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Abstract
‘The texture ol machined surfices can be predicted Jrom knowledge ol the vibratory behavior of
the machine-lwol-warkpiece system, This study is initiated (o develop a gencralized compuier
based simulation {or predicting surface rougliness for any given condilions which (akes inlo
consideration the nuportant parameiers influencing the dynamic behavior of the machine-tool-
. workpiece system. The parameters considered in the simulation are: machining variables, tool
and workpiece variables, and the mass, stiffness and damping of the machine-tool-workpiece
system. Matlab Simulink™ is used to interactively perform the simulation in a vser-friendly,
effective and efficient manner. The effects of machining variables and tooling characlerislics on
the surluce generation are investigaled through simulations. Turning lrials have been carried out
to cvatuale and validate (he presented approach and simulations. The proposed approach
contributes o comprehensive and better understanding of the machining system, and is
promising lor industrial applications with particulinr reference 10 the oplimization of the
machining proeess based on the product/component surface functionalily requircinents.
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Nomenclature

A, Instantaneous chip aren
‘Tool nose center points al
CorCu (ool mark
d, Depth ol cul
f Feed
i) Dynamic culling lorce
Dynamic cuiting force at the j*
£ .
tool mark
; Index for swnpling intervals
along the feed direction
. Index for tool marks along the
J feed direction
B Sampling number intervals
along the feed direction
K, Specific culling resistance
Ket Coolant correclion factor
K Tool maleriai correction faclor
K. Culling speed corvection lactor
Kor Tool wear correction factor
Side rake angle correclion
Ky laclor
. Tolal numpcr Or.loolhnlarks
alony the feed direction
M_K.C D){numic characteristics of
v spindle siriclure
MLK,C, D)'fllalllﬁc characteristics of too!
structure
M_K.C. D)*nnn‘lic characleristics of
v T warkpiece
H Rolational culling speed
{ Tine
Tiime for one revolution of
“ workpiece

Displacement, velocily and
acceleration of spindle
Gisplacement, velocity and
acceleration of ool
Displacemenl, velocity and
acceleration of workpiece
Cutting speed

z-coordinate of the workpiece
i surface at the current path
The resulting z-coordinate of
the workpiece surface
z-coordinale of the workpiece
P surface at the previous path

XORAOERD)
x, (1), %,(1). 5,(1)
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1 Introduction

Surface finish is a faclor of greal imporlance
in the evaluation of workshop production and
considerable allention is now being [ocused
on those measurements as a means of quality
control. Such inlormation can be used to

assist in understanding critical machining
allributes  such as machinability, (ool
wear/[racture,  machine  too!  challer,
machining accuracy and surface finish [[—4].
The capability ol modeling culling florces
therefore provides an analytical basis for
machining process planning, machine tool
design, culler geomelry optimization, and
online monitoring/control. Preliminary tesls
were carried out by Rakhit et al. [1], for
turning operations with specific cutting
conditions. It was shown that the produced
surfaces of machined components consist of
two superimposed prefiles; theoretical profile
due to operation kinematics; and random
profife due fo culling edge vibralions.

Jang and  Seireg ]2-3], developed &
generalized computer-based simulation (or
predicting surface roughness. Dimensional
and surface roughness confrols n turning
were achieved by o newly developed
measuring  system Dbased on an optical
technique by Shiraishi and Sato [4]. This
simulation was shown (0 give a good
correlation wilh the exlensive experimental
study reported by Hasegawa and Seireg [5].
Zhang and Kapoor [6-7], presented a
methodology Jeading lo dynamic generalion
ol surface topography under random
excitation environment through compuler
simulation. The proposed methodology used
(he tool vibralory motion along with the tool
geomelrical  motion  to conslruet  Lhe
topography of the machined surface.

A model for surface generalion in a (urning
process was described by Moon and
Sutherland [8]. This model was based on a
wavelength decomposition methodology to
characterize the wavelength structure of the
experimental design. The model was studied
analytically and examined via computer
simulations. As a way ol in-process
evaluation of machined surfaces, a method (o
determine surface profiles and R, during
hard turning was proposed by Jang and llsiao
[9]. Then their culling lesls, using an
inductance pickup and a computer for data
analysis, were performed. Jang el al. [10],
developed an on-line, real-lime monitoring
algorithm for controlling a machine in a
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{lexible manufacturing svsiem. The algorithm
was developed (o utilize the relative cutting
vibrations between tool and workpiece. The
cutting vibration signals of a specific
frequency werc  superimposed onlo  the
kinematic roughness, which was calculated
by the tool edge radius and leed rate. A
surface (opography simulation model was
cstablished by Lin and Chang [11]. te
simulate the surface finish profile generated
afler o (uming operation, The surface
topography simulation model ncorporated
the eflects of the relative motion between the
cutting (ool und the workpicce with the
effects of ool geomelry to simulatc the
resuittant surface geometry.,

A cutting model. which contains a vibration
culling process. was proposcd by Xiao ct al.
(12]. Simulations of the chauter mode!
exhibited the main Jeatures including chatter
suppression and small-work displacement in
vibration culting. An analysis ol the chatler
behavior for slender cutting tool in tuming. in
the presence of wear flat on the tool flank.
was presented by Chiou and Liang [13]. The
components  contributing 1o the forcing
function in wming vibration dynamics arc
analvzed in the context of cutting foree and
conlacl toree, The stabilily ol outer diameler
wrning is exptored by Marsh and Schaut | 14).
1o extend previous results {rom the orthogonal
turning geometry. A numcrical approach was
developed (o determine the stability limit
using a nonlincar chip arca model. The results
showed qualitative  difterences  from  the
orthogonal cutting peometry. The role of
machine parameters and 100l geometry is
explored using the verified model.

Another model for analytical cvaluations of
the cutting forces in orthoponal cutting was
proposcd by Hayaineh ct al. [15]. The model
utilized the known advantages of the model of
a shear zone with parallel boundaries (or
steady-state orthogonal cutting. Thomas and
Beauchamp [16] collected and analyzed
culting-force. tool-vibration and tool-modal-
parameter data generated by [athe operating
under dry turning of mild carbon stect
samples at different speeds. Teeds, depths of
cut. tool wnose radii. tool lengths and
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workpicce lengths. The analysis investigated
the elteet of cach cutting paramieter on {ool
stilfngss and damping. and yielded an
empirical model for predicting the behavior
of the tool stiffness variation. Rao and Shin
[17] presenied a model of the dynamic cutting
[orce process lor the three-dimensional or
oblique turning operation. The mechanistic
forcc model was linked to a tool-workpicce
vibration model (0 obtain dynamic force
predictions.  The dynamic force  model
developed was incorporated into a computer
program 1o oblain  time-saving  chatter
predictions.

A ncural network model was developed by
Karpal and Ozcl [18]. which model (he
surface  roughness  and ool wear
characleristics of hard wrning. The resulls
indicated that a system, where neurat network
is used (0 modcel and predict process oulpuls
angd particle swarm optimization. is used to
obiain  oplimum process  parameters.  In
addition, it can be successfully apphied 10
multi-objective optimization of hard turning.

Therelore. the present work aims 10 build an
casy-to-use  graphical wser inlerlice program
capable ol predicting surlace roughness by
mlegrating a dyvnamic cuiling force  model.
regencrative vibration model. machining system
response model and tool prolile model.

2 Surface Generation Mcthodology

Figurc 1 represents the basic elements of
surface gencration methodology developed in
the present work to study the mechanism of
the dynumic generation of the machined
surlace profile. The methodology uses the
ool vibration response and  the  spiral
trajectory  of tool geometrical motion to
generate the surface profile.

2.1 Machine-Tool-Workpiece Modeling
System

Figure 2 shows a three system components
which are considered to have the major
influence on the machining process which
are: spindle structure. workpicce and tool
dynamic  characteristics.  and  the  cutting
forces [2].



M. 4 Ossama Abouelatta

Sysiem

e e a

Qutputs

[ Tool geometry

and materials :>

Workpiece
dimensions and

Machine-tool-
workpiece structure

Culling
dynamics
made

Surface
generation
model

s S

= Roughness, waviness [
and unfiltered profiles |

Bearing area curve, g

— amplitude density |
. curve, ....etc. "ii

( Roughness, waviness h
— and unlfiltercd ]
parameters 4

)

Fig. 1. Softwarc block diagram.

LLEEL LS

LTI Ers

Fig. 2. Dynamic modecl of the system.

The proposed dynamic model of the syslem
deals only witll transverse movements while
the axial movement is assumed to be
negligible. The spindle structure is defied by
M, C, and K, the workpiece is defined by
M., C, and K, and the tool is defined by M,
C, and K,. The system response is defined by
X5 Xs and x.,.

The equations of motion {or the system can
be wrillen as:

MEND+Cx )+ Ky ()= F() (1)

M X O+C F D) ~%()

(2)
+ K, (x (D-x (D)= F(1)

M)+ Cx (0 +Kx (1)
~C, (x, (1~ x,1) 3)
- K (x(0)-x())=0

2.2 Cutting Forces

The cutting force under steady state
conditions can be reasonably considered to be

directly proporiional to the uncut chip cross-
sectional arca [19-24].

F,=K.K, K.K,K,K;.4

n (4
where (j=12,...,m) )

2.3 Tool Path Center Coordinate Equation

The center of tool nose radius coordinates can
be cvaluated as a function of feed, 100l nose
radius, cutling speed and depth of cut as:

0.1/ j=1
C, = Fax (5)
0L+ '
F 60 l>jzm
d -r j=1
) =1 6
. {CU I>jzm (©)

2.4 Surface Profile Generation

Surface profile generation considers the ool
geometry and effect of tool spiral motion. The
surface profile can be calculated as the
maximum height of the resulting tool marks as:

Z, =max(Z,,Z,,) €

and the cross-sectional area, Fig. 3., for each
turn can be calculated as the difference of
current sum of areas and the previous sum of
areas, as:

4=z Y (8)
=]

b 3™ voerd ek =] ar { =18 sl mark
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Fig. 3. Calculation of eross-scctional area and the resulting surface profile.

3 Simulation Software

Simulation  software  named  Surface
Generation Model, SurfGM, was purposely
built for the implementation of the surface
profile simulation model. The software was
developed using MATLAB™ programming
language (25-27]. The main interface of the
SurfGM is shown in Fig. 4. The inputs of the
software are the cuiting process parameters,
tool variables, workpiece variables, and the
dynamic conditions of the culting system.
Based on the input data, SurfGM is capable of
simulating the tool locus, virtual surface
waviness, scctional surface roughness profile
as well as the surface profile of a turned
surface, It 1s beneficial in calculating most of
the surface roughness parameters.

The SurfGM consists of three modules: data
input module, preview and simulation module
and roughness parameters calculation module.
Data input module, Fig, 4, is built for easy to
edit and to change machining variables, tool
variables, workpiece variables and machine-
tool-workpiece structural variables.
Machining variables are feed, spindle speed,
depth of cut and coolant type. Tool variables
are tool nose radius, tool geomctry (side and
back rake angles, side and end cutting edge
angles, side and relief angles and inclination
angle), tool materials and tool wear (low,
medium and high). Workpiece variables are
workpiece  diameter and length, and

workpiece materials. Machine-tool-workpiece
variables are spindle, tool and workpiece
structure. [t is possible {o simulate surface
profile in case of both ideal surfaces and the
gencrated surfaces based on random and
dynamic machine tool vibrations.

The second module is the surface proflile
preview, SurfPreview, which was build to
preview the generaled surface profile
according to the input data, Fig. 5. The
preview area displays the gencrated surface of
the tool path for one sample length. The path
number, last path and all paths can be
displayed on user request. The user can select
the appropriate cut of length. number of
sampling length and sampting number. The
Auto Preview checkbox is used 1o perform
automatic execution of the roughness profile
when the processing paramelers are changed
by the user. The lower graph shows the
resulting surface prefile after applying least
square mean line. The upper and lower
graphs arc updaled according to simulation
method selections which are /dea! Surface,
Random Vibration and Dynamic pushbuttons
selection. The ideal surface is the resulting
profile due to feed and too! nose radius. The
random vibration generates a profile that
depends on a random tool vibration. The
dynamic pushbutton uses the machine-tool-
workpiece simulation to generate the
predicted surface profile.
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The roughness parameters of the executed
profile can be calculated by clicking the Done
butten, which displays the third module as
shown in Fig. 6.

The third module is the surface roughness
parameters, SurfRP, which was built to
display surface profile, bearing area curve,

=} Surface Ruu;}rm.s; i.’amrm.'n:u (SurM?) /

Sutface Roughness Profile

Hemtts ()

FY oy T e TEIE LEETT e R —"Il-. TTIRTOVT R RRLELL A o SRR =

M. 7

amplitude density curve, slope curve, number
of intersection curve, high spot count curve,
mean spacing at the mean line curve and the

calculated  roughness  parameters, The
calculated parameters are:  Amplitude,
spacing, hybrid and auxiliary surface

roughness parameters.

25 3
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Fig. 6. Surface Generation Model: Surface roughness parameters module (SurfRP),

4. Experimental Verification

To verify the surface generation modeling of
dynamic cutting process and tool geometry, a
sertes of turning experiments for various
cutting configurations and process parameters
were performed using a turning machine.
Surface roughness was measured and two-

dimenstonal roughness parameters were
calculated.  The  average of  three
measurements  was calculated for both

predicted and measured roughness.

A throwaway cemented carbide inserts were
used in the experiment. The inserts have a
tool nose radius of 0.4 mm and a side cutting
edge angle of y = 45°. The workpiece

material was free cutling stecl having e
fnin) = 225 Mpﬂ, Olittimate = 450 Mpa, C =
0.13%, Mn = 1.2%, P = 0.10%, and S =
0.25%. The depth of cut was chosen to be 0.5
mm In the experiments. The test conditions
are given in Table 1.

Figures 8-10 show a comparison of the
predicted and measured surface roughness for
cuiting tests. Fig. 8. shows the predicted and
measured surface profile for workpiece
diameter = 36 mm, Fig. 9. shows the
predicted and measured surface profile for
workpiece diameter = 30 mm, and Fig. 10.
shows the predicted and measured surface
profile for workpiece diameter = 24 mm.
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Table 1 Cutting conditions in the turning
experiment.

Feed (1), Rotational Workpicce
Nao. ’ "
mm/rev  speed, rev/min__ diameter, mm
1 0.05 355 36
2 0.20 355 36
3 0.05 710 36
4 0.20 710 36
5 0.05 355 30
6 0.20 355 30
7 0.05 710 30
8 0.20 710 30
9 0.05 355 24
10 0.20 355 24
1] 0.05 710 24
12 0.20 710 24

It is obvious that the predicted surface profile
is closcly matched by that of the measured
ones. Tables 2-4 list the means of the
predicted and measured roughness parameters
and its percentage errors. Percentage errors
are calculated from the percentage of the
prediction errors divided by the mean of
measured  roughness  parameters. The
maximum percentage prediction error is
found to be less than 20% for all the tested
cases.
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Fig. 9. Predicted and measured surface profilc at d.= 0.5 mm, y=45° r=1.2 mm and
workpiece diameter = 30 mm,
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Fig. 10. Predicted and measured surface profile at . = 0.5 mm, y = 45° r= 1.2 mm and
workpicce diamcter = 24 mm.
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Table 2 Predicted and measured surlace roughness parameters and thieir percentage crrors

for workpicce diameter, D = 36 mn.

Rotational speed = 710 rev/min

oo Rotational speed = 355 rev/imin

S £  Feed =0.05 mmirev Feed = 0.20 mm/rev Feed = 0.05 mm/rev Feed = 0.20 mm/rev
B E Mamof  Meanof . Meanol  Mcanol Meanof  Meanol . Meanol  Meanol

3 E predicted  measurcd E:::cr predicied  measured E;ror predicted  measured Lzmt predicted  measured i
& o roughness  roughness roughness  roughness A roughness  roughness e roughness  rougl s
R, .08 .12~ 44 2.49 2.66 6.6 1.03 1.02 1.3 1.60 190 18.8
R, 1.33 1.43 7.0 2.97 327 100 1.29 129 03 1.99 221 111
Riu 2.87 232 192 213 2.0 1.8 287 339 184 2.84 253 1.0
R. 5.40 5.66 48 1149 1202 406 491 579 180 9.0 10.13  12.0
R, 6.93 6.52 6.0 13.10 1501 1406  6.20 738 19.0 1094 12.80 16.9
R, 6.45 6.17 43 1310 1598 6.7 5.87 680 158 1076 12.53 165
/, 1.000 1.001 0.l 1.000 1.005 0.0 1.000 1.005 04 1.000 1.004 04

Table 3 Predicte:] and measured surface roughness parameters and their percentage errors

for workpicece diameter, D = 30 num.

@ P Rotalional speed = 355 rev/min Rotitional speed = 710 rev/min

E %_.': __ Feed =0.05 mm/rev IFeed = 0.20 mm/rev Feed = 0.05 mm/rev Feed = 0,20 mm/rev
1] E Meanol  Mean ol Meanol  Mean ol Lo Meanot  Mean ol Ik Maewn ol Mean of I

g & predicied  measured 7, predicied  measured ':“ r predicted  measured :'r‘nr predicte I measwred .flrﬂr
& 0. joughiess  roughiess roughness  roughiess roughness  roughness roughness  roughness

R, 1.08 (.98 9.4 2.52 2.04 19.0 1.03 1.0 1.0 1.6¢ 1.66 3.9
R, 1.34 .19 10.6  3.00 2.43 19.0 1.29 1.33 32 1.94% 2.08 4.5
Riu 2.87 2.99 4.5 2.1 1.95 1.6 2.86 3.20 1.9 2.83 2.90 2.5
K. 540 4.51 16.5 11.55 9.87 145  4.91 5.20 6.0 9.05 848 63
R, 6.93 6.98 0.7 13.17 .42 133 6.20 6.94 11.9  10.90 11.01 1.0
R. 6.46 6.93 8.2 13.17 41 133 587 6.63 13.0  10.71 IN4s 24
ln 1.001 1.001 0.0 1.006 1.002 03 1.007 1.011 0.4 1.008 1.00d 04

Table 4 Predicled and mcasurcd surface roughness paramecters and their percentage errors

for workpiece diameter, D = 24 mm.

Rotational speed = 355 rev/min

Rotational speed = 710 rev/min

E £ Feed = 0.05 mm/rev Fecd = 0.20 nunfrev Feed = 0.05 m/rev Feed = 0.20 mm/rev
eh E " Mcamof  Meanol Mcanol  Meanol . Meanof  Meanof - Memol Meanol

2 g predicted  measured Lﬂmr predicted  measured l:‘r.ror predicicd  measured t",mr predicicd  measured l::ror
© B rgughiess  toughness roughness  roughness i roughness  roughness 3 roughness  roughness *
R, 1.08 100 7.6 2.56 227 14 105 .12 83 1.60 .72 32
i, 1.34 126 60 3.03 2.81 7.2 1.29 .38 6.6 1.99 218 92
Rew 2.87 3.40 185 210 231 105 2.86 2.85 0.5 285 3.7 122
K. 5.41 5.85 3.2 11.602 11.39 1.9 4,91 5.86 194 9.06 9. 14 1.3
K, 6.93 5.16 17.8  13.26 1547 166 6.2l 6.338 2.7 10.85 1243 14.0
R. 6.49 1.52 158 1326 13.75 3.4 5.87 6.55 1.7 10.65 11.63 9.3
4, 1.001 1.004 03  1.006 1.00s 0.0 1.007 1.005 0.2 1.008 1.007 0.1

S Conclusions

In this paper, a predictive surface roughness
model was presented for the simulation and
analysis of the dynamic culling process in
tuming. The surface roughness was
detertnined by using a predictive machining
- theory, which predicts the surface roughness
from the input data of workpicce material
properties, the tool geometry, the culting
conditions and  machine-tool-workpicce
structure. The instantaneous undelormed chip
thickness was modeled 1o include the

dynamic modulations caused by the tool
vibrations so that the dynamic regeneration
effect was taken into account.

A Simulink model was built to solve the
differential equation governing the dynamics
of turning system for accurate solutions.
Turning experiments under a wide range of
cutting conditions werc performed and results
were presented in the verification of the
analytical model. Comparisons between the
simulated and experimental results have been
presented to verify the dynamic model. It was
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shown that by using the proposed SurfGM
program, ihe simulation results agreed to a
certain extent with the cutling test in the
prediction of the culting process. The
percentage errors between predicted and
measured roughness parameters were [ound
to be less than 20%. The methed can be used
to facilitate the planning of cutting
parameters, optimization of tool geomelry
and on-line diagnostics.
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