30 0.07 | 698 7.01 0373
19 30000 141.4 15 0.10 | 7.38 7.67 0.135
20 30000 141.4 30 0.10 | 10.18 10.46 0414
21 40000 188.5 15 0.07 | 18.72 18.94 0.121
22 40000 188.5 30 0.07 | 19.10 19.41 0.281
23 40000 188.5 15 0.10 | 23.19 23.31 0.1»
24 40000 188.5 30 0.10 | 25.05 25.16 0.339

Table5. Design of expgments on H13 and outputs.

For the tests, two samples of H13 steel (size 25x25x12 mm) have been screwed on

the Kistler Microdynamometer 9317b in order to acquire the forces during the cutting
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operations. Each sample has been flattened befioing the tat; 12 tests have been
performed on each sample for a total of @fe part programs inthe AppendixA).

The aim of this experimentation is to investigate which are the best values of each
parameter to guarantee the best regulstructure; the replicate could also help in
understanding if the interctions between the factors are significant or not. As output,

it has been considered the RMS planar force Fxy, the RMS of the total force Ftot and
the surface roughness Sa. At the erfdlis campaign the vakiof each parameter

will be selected for machining the inserts for injectionuttbng.

6.2.1 Response variable: Fxy

Individual Value Plot of Fxy Main Effects Plot for Fxy
Data Means

ap 007 010 007 00 007 ol 007 010

uuuuuuuuuuuuuuuuuuuu

Figure76. (a) individual value plot for Fx{h) main effect plot for Fxyextendedests on H13.

The individual vale plot indicates that no evident outliers appear and the variability
among the factor levels appears uniforkigure76(a). The factorgutting speed ad

depth of cut seem to benore relevant tharfeed per tooth Figure76(b).

Now, since there are 3refliF & FT2NJ S OK O2yRAGA2Y X AlGQa

interactions between factorgrigurer?7.
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Interaction Plot for Fxy

Data Means
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Figure77. Interactionplot for Fxy extended tests on H13.

Theinteraction plot for Fxy shows that the interactions between thdting speed
and the other two factors is not significant, since the lines are parallel one to each
other, while the interaction between fz and ap seems to be significant, but a deeper

analysis is necessary to bring some conclusions.

General linear mode

Factor Information

Factor Type LevelsValues

S Fixed 2 30000;
40000

fz Fixed 215; 30

ap Fixed 20.07; Q10

Analysis of Variance

Source DF AdjS¢ AdjMS FValue P-Value
S 1568032 568032 5235 0.000
fz 1 22807 22807 2.10 0.166
ap 1 78650 78.650 7.25 0.016
S*fz 1 0901 0.901 0.08 0.777
S*ap 1 6675 6.675 0.62 0.444
fz*ap 1 20576 20576 1.90 0.187
S*fz*ap 1 15144 15144 1.40 0.255

Error 16 173609 10.851

Total 23 886.393
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Model Summary

S Rsq Rsq(adj Rsq(pred
3.29402 80.41% 71.85% 55.93%

From the ANOVA table the factarstting speed and depth of clitave p values lower
than 0.05 while feed per tooth has a low-yalue, buthigher than 0.05Also, the
interactions are not significant, but the interaction*ap has a low fwvalue and this
fact should be kept in consideration.dziT 0 SF¥2NB 02y Of dzRAy 3

the assumptions for standardized residuals and norméiligy.

Scatterplot of SRES vs FITS; §; fz; ap Probability Plot of SRES
Normal
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Figure78. (a) scatterplotfor Fxy of SRES v3&] S; fz; afih) probability plot of SRE&xtended tests
on H13.

The scatterplots indicate that no evident outliers appear, all the standardized
residuals in facbelong to the interval-@; +3). The normality hypothesis cannot be
rejected (even with avery small pvalue) Figure78. If the model is reduced not
considering the interactions between factors, the normality assumption would not

be rejected with a highep-value Figure ®.
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Probability Plot of SRES
Normal
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Figure79. Probability plot of SRES the reduced model, extended tests on H13.

Comparisons
1 Tukey Pairwise Comparisormsitting speed
Grouping Information Using the Tukey Method and 9Béfifidence

S N Mean Grouping
4000C 12 16.8652 A
3000C 12 7.1353 B

1 Tukey Pairwise Comparisomepth of cut
Grouping Information Using the Tukey Method and 95% Confidence

ap N Mean  Groupinc
0.10 12 13.8105 A
0.07 12 10.1900 B

Through this deeper analysis anK S wa{ 2F GKS LX I yI NJ TF2NDS
conclude that the factors that have io#nce on its value are the cutting speed and

the depth of cut, but also the feed per tooth and the interaction between feed and

depth of cut should be taken under control, because presentsvalpe not so far

FTNRY nonpd® CNRY (KS to@eeYHathighkri@ugsiof plata@ a LJ2 & a A
forces are generated when cutting is done considering the highest level of cutting

speed and depthof cut. By looking at the model of tool with finite stiffness, it is

important to increase the cutting force in order tgenerate a deflection able to

JdzF N yiSS GKFEG GKS NBIFNI G220K R2SayQi G2dzOrF
the damaging of it.
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6.2.2 Response variabld:tot

Individual Value Plot of Ftot Main Effects Plot for Ftot
Data Means
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Figure80. (a) individual value plot fortbt, (b) main effect plot foRot, extended tests on H13.
The individual value plot indicates that no evident outliers appear and the variability

among the factolevels appears uniforpfrigure80(a). The factors cutting speed and

depth of cut seem to be more relevant than feed peoth, Figure80(b).

b2g> aAyOS GKSNB INB o NBLIX AOFa F2N St

interactionsbetween factors Figure31.

Interaction Plot for Ftot
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Figure81. Interactionplot for Rot, extended tests on H13.

The interaction plofor Rot showsthe same results obtained for Fxy.
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General linear model

Factor Information

Factor Type LevelsValues

S Fixed 2 30000;
40000

fz Fixed 215; 30

ap Fixed 20.07; Q10

Analysis of Variance

Source DF AdjS¢ AdjMS FValue P-Value

S 1553526 553526 5205 0.000
fz 1 23089 23.089 217 0.160
ap 70.383 70.383 6.62 0.020

1
S*z 1 0991 0.991 0.09 0.764
S*ap 1 6968 6.968 0.66 0.430
fz*ap 1 19552 19552 1.84 0.194
S*fz*rap 1 14.021 14.021 132 0.268
Error 16 170151 10.634
Total 23 858680

Model Summary

S Rsq Rsg(adj Rsq(pred)
3.26105 80.18%  7152% 55.42%

From the ANOVA table the factarstting speed and depth of ctitave p values lower

than 0.05 while feed per tooth has a low~yalue, but higher tan 0.05 Also, the

interactions are not significant, but the interaction fz*ap has a lewajue and this

fact should be kept in consideration.dzi 6 SF2NB O2y Of dzZRAYy 3 Al Qa

the assumptions for standardized residuals and normality first.

102



Scatterplot of SRES vs FITS; S; fz; ap Probability Plot of SRES
. Normal
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Figure82. (a) scatterplotfor Rot of SRES vs FITS; S; fz{tamrobability plot of SRE&xtended tests
on H13.

The scatterplots indicate that no evident outliers appear, all the standardized
residuals in fact belong to thaterval ¢3; +3). The normality hypothesis cannot be
rejected (even with a very small-palug), Figure82. If the model is reduced not
considering the interactions between factothe normality assumption would not

be rejected with a higheralue Figue 83.
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Figure83. Probability plot of SRES the reduced model, extended tests on H13.

Comparisons
1 Tukey Pairwise Comparisomsttting speed
Grouping Information Using the Tukey Method and 95% Confidence

S N Mean Grouping
40000 12 17.0988 A
30000 12 7.4939 B

1 Tukey Pairwise Comparisomgpth of cut
Grouping Information Using the TukBlethod and 95% Confidence
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ap N Mean Grouping
0,10 12 14.0089 A
0,07 12105839 B

Through this deeper analysis ¢he RMS of thetotal force Ftot, A 1 Q& L2 &daAof S
conclude that the factors that have influence on its value are the cutting speed and

the depth of cut, but also the feed per tooth and the interaction between feed and

depth of cut should be taken under control, becausegents a praluenot so far

FTNRY nonpd® CNRY GKS O2YLJ} NR &2 ytatalforéeQa L2 &aaAo
are generated when cutting is done considering the highest level of cutting speed and

depth of cut.The same considerations and the sameutessof theplanar force case

were obtained, since the contribution of the force in z is very small when compared

with the forces in the other two directions.

6.2.3Response variable: Sa

Individual Value Plot of Sa Main Effects Plot for Sa
Data Means

L] L]

Figure84. (a) individual value plot foBa (b) main effect plot foSa, extended tests on H13.

The individual value plot indicates that no evident outliers appear and the variability
among the factor levels appears uniforfigure84(a). The factorfeed per tooth
seems to be more relevant thahe other two, Figure84(b).
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interactions between factorg-iguress.
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Interaction Plot for Sa
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Figure85. Interactionplot for Sa, extended tests on H13.

The interaction ot for Sashows that the interactions between the cutting speed and
the other two factorsseem to besignificant, since the linesosseach other, while
the interaction between fz and ap notsignificant, but a deeper analysis is nessy

to bring sone conclusions.

General linear model

Factor Information

Factor Type LevelsValues

S Fixed 2 30000;
40000

fz Fixed 215; 30

ap Fixed 20.07; Q10

Analysis of Variance

Source DF AdjS¢ AdjMS FValue P-Value

S 10.00170C0.00170C 0.20 0.663

fz 10.20498(0.20498C 2373 0.000

ap 10.0001310.000131 0.02 0.904

S*fz 1 0.0083620.008362 0.97 0.340

S*ap 10.0165370.016537 191 0.185

fz*ap 1 0.0088940.008894 1.03 0.325

S*fz*ap 10.0011210.001121 0.13 0.723
Error 16 0.13820€0.00863¢

Total 230.37993¢
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Model Summary

S Rsq Rsq(ad] Rsq(pred)
0.092940¢ 63.62% 47.71% 18.15%

From the ANOVA table thenly factor with a p values lower than 0.0 feed per
tooth. Also, the interactions are not significastnce all the p vaks are higher than
005. dzi 6SF2NBE O2y Ot dzZRAYy3a AlGQa ySOSaalNB (G2 (

residuals and normality first.

Scatterplot of SRES vs FITS; S; fz; ap Probability Plot of SRES
FiTs 5 Normal
29
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- 7.1 . StDew 1022
95 N 24
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Figure86. (a) scatterplotfor Saof SRES vs FITS; S; fz{tgmprobability plot of SREStended tests
on H13.

The scatterplots indicate that no evident outliers appear, all the standardized
residuals irfact belong to the interval-8; +3). The normality hypothesis cannot be

rejected Figure36.

Comparisons
1 Tukey Pairwise Comparisorieed per tooth

Grouping Information Using the Tukey Method and 95% Confidence

fz N Mean Grouping
30 120.36658ZA
15 120.18175C B

Through this deeper analysis ¢ime surface roughness Sa A 1 Qa L}2aaAiof S G2

that the factor that ha influence a its valueis the feed per tooth. From the
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generated whercutting is done considering the highest levefadd.
6.2.4 Effect of the cutting parameters on regularity

After machining H the slots, each generated surface has been acquired using the
Mahr MarSurf CWM 10@nagnifiation 50X NA 0.6Qto check the regularity of the
profiles obtained and looking if the replicas present the same pattern, otherwise
some troubles like tool weanr differences in the two samples could be preserdrd
is a summary with all the profiles obtained and the esponding processing
parameters

71 Cutting speed: 144 m/min (30000 rpm);

 Feedpertoothl5> YK (122 G KT

1 Depth of cut: 07 mm

Figure87Z.9 EG N>} OGSR LINRBFAES i +O0Orfmnmodn YKYAYS FiT wmp
replica 2, (c) replica 3.

1 Cutting speed: 144 m/min (30000 rpm);
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