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MODELLING OF MULTI-LAYER
MATERIALS CUTTING

Wojciech ZEBALA

Summary

The paper presents some aspects of modelling of multi-layer materials cutting process. Numerical
calculation with the finite element method (Lagrangian equations) were performed for the decohesion
process simulation of the example workpieces (machined with one tool wedge) consisted of two and
three layers with different mechanical properties. Results of calculation in the form of colour maps of
temperature and plastic strain fields distributions in the cutting zone are presented. An example course
in time of the main cutting force components, during wedge tool passage through the different layers of
the cutting material, is presented.
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Modelowanie skrawania materiatéw wielowarstwowych

Streszczenie

W pracy omdwiono wybrane zagadnienia modelowania procesu skrawania materiatéw wielo-
warstwowych. Obliczenia numeryczne metoda elementéw skonczonych (réwnania Lagrange’a)
prowadzono w celu symulacji procesu dekohezji modelowych materiatéw obrabianych. Materiaty
sktadaja si¢ z dwdch lub trzech warstw o réznych wihasciwosciach mechanicznych. Obrébke
skrawaniem prowadzono za pomoca jednego ostrza narzedzia. Okreslono rozktady wartosci tem-
peratury i odksztatcenia plastycznego w strefie skrawania. Przedstawiono przyktady zmiany wartosci
sktadowych catkowitej sity skrawania podczas przejscia ostrza narzgdzia migdzy réznymi warstwami
skrawanego materiatu.

Stowa kluczowe: modelowanie, skrawanie, materiaty wielowarstwowe

1. Introduction

Application of computer methods for designing afhieological processes
is necessary to fulfil today’s high demands conicgymccuracy and efficiency
of the manufacturing process of machine parts,dmyoving layers of material
from the workpiece with a cutting tool. The constron of machining
simulation models enables speedy visualization hip ccreation process in
a wide range of machining parameters [1-3].
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Multi-layer material (called a composite) is a mietlewith inhomogeneous
structure, combined from two or more component wdifferent properties.
One of the constituent materials is a warp (matbofding the composite into
a whole and giving it hardness, elasticity and c@sgion resistance. The other
component of the composite is a structural matergsponsible for rein-
forcement of the composite by forming its othergamies. In general, the role
of the warp is to protect the reinforcing matertednsfer external stresses onto
it, and provide the required shape to the compgsiteproduced, while function
of the reinforcing material is reduced to secumghhinechanical properties for
the composite and reinforce the warp in selectivections [4]. Properties of the
composite depend on the physical properties of whep and those of the
reinforcing material, form of a reinforcement (fis; particles) and relative
contents of the warp (Y and the reinforcement Y formulated as volumetric
fractions (\6+V , = 100%).

Composite materials can be divided into the follogvjjroups [5]:

* Structural composites — where continuous strustwe the structural
components occur — layers (e.g., plywood), rodg.,(eeinforced concrete) or
regular three-dimensional structures, e.g., strasttesembling a honeycomb.

e Laminates — which are composed of the fibres deait the binders
— depending on the fibre order we can distinguismmosite bands — fibres
arranged in one direction — composite mats in tweopendicular directions
— or composites with fibres arranged at random.

« Micro-composites and nano-composites — in whidjuler structure of
two or more components is already arranged onyperhmolecular level — e.g.,
wood is a kind of the micro-composite, composethefcellulose fibres twisted
in bundles, "glued” by a lignin.

« Structural alloys — which are a kind of metal ydlo metals with non-
metals, polymers with polymers and polymers withtatseeand non-metals with
very regular microstructure, e.g., duralumin.

Properties of the composite with long and ordeityels are definitely
anisotropic. Long fibres can be unidirectional (ddtes parallel to each other) or
weaved into a woven fabric form (,preform" techréguUnidirectional location
of fibres provides the highest mechanical propetisethe composite.

Growing interest in composite materials — includimginly the fibrous
composites — and the specificity of its structuagise the need to develop the
rational methods for their machining. Composites @raracterized by the non-
homogeneous structure and anisotropy and are ttexiada with highly abrasive
properties, which is the cause that machining ve®imany difficulties [5, 6].

In the case of precision cutting of different constion materials, like steel
or other metal alloys we should also consider majter workpieces of
“composité type [7-9]. Figure 1-2 show the differences betwemacro and
micro scale of cutting.
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Fig. 1. Relation between undeformed chip thickneaachgrain size:
a) conventional size cutting, b) micro-cutting

During micro-cutting a chip is formed basing on theision of a single grain
(Fig. 1b) and the formed chip experiences a negatdke angle of high
modulus, Fig. 2b. In the conventional size cuténgutting edge can be assumed
as almost perfectly sharp and the actual rake argi®sponds to the nominal
one, Fig. 1a, 2a.
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Fig. 2. Relation between undeformed chip thickneandhcutting edge radiug r
a) conventional size cutting, b) micro-cutting

The microstructure has a very strong influence lo@ thip formation
process [7]. Figure 3 shows the C45 steel withlatively large grain structure
during decohesion process for different undeforrleigp thickness, which can
be varied substantially through heat treatment tndughout the workpiece.
The average ferrite grain size is aboutptf while pearlite grains can exceed
100pm.
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Fig. 3. Optical images of the C45 steel microstrees during decohesion
process for different undeformed chip thicknessha&) 0,02 mm, bh =
=0,05 mm; larger pearlite grains (grey) and smddlerite grains (white)

Figure 4a presents a FE model, showing the micatestutting across two
different materials: bigger pearlite (A) and smalfierrite (B) [8]. The general
FE model is based on a number of basic assumptibms. cutting tool is
assumed to be sharp even at such a small scalenaitBUE. The material
properties of A and B are meant to be rough apprations of a pearlite and

ferrite microstructure respectively.
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Fig. 4. Chip formation during micro-cutting: a) FEodel showing the micro-scale cutting
across two different materials (A — pearlite graB,— ferrite grain), b) temperature
distribution in the cutting zone

Basing on a numerical calculation a chip shapetamgperature distribution
in the micro-cutting zone were achieved, Fig. 4btti@g speed and feed were

respectively: 300 m/min and 0,005 mm.

2. Modelling and simulation

Modelling researches embraced the working out oamalytical model of
multi-layer materials decohesion process in coowditof high speed shaping.
Within the framework of numerical calculations atemal strain analysis was
taken. Model took into consideration the physicaipgrties of the pair: tool
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wedge-cutting material. The achieved distributi@istemperature, stress and
strain fields permit the virtual model determinatiof the decohesion process of
specific composite materials. Lagrangian finiteneat method was used to
simulation of the decohesion process [10]. Equatigeresents the constitutive
model by which the material will be governed.

o(e?,£T)=g(e?)* T(H* AT )

where g(e®) is strain hardening["(£) is strain rate sensitivity an@(T) is
thermal softening.

The composite material could crack during actintheftool edge on it. The
model of crack propagation in material consistaafurve fit (up to a 5-order
polynomial) to aStrain to Failure vs. Temperaturgraph. The following
equation (2) contains coefficients defining gigin to failurefunction.

ef =do+d, T+ LT+ TP+ d T+ d P 2)

The results of an example computer simulation afodesion process of
two-ply workpiece (composite consists of horizonfers) in the separate
phases, in the form of temperature field distrimitare presented in Fig. 5-7.
Layer 2is about three times harder thimyer 1, see Table 1. Cutting speed
Ve = 300 m/min.

Table 1.Propertiesof two-ply workpiece

Properties Layer 1 Layer 2
Yield strength 220 MPa 612 MPa
Hardness 110 BHN 305 BHN

b) c)

Temperature °C

1T mm

Fig. 5. Model of decohesion zone — successive phatsgecohesion process (a)+(c)
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b)

Temperature °C
900

a)

—_
Fig. 6. Model of decohesion zone — successive ghafsgecohesion process, continuation (a)+(c)
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Fig. 7. Model of decohesion zone — the last ph&ship creation: a) temperature field
distribution, b) model with finite element net

Calculation values like chip compression ratio, maxn temperature and
plastic strain values in the chip body coming frdiffierent layers are presented
in Table 2. For comparison, Table 2 contains threesaalues but calculated for

homogenous model, built from only one material [@ger 2). Uncut chip
thickness was 0,1 mm. The other parameters weresdhee as for two-ply

layer 2)

workpiece.
Table 2. Chip compression ratio, maximum temperadareplastic strain values in the chip body
coming from different layers and from homogenousleto
Chip coming from An Tmax °C &
Layer 1st (Upper part of the chip) 2,25 303 1,8
Layer 2 (Bottom part of the chip) 3 852 5,6
Homogenous model (properties of 2,1 770 5,3
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The relative high chip compression ratio can besplesl. The part of the
chip, created from the more strength material ((&)epossesses a higher chip
compression ratioA, = 3) than in the case of homogenous modgl= 2,1).

It results from the additional difficulties of tHieee chip flow, which is blocked
by the upper layer of the two-ply model. The inseeaf normal force, acting on
the rake face increases the friction force in tbigion, what causes the bigger
value of the chip compression ratio and higher tnaure in the cutting zone
(852C) (Fig. 8). The maximum plastic strain is biggada&xists in the bottom
part of the chip, close to the cutting edge (56y.(9).

b)

Temperature C

0.2mm

Two-layer model Homogenous model

Fig. 8. Temperature field distribution in the wpigce for:
a) two-ply model, b) homogenous model

b)

Plastic strain

02 mm
Two-layer model | I | Homogenous model

Fig. 9. Plastic strain field distribution in the kkpiece for:
a) two-ply model, b) homogenous model

The following example in Fig. 10-11 presents thedeloof decohesion
process of composite substance, consisted of theecal layers made of
different materials (Tab. 3). Cutting speed 75 m/min. The courses in time of
main force components, andF,, during process are presented in Fig. 12.
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Table 3. Properties of three-ply workpiece

Properties Layer 1 Layer 2 Layer 3
Yield strength 220 MPa 290 MPa 240 MPa
Hardness 110 BHN 205 BHN 180 BHN
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Fig. 10. Model of three-ply decohesion zone (&rétement net) — initial phase of decohesion
process. Layers are placed perpendicular to thimgigpeed vector

Fig. 11. Model of decohesion zone: a) temperdiahe distribution,
b) plastic strain distribution

The chip after cutting consists of three parts.ti@gtforces violently
change their values in the moment of the beginwihthe successive material
cutting. Chip compression ratio, maximum tempertmd plastic strain values
in the chip body coming from different layers aregented in Table 4.
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Fig. 12. Course in time of ,and F; main force components during decohesion process

Table 4. Chip compression ratio, maximum temperanckeplastic strain values
in the chip body coming from different layers

Chip coming from Ap Tinax, °C £
Layer 1st 3,25 274 6,9
Layer 2nd 2,1 410 4,1
Layer 3rd 3,4 415 6,8

3. Conclusions

In the case of composites we have to deal withtifayler materials.
Composites are particularly applied in the secsoish as aircraft, aerospace and
automotive industriedncreasing application of these kind of materzdsises
the necessity of the rational methods of their fagnModelling researches of
the multi-layer workpieces permit the prognosis tbé machined material
behavior in non-typical conditions. The correct esibn of the cutting
parameters, in the situation of the cutting of mate with various physical
proprieties (e.g. the alloy of aluminum and steéth one tool is essential from
the point of view of the surface quality and to@aw.
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