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Abstract The capability of estimating the surface quality of workpieces in machin-

ing is still a challenging goal. The morphology of the processed surfaces does not

only depend on nominal tool geometry and on machining parameters but it is also

affected by several complex cutting phenomena and deviations from nominal condi-

tions. In this paper, a framework model for estimating the surface texture in milling

operations was developed. The model allows considering various tool geometries and

the corresponding alignment/mounting errors. Since the back cutting phenomenon is

adequately formalized, the model is particularly suitable for estimating the surface

topography in face milling. Although the model does not consider the contribution

due to the cutting forces, it is suitable for being fed by measured tool vibrations.

The predicting capabilities of the conceived model were tested considering a high-

feed milling operation that typically generates complex patterns on the processed

surfaces. The model validation was carried out comparing the numerical and the real

machined surface morphology. The analysis confirmed that the surface morphology

can be predicted with negligible errors.
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1 Introduction

In machining, the possibility of predicting the overall machine behaviour as well as

the properties of the processed part in terms of geometrical errors, surface quality

and surface morphology would be extremely useful for production engineers and

machining experts that often rely, for selecting the machine, the tools and the process

parameters, more on their expertise than on structured methodologies. This leads

to the adoption of over-simplified approaches. In many high-value applications, the

quality of the machined surfaces as well as the corresponding process signature are

properties that affect the performance and the functionality of the processed compo-

nent, [5, 10]. For this reason, from the manufacturing side, assuring the achievement

of the desired outcomes is not a trivial task. Although the surface roughness Ra is

the most widely adopted synthetic indicator for describing, especially in industry, the

surface quality, often it is not suitable for performing adequate evaluations regarding

the workpiece functionalities, [14, 15]. In recent years, since the availability of areal

topography measuring instruments allows extending and enhancing the surface anal-

ysis capabilities [29], the research efforts towards the surface morphology prediction

in machining processes have been increased.

According to the specific literature [5], various methodologies, each one with

positive and negative aspects, were developed by researchers in order to predict the

surface roughness. The first methodology is based on a physical model of the ma-

chining process, one relates on experimental approaches and lastly, techniques based

on artificial intelligence can be exploited although they need experimental data from

the field. Even the possibility of combining physical-based models with experimen-

tal data coming from the field (concept of cyber physical system CPS) seem the most

promising recent trend, [19].

Focusing on milling, models that describe the interaction between the cutting

edge and the workpiece have been matter of study since the mid ’80s. When the tool is

machining a work-part, according to its geometry, it generates a complex surface. For

instance, if a cylindrical tool is considered, it generates a surface on its floor and a wall

surface in correspondence to its side. If the generation of the side surface topography

is relatively easy to be modeled and predicted since the interaction between the tool

and the work-piece can be roughly studied in two dimensions (i.e. considering a series

of cross-sections of the tool, perpendicular to its axis), the interaction between the

bottom of the tool and the linked processed surface is much more difficult to be

analyzed. Indeed, in such a case, a 3D approach is required.

For this reason, peripheral milling has been the most studied machining process.

Elbestawi et al. [12] simulated the machined surface topography by taking into ac-

count the effect of cutting speed, immersion ratios, flank wear, tool vibration and run-

out. For the prediction of the wall surface in peripheral milling, Ehmann and Hong

[11] were the first authors that combined the machine tool kinematics model and the

cutting tool geometry with the possibility to consider the machine vibrations. Lee et

al. [20] included data from the field (tool vibrations estimated from acceleration mea-

surements) in their model for the surface roughness prediction. The experimental val-

idation showed quite good estimation capabilities although some limitations, in case

of high-frequency vibrations, were observed. Xu et al. [30] developed a model for the
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surface morphology in peripheral milling. They considered static and dynamic cutter

deflection as well as the force on the tool. Relevant estimation errors were observed

when high vibrations (unstable machining) were considered. A deep study of the ef-

fect of cutters runouts in peripheral milling is proposed by Schmitz et al. [28]. After

a partial validation, the model was used for analyzing the effect of several parameters

on surface roughness. Omar et al. [26] extended the previous model even taking into

account the wear of the flank. The tool was axially discretized and for each cutting

edge portion, the interaction with the meshed work-part was calculated for comput-

ing the resulting cutting force, [12]. The model was validated by a set of simulation

runs and it seemed capable of predicting both the cutting force components as well

as the surface topography of simple references cases found in literature. An extended

validation, based on structured cutting tests, would have been useful for understand-

ing the real capabilities of the modeling approach. Buj-Corral et al. [7] and Yang and

Liu [31] studied the influence of different parameters on the surface topography in

peripheral milling. If the first modelling approach seemed too simplified, the second

research, after a proper validation, demonstrated, through simulations [17], that the

deflection of the tool is the most influential parameter over the generated surface pro-

file. The relevance of the cutting vibrations on the resulting machined surfaces was

also studied by Jiang et al. [16], Arizmendi et al. [4] and Costes and Moreau [9].

For what concerns the floor topography face milling operations, in [23], a rather

simple kinematic model of the milling process was considered and coupled with a

cutting force model. The back cutting was even considered by Ryu et al. [27]. An-

other generalized model was developed by Altintas and Engin [2]. The profile of each

cutting edge was parametrically described and its position was then computed ([24])

in order to calculate the chip thickness, the cutting forces and, as a consequence, the

corresponding vibrations. In both the previous researches, the comparison with exper-

iments revealed quite good predicting properties although the use of a too simplified

dynamic modeling can affect the results in more complex test cases. Li et al. [21]

simulated the floor surface topography in end mill exploiting a model based on the

pure kinematics interaction between the inserts and the processed material. Recently,

Muñoz-Escalona and Maropoulos [25] developed a geometrical model for surface

roughness prediction in face milling with square inserts. Although the model did not

considered some relevant aspects like cutting vibrations, tool deflection, and the back

cutting effect, the simulations showed a quite good matching with the experimental

roughness measurements. This is mainly due to the specific adopted validation test

conditions. Much of the research carried out for predicting the floor surface refers

to ball-end milling since it is typically used for finishing parts, [18, 6, 3, 8, 13]. Few

works even dealt with 5−axis ball-end milling, [32, 22, 10]. Most of these researches

focused on the macroscopic (scallop height evaluation) effect of the geometrical in-

tersection between tool and the machined workpiece. Some of them studied the ef-

fects of cutting parameters but only in few of them a proper comparison between the

predicted morphology and the observed one was carried out.

According to the performed literature analysis, in this research an innovative and

generalized model for the topography prediction of the machined surfaces in milling

operations was developed. More specifically, the model is suitable for predicting the

surface morphology of both the wall and the floor of a generic milling operation.
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The model is based on a geometric engine that considers the description of the tool

geometry and the discretized representation of the piece. From the geometrical point

of view, it considers the real insert geometry, including radial and axial run-out or

mounting errors. The model takes into account the back cutting phenomenon and

it is suitable for being fed by experimental measurements of the tool vibrations. In

this paper, the predicting capabilities of the model were tested considering a high-

feed face milling application in which, typically, due to the insert geometry and the

machining parameters, the processed surfaces, created by the bottom part of the tool,

exhibit very complex patterns. The validation of the model was carried out comparing

the estimated 3−D surface morphology and the scanned one. The paper is structured

as follows. In section 2 different aspects of the developed model were introduced. The

formalism used for describing the tool kinematics and its geometrical modeling are

presented in section 2.1. The tool-workpiece interaction is formalized in section 2.2.

In section 3 the model validation procedure is described and the results are critically

discussed in section 3.2.

Nomenclature

000111 Reference System

III Identity Matrix

ppp Vector describing the position of a generic point on the cutting edge with

respect to reference system 000111

RRR Rotation matrix

∆ ppp Vector describing the relative position of the reference 000222 with respect to

framework 000111

∆s Discretization step of the curvilinear abscissa

∆ t Time interval for the simulation

∆X , ∆Y , ∆Z elements of the vector ∆ ppp

∆x1r mesh size ratio along x1 direction

∆x1 mesh size along x1 direction

∆y1r mesh size ratio along y1 direction

∆y1 mesh size along y1 direction

∆z1r mesh size ratio along z1 direction

∆z1 mesh size along z1 direction

x̂3, ŷ3, ẑ3 Coordinates of the reference system 0̂00333

vib Tool vibration

v unit vector linked to the tool rotation axis

ω Tool rotation velocity

000222 Reference System associated to the tool centre

ppp Vector describing a generic position on the cutting edge with respect to ref-

erence 000222

x2, y2, z2 Coordinates of the reference system 000222

θ Rotation angle

θe Tool lead angle

ṽ cross-product matrix
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ae Radial depth of cut

ap Axial depth of cut

Dint Internal diameter of the tool

Dnom Nominal diameter of the tool

f j Generic jth component of the axis feed velocity

fz Feed per tooth

R Tool radius

Re Insert tip radius

Ra Surface roughness

s curvilinear abscissa

t time

ti Generic discretized ith time instant

x1, y1, z1 Coordinates of the reference system 000111

Z number of teeth

2 Material and Methods

In this section, the developed model for the estimation of the surface morphology

in milling is presented. More specifically, both the process kinematics and the tool

description are formalized. In addition, the tool-workpiece interaction engine is de-

scribed.

2.1 Kinematic model of the milling process

Since the surface signature estimation, with the conceived approach, is provided by

coupling the tool-workpiece geometrical interaction model together with a module

for the tool motion description, a proper three-dimensional kinematic modelling of

the tool is formalized. It was decided to analytically describe the profile of each cut-

ting edge in terms of position and orientation when the tool is performing a general

milling operation. It was done by defining a reference coordinate system and a se-

ries of subsequent transformations. Let us consider a generic fixed coordinate system

000111 = {01,x1,y1,z1} as the reference system. Each kinematic transformation describes

the position and the orientation referred to a new reference system. The complex mo-

tion of a single cutting edge can be described as a rotation around a moving coordinate

system 000222 =
{

02,x2,y2,z2

}
. This coordinate reference system is shown in Figure 1

and it is based upon two main assumptions: the tool body and the cutting inserts (or

cutting teeth) do not undergo any deformation or reciprocal displacement and the tool

system motion 000222 with respect to 000111 is a pure translational motion without any rota-

tion. Although this modelling approach allows an easy representation of the cutting

edge nominal kinematics, it is not suitable for representing any bending deformation.

The position and the orientation of the tool are described by the coordinate system

000222 =
{

02,x2,y2,z2

}
with respect to the reference 000111; this reference system is ideally

fixed to the tool center, aligned with the machine axes and it moves according to the

tool center position. Its description, with respect to the reference system, is defined
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Fig. 1 reference kinematic framework

by pure transnational motion, Eq. 1:

ppp = ppp+∆ ppp (1)

Where ppp is the vector that describes the position of a generic point on the cutting

edge with respect to 000222, and ppp is its representation with respect to 000111. The transna-

tional contribution is depicted in Fig. 1 and is defined as follows:

∆ ppp =
−−→
0102 = (∆X ,∆Y,∆Z)T

(2)

The cutting edge position and orientation are then defined by the coordinate sys-

tem 0̂00333 =
{

0̂3, x̂3, ŷ3, ẑ3

}
. In such reference system, the geometrical properties as well

as the 3D configuration of the cutting edge can be defined. This modelling approach

allows considering peculiar aspects (i.e. insert run-outs) and it is suitable for tak-

ing into account indexable cutters with inserts, as well as end-mills with complex

cutting edge profiles. The coordinate reference system 0̂00333 integrally moves with the

tooth/insert. Its motion is described with respect to the tool center coordinate system

000222 and it can be formalized considering a combination of a translational contribution

and a rotational contribution.

p = RRR(θ) p̂pp+∆ ppp = RRR(θ) p̂pp︸ ︷︷ ︸
{0̂3,x̂3,ŷ3,ẑ3}

+RRR(θ)(R,0,0)T

︸ ︷︷ ︸
−−→
020̂3

(3)

Where p is the representation of a point with respect to 000222, R is the tool radius

and RRR(θ) is the rotation matrix in the following form:

RRR(θ) = I+ ṽsinθ +2ṽ2 sin2 θ

2
(4)

where III is the identity matrix and ṽ the cross− product matrix for the unit vector

v = (v′x,v
′
y,v

′
z) that represents the axis of rotation.
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ṽ =




0 −v′z −v′y
v′z 0 −v′x
−v′y v′x 0


 (5)

This is the so-called Rodriguez′s formula for the rotation matrix, expressed in

terms of the angle of rotation θ . At this point, it is rather simple to describe the

position of p̂ with respect to the reference system:

p = R(θ) p̂+R(θ)(R,0,0)T +∆p (6)

From Eq. 6, the contribution of tool center vibrations may be introduced by

adding a translational contribution ∆vib that represents the vibration of 000 with re-

specto to 000 (tool tip oscillation) due to the machined flexibility, so that:

p = R(θ) p̂+R(θ)(R,0,0)T +∆p+∆vib (7)

As previously described, in the model formulation it was decided to take into con-

sideration the contributions linked to the machine vibrations ∆vib through the tool tip

oscillation measurements that can be carried out with a specific laboratory setting or

using an estimation approach based on Kalman Filter as developed in Albertelli et al.

[1]. Time dependency is finally introduced considering θ = ω t with ω representing

the actual spindle speed and ∆p = ( fxt, fyt, fzt)
T where f j represents the generic jth

component of the feed velocity vector. This discrete time evolution is based upon a

time interval ∆ t so that ti+1 = ti +∆ t.

2.2 Tool-workpiece interaction model

So far, the overall cutting edge motion has been modeled with respect to a fixed refer-

ence system. However, in order to get a realistic representation of the surface signa-

ture, a proper tool-workpiece interaction model was created. For sake of generality,

the developed approach is suitable for being used with any cutting tool geometry but,

in order to be more effectively presented, a high feed milling indexable tool cutter

was taken as the reference case, Fig. 2. As can be easily noted in Fig. 2, the red line,

that is the portion of the cutting edge potentially involved in the cut, is defined with

respect to the local coordinate system 0̂00333. Referring to the specific case, the active

cutting edge portion is composed by the circular arc ÂB and the linear segments BC

and CD. It is clear how any other cutting edge profile can be similarly defined.

The idea that underpins the proposed approach is the discretization of the work-

piece volume in two subsequent steps. At first, the volume is subdivided into two-

dimensional slices parallel to the feed direction x1. The overall number of slices and

the step between them define the discretization approach used along the transversal

direction z1. The second discretization step is carried out by meshing each slice with a

predetermined resolution both along feed (x1) and axial (y1) directions. This twofold

discretization procedure is described in Fig. 3, where the interaction between the tool

and a generic slice of processed material is also illustrated. The discretization reso-

lution affects both the simulation results and the computational time. Depending on
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Fig. 2 reference kinematic framework

the simulated milling operation, the most appropriate mesh sizes compromise need

to be found. Surely, an equal sub-micrometric discretization mesh, accross all the

considered directions (x1, y1, z1), would satisfy the accuracy specification but, at the

same time, it would result in an infeasible simulations time. For this reason, a specific

meshing size has to be selected for each direction. According to the accomplished ex-

pertise, the following rough guidelines can be taken into account for the first mesh

selection without considering tool vibrations: ∆x1r = 1/10− 1/100 of the fz along

x1, ∆y1r = 1/10 − 1/50 of the expected floor surface roughness Ra along y1 and

∆z1r = 1/5−1/20 of the expected side roughness Ra along z1.

The roto-translational tool motion drives each cutting edge through the slice leav-

ing subsequent traces of the edge profile.

The combination of each subsequent edge trace on a slice defines a relative 2D

surface profile; by combining each slice involved in the cutting process, the 3D sur-

face topography can be obtained. The intersection between each cutting edge and the

involved slices is a critical part of the tool-workpiece interaction model. Once the

workpiece has been discretized, two main aspects need to be considered. Firstly, the

cutting edge portion involved in the process needs a discrete representation in or-

der to properly interact with the workpiece. Secondly, since the tool motion is also

time-discrete, a proper representation of the edge position in-between the positions

corresponding to two subsequent time instants is mandatory in order to model how

the cutting edge crosses each slice. These aspects have been tackled by the discretiza-

tion and intersection approach represented in Fig. 3 and 4.

The geometrical description of the cutting edge profile was done considering a

curvilinear abscissa s so that:



Surface morphology prediction model for milling operations 9

Fig. 3 Workpiece discretization process by slicing along feed direction. Discretization process used to

approximate and collect the subsequent cutting edge traces

Fig. 4 Slice intersection process. The actual edge profile is geometrically described and then discretized

(black dots); the discretization points of two subsequent edges are then linearly interpolated (black solid

lines) and the intersection point on the slice plane are then identified (red dots)





x̂3 (s) =





Re sin
(

s
Re

)

Re + s− πRe
2

Re +BC+
(
s−BC− πRe

2

)
cosθe

A < s < B

B < s <C

C < s < D

ŷ3 (s) =





Re

[
1− sin

(
s

Re

)]

0(
s−BC− πRe

2

)
sinθe

A < s < B

B < s <C

C < s < D

ẑ3 (s) = 0

(8)

Where θe is the lead angle of the insert as represented in Fig. 2, and Re represents

the radius of the portion ÂB. The edge so represented can be discretized along the
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curvilinear coordinate using a step ∆s. Once the edge has been discretized, the con-

ceived tool-workpiece interaction approach can be finally introduced. Since a perfect

alignment between a generic edge position and the slice being crossed is quite un-

likely, the proposed approach takes into account two subsequent edge position and

the linear interpolation between them. Moreover, as represented in Fig. 4, the linear

interpolation is made for all the points (along s) of the edge portion involved in the

cut. More precisely, this interpolation was performed considering each couple of dis-

cretization points belonging respectively to the edge at time ti and its corresponding

position at time ti +∆ t. The so defined linear segments intersect the slice and gener-

ate a series of intersection points, represented in Fig. 4 as red dots. These points lie

onto the slice plane and represent a discretized trace left by the cutting edge when it

crosses the slice. In order to find the coordinates of these intersection points, the equa-

tions reported in Eq. 9 were used. They refer to the the tridimensional representation

of a two-point linear segment.

x1 − x1,0

x1,1 − x1,0
=

y1 − y1,0

y1,1 − y1,0
=

z1 − z1,0

z1,1 − z1,0
(9)

To find where this segment intersects the slice plane, the plane equation x3,slice =
x3 must be introduced into the system:





x1−x1,0

x1,1−x1,0
=

z1−z1,0

z1,1−z1,0
y1−y1,0

y1,1−y1,0
=

z1−z1,0

z1,1−z1,0

z1 = z̄2

(10)

And rearranging the equation, the following relationships can be obtained in order

to extract the coordinates of the intersection points:





x1 =
z̄2−z1,0

z1,1−z1,0
(x1,1 − x1,0)+ x1,0

y1 =
z̄2−z1,0

z1,1−z1,0
(y1,1 − y1,0)+ y1,0

z1 = z̄2

(11)

The identified cutting edge profile, as the results of the intersection process, under-

goes a resampling operation in order to adapt its geometry to the slice discretization

grid. After that, the portion of the slice representing the material being cut is removed

from the mesh. As already described, for a generic slice, the edge portion involved

in the cut may not be the whole edge profile. For each time instant, the portion that

actually crosses a certain slice depends on a series of aspects. For instance, the slice

position and orientation with respect to the tool center, the cutting edge geometry,

the cutting tool configuration and so on. In order to account for a proper interac-

tion, the approach must ensure the correct selection of this cutting edge portion. This

task is carried out by taking into account all the possible edge-slice relative con-

figuration and by accordingly identifying the edge portion involved in the cut. This

process is shown, just for some noteworthy cases, in Fig. 5. Points A and D respec-

tively represents the cutting edge starting and ending points (as in Fig. 2). The red

line corresponds to the workpiece slice being considered, Pt and P′
t are the edge dis-

cretization points nearest to the slice and the light red area is connected to the trace
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Fig. 5 Some example of the intersection process in a 2D view. (a) front cut case with double intersection,

(b) front cut case with no slice intersection, (c) back cut case with double slice intersection, (d) front cut

case with single slice intersection

of the cutting edge portion involved in the cut. Fig. 5(a) depicts a slice being crossed

in a front cut case by a portion of the cutting edge. Considering the generic time ti
and the following time instant ti +∆ t, the involved edge portion starts at Pt and ends

at P′
t+∆ t since these are the points of the cutting edge nearest to the workpiece slice in

such instants. A peculiar case is shown in Fig. 5(b), where the slice being considered

is crossed without any intersections. In such cases, when Pt = At and P′
t+∆ t = At+∆ t ,

the whole cutting edge is considered involved in the cut. Furthermore, a generic slice

is crossed in a back cut case in Fig. 5(c). Here, the applied approach is similar to

what done in Fig. 5(a) and the involved cutting edge portion is identified accordingly.

Lastly, Fig. 5(d) depicts a case where the edge-slice intersection results only for one

of the two represented subsequent cutting edge positions. In such a case, one of the

boundary points (Pt in this case) corresponds to either point A or point D (Dt in this

case).

It is worth of remarking that the conceived modelling approach is generic and it

allows to deal with several milling operations ranging from face milling to contour-

ing, even considering up and down-milling. Indeed, the approaches used for the work-

piece discretization and for the workpiece-tool interaction fit with a generic milling

operation. Even in the case of adopting tools with a complex geometry (i.e. end-mill,

ball-end mill, etc.) instead of indexable cutters, the model can be easily adapted re-

formulating Eq. 8.

The overall simulation model comprising the kinematic and the interaction part

is the implemented in a MAT LAB environment on a 64 bit platform equipped with an

Intel Core i7−3740QM processor and 8 GB of RAM.
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Fig. 6 Processed workpiece (a), adopted machine and acquisition systems (b)

3 Results and Discussion

In order to validate the overall simulation approach, a real cutting test was performed.

The morphology of the machined surface was compared to the simulated results and

they were discussed in Section 3.2. Since the literature is rather poor of models suit-

able for reproducing face milling operations, in this research it was decided to focus

on a high-feed tool that is typically used for facing in many fields (i.e. mold and

dies production). More details on the used machine tool, the experimental set-up, the

adopted cutting parameters and the instrumentation are reported in Section 3.1.

3.1 Experimental set-up

The cutting test was executed with a 4−axis machine tool (Mandelli M5), Fig. 6 (b).

The machine is equipped with an electro-spindle that can provide up to 160 Nm and

can reach the maximum rotational speed of 8000 rpm. The machine was equipped

with an acquisition system from National Instruments in order to get the data related

to the spindle position and feed velocity during the experiments (rotation angle θ and

feed axis velocity f j). The milling test was executed on a C45 steel workpiece that

was specifically designed for being hold with the fixturing system depicted in Fig. 6

(a).

A commercial high-feed tool with the nominal diameter of Dnom = 80 mm and

Z = 6 teeth, from Sandvik Coromant, was adopted for the cutting test. Commercial

codes of both the tool body and the cutting inserts were reported in Table 1. The first

rough modelling of the tool was reported in Fig. 2. In order to improve the accuracy

of the morphology prediction, a better representation of the tool geometry was devel-

oped by taking into account the axial run-out of each insert. In order to characterize

them, specific measurements with a comparator gauge were executed. The maximum

measured value was 24 µm. The effect of run-out was then introduced in the simu-

lation model by applying a translational contribution to the cutting edges along the

x̂2 direction. As a results of such a precise characterization, the insert geometry used

in the simulation is reported in Fig. 7. For the analyzed test case, the mesh sizes
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Fig. 7 Modelled insert geometry. Edge 3 and edge 4 have the same value of axial runout.

(∆x1, ∆y1, ∆z1) reported in Table 1 were adopted. They agree with the guidelines

previously presented.

For what concerns the cutting parameters selection, they were reported in Table 1.

Although the developed model is suitable for being fed with vibration data coming

from the field (i.e. from a non-contact displacement sensor placed close to the tool tip

or estimating the tool vibration Albertelli et al. [1] from other measurements), in this

paper they were not considered. Indeed, in order to avoid excessive tool vibrations ,

very conservative cutting parameters were chosen, Table 1. The test is conducted in

slot-milling configuration (ae ≃ Dint ).

For being able to compare the simulated morphology and the real machined sur-

face, the latter was scanned with a white light interferometer provided by Mahr

(MarSur f CWM 100). A specific camera form Allied Vision (Prosilica GT 2300)

and a lighting system based on 4 LED bars and 1 LED ring, both from CCS, were

used for creating the surface pictures. The comparison was not done only from a

qualitative point of view but even comparing the numerical and measured resulted

profiles, section 3.2.

Parameter Value Unit

Tool Code R210−080Q27−14H −
Insert R210−14 05 14E −PM 1030 −
Insert tip radius Re 1.4 mm

Internal tool diameter Dint 56 mm

External tool diameter Dnom 80 mm

Cutting edge lead angle θe 10 deg

Cutting inserts 6 −
Feed per tooth fz 1 mm/(tooth · rev)
Axial depth of cut ap 0.6 mm

Radial depth of cut ae ≃ Dint mm

Spindle speed 970 rpm

Simulation time step 2e-4 s

Discretization step ∆x1 10 µm

Discretization step ∆y1 0.1 µm

Discretization step ∆z1 10 µm

Cutting edge discretization step ∆s 100 µm

Table 1 Experimental cutting coefficients identification
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Fig. 8 Simulated 3D surface topography

3.2 Model Validation and results discussion

The simulation results are reported in Fig. 8, where the whole surface is represented

and the topography characteristics can be observed; the simulation took 3.5 h to be

completed. In order to improve the predicting capabilities of the model, the simula-

tions were performed considering the real machine tool kinematics ( f j) and the tool

rotation angle θ , both measured through the acquisition system from NI PXI (Fig. 6)

during the experimental test. In Fig. 9, the comparison between the real manufactured

surface (both capturing a picture (top) and as the result of a scanning operation (bot-

tom)) and the simulated one (middle) in the same scale and from the same perspective

is underlined.

The simulated results (Fig. 9 (middle)) show an interesting interlaced pattern re-

production that thickens from the center to the peripheral part and a good represen-

tation of both the floor and the peripheral surface. This promising results are ensured

also by modeling the interaction between front cut and back cut traces. However, it is

worth pointing out that the chip generation phenomenon is not considered since the

interaction between the cutting edge and the workpiece is a pure volume subtraction.

The simulated surface shows also the peculiar run-out effect, identified by a two-to-

six periodic cycloidal trace left for both front and back cutting. This trace is clearly

below the ones related to other cutting edges, due to the axial position of edge 3 and 4

with respect to the others. Looking at Fig. 9, patterns similarities can be appreciated.

The model is able to reproduce the complex cycloidal patterns that define the surface

topography. The geometrical structures and their spatial features are well estimated;

the large interlacement in the middle of the surface, where the rotational curvature

is minimum, can also be observed in the machined surface. Likewise, the simulated

runout effect matches quite well the counterpart on the real surface; the periodic-

ity as well as the spatial characteristics involved find a proper reproduction. Actually,

some minor discrepancies can be observed. For instance, the simulated surface shows

that all the insert marks seem to have the same depth along y1 axis while in the re-
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Fig. 9 Comparison between the simulated surface topography (middle) and the real machined surface

(top) and scanned with the interferometer (bottom)

Fig. 10 Simulated-measured profile comparison - cross-section obtained from Fig. 9

ported experimental results the back-cut action of the inserts seems having made less

visible marks. This is most likely due to the tool bending deflection caused by the

average cutting forces that acted along the feed axis x1. This aspect, together with,

the tool vibrations were not considered in this research. Anyway, an acceptable over-

all matching between the numerical and the experimental results is even confirmed

by focusing on Fig. 10, where the profiles, obtained with a cross-section along the

center-line (z1 = 28 mm) parallel to the feed direction, of the simulated surface mor-

phology and the scanned one are compared. A better visualization of the previously

described mismatch can be appreciated in the cross-section (i.e. form x1 = 7.8−9.8
mm). Another phenomenon that could have affected the mismatch is the spring back
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Fig. 11 Simulated profiles - the fz effect

effect of the material being cut, which may elastically returns and thus undergoes a

back cut. Even this aspect was not introduced in the developed model. Although these

small discrepancies, the developed modelling approach seems a promising and pow-

erful tool for predicting the processed surface textures in milling operations. In order

to demonstrate the potentialities of the developed modelling approach, some simula-

tions changing the feed rates were carried out. The obtained results are reported in

Fig. 11. It can be seen that adopting a lower fz, the irregularities due to the insert

run-out (Fig. 11) are less visible. Simulations changing even other parameters could

be carried out.

4 Conclusions and Future Works

A model for the prediction of the 3D surface topography in milling has been devel-

oped. The model is suitable for being fed by real cutting vibrations; also, different

geometries and tool configurations can be considered. Front and back cutting can be

modelled. A validation was carried out even considering the comparison between the

simulated surface topography and the real counterpart, showing rather good repro-

duction capabilities. The experimental surface characterization was done using a 3D

scanning system (white-light interferometer). Some other aspects will be studied in

order to bridge the gap of the actual version of the model. Indeed, a deep assessment

of prediction capabilities will be carried out for different kinds of material, trying

also to take into account the material behavior with, for example, the spring-back ef-

fect. Secondly, a specific procedure will be developed in order to measure the actual

position and shape of each cutting edge, allowing for a very accurate geometrical

reproduction of the surface (taking into account, for example, the actual tool wear).

Likewise, the efforts will be focused on the optimization of the algorithm in order to

reduce the simulation time even though the idea is to get a surface representation at

the end of the cutting process and not in a real-time fashion.
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