Simulation of Intermittent
Turning Processes

by G.M. Zhang, S. Yerramareddy,
S.M. Lee, and S.C-Y. Lu

TECHNICAL
RESEARCH
REPORT

Supported by the
National Science Foundation
Engineering Research Center

Program (NSFD CD 8803012),
Industry and the University

TR 89-91



Simulation of Intermittent Turning Processes

G. M. Zhang
Department of Mechanical Engineering and Systems Research Center
University of Maryland
- College Park, MD 20742

S. Yerramareddy, S. M. Lee, and S. C-Y. Lu
Knowledge-Based Engineering Systems Research Laboratory
Department of Mechanical and Industrial Engineering
University of lllinois at Urbana-Champaign
1206 West Green Street
Urbana, IL 61801

Abstract

A simulation model is developed to study the dynamic characteristics of
intermittent turning operations. Factors such as chip load, free-vibrati:o'n of the toolpost
structure, and nonhomogeneous hardness distribution in the material being cut are
incorporated in the model. The principle of superposition is used in the formulation of
the simulation algorithm. The impact between the cutting tool and the workpiece at the
start of every cutting period during machining is treated as an initial value problem.
The simulation model provides a quantitative evaluation of the tool vibratory motion
during the intermittent turning process. Study of the cutting dynamics based on the
simulation results not only confirms the experimental findings, but also indicates that
increasing the static stiffness of the toolpost structure is an effective approach to
control the tool vibratory motion. The determination’of'probability of tool breakage
under various spindle speed settings is presented as an example to demonstrate the

practical applications of the simulation model developed in this work.



1. Introduction

Due to the increasing demand for quality products, manufacturing engineers are
faced with a difficult problem of increasing productivity without compromising quality.
This problem is aggravated by the unique geometrical features demanded by the
design engineers. Discontinuous geometries such as holes, key-ways, and slots that
are located on the circumference of a workpiece pose such a problem in
manufacturing. When these workpieceé are beihg machined on a lathe, the cutting
tool will not be engaged in cutting when it passes over the discontinuities. . During
such intermittent turning processes, the free-vibration of the toolpost and/or the
workpiece is unavoidable. This introduces significant changes in the cutting
dynamics. First, the machining system can easily become unstable because the
cutting tool is oscillating severely during machining. Second, there is an impact
between the cutting edge and the workpiece every time the tool passes over the
discontinuity and starts to engage in cutting again. This may result in poor surface
finish, and may cause the cutting edge to break. The increased cutting speeds being
used to increase productivity, aggravate these problems and necessitate proper
planning and control of the intermittent turning processes.

Previous research on intermittent turning processes focused on the stability
analysis and the premature failure of the cutting edge [1-8]. Tlusty and Ismail
investigated the dynamics of intermittent cutting during slot milling [1,2]. Proceeding
along similar lines, Kapoor et al. proposed a time-varying parameter model to study
the cutting dynamics during intermittent machining [3]. Based on such models, stability -
charts have been constructed to aid in the proper selection of cutting parameters that
maintain the stability of the machining process [3]. It has been recognized that tool
failure in intermittent turning is mainly due to thermal cracking, mechanical fatigue and
sudden impact, in addition to the inevitable tool wear [6]. Bhatia [4] studied premature

tool failure caused by thermal cracking and mechanical fatigue. However, due 10 the
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increased cutting speeds being used at present, the importance of thermal and
mechanical fatigue is outweighed by the importance of failure due to sudden impact.
This requires an understanding of the cutting dynamics of the intermittent turning
process. The sudden tool failure during machining, however, makes it very difficult to
undertake experimental studies of the cutting dynamics at high spindle speeds.

In this paper, we present a new method for the dynamic analysis of intermittent
turning processes. A model of a stable {urning process that accounts for the important
factors such as chip load, free-vibration of the toolpost siructure, and
nonhomogeneous hardness distribution in the material being cut is developed. The
tool vibratory motion is quantitatively evaluated through simulation. The effects of
important factors, such ae spindle speed, on the cutting dynamics are studied. This
demonstrates the importance of increasing the static stiffness of the toolpost structure
for vibration control during machining. Finally, the determination of probability of tool
breakage as a function of spindle speed is presented as an example to show how the

present work can be applied to practical problems.

2. Model Development

Mathematical models such as the one embodied by the Merritt block diagram
shown in Fig. 1 have been developed for describing the dynamic characteristics of
machining processes. In these models, the machining process is viewed as a control
system consisting of three parts, namely the cutting process, the- machine tool
structure, and the two feedback paths (the primary and the regenerative feedback
paths). The input to this model is the nominal chip load and the output is the tool
vibratory motion. However,v the time-invariant system parameters used in these
traditional models cannot adequately describe the cutting dynamics of an intermittent
turning process [3]. During an intermittent turning process shown in Fig. 2, the cutting

. tool is repeatedly subjected to different modes of vibratory motion. In the cutting .
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period, the tool is engaged with the workpiece. Due to the cutting force generated, the
tool vibrates about its dynamic equilibrium position. In the non-cutting period, the
cutting tool is not engaged with the workpiece, and so the tool vibrates in free-vibration
mode. In-order to represent the dynamic characteristics of the intermitt‘ent turning
procesé, a mathematical model which consists of two sub-models is needed. One
sub-model is used to describe the forced-vibration of tool during the cutting period.

The other is used to describe the fr,ee-viblration of tool in the non-cutting period.

2.1 Basic Assumptions
In order to develop a mathematical model for a preliminary investigation of the

intermittent turning process, the following assumptions are made.

1. The feed is large, so that the regenerative feedback path shown in Fig. 1 can be
omitted from the chatter loop.

2. The rigidity of workpiece is much higher than that of the toolpost, so that the tool
vibratory motion is governed solely by the toolpost structure.

3. The impact between the rotating workpiece and the vibrating tool is mainly due to
the dynamic chip load variation at the start of every cutting periéd to allow a one-

degree-of-freedom model to be developed.
These assumptions can later be relaxed to develop a comprehensive model.

2.2 Basic Equations of Toolpost Structural Model

Tool vibratory motion is mainly caused by the cutting force generated during
machining. Conventionally, the cutting force is evaluated as a function of chip load,
which represents the cutting area during machining. The cutting area is expressed as

a product of the width of cut and the thickness of cut, as shown in Fig. 2. The cutting



force can be assumed proporﬁonal to the chip load, where the proportionality

coefficient Kj is called the unit cutting force [5].
Nominal Cutting Force = K3 * <Nominal Chip Load> = K3 * w * a(t) (1)

where w = width of cut = d/cos Csg,

a=1fe+cos Cg cutling beri'od,

a(t) = thickness of cut ={ .
0 non-cutting period,

Cs = lead angle of tool,

d = depth of cut, and
f =feed.

The relation between the cutting force and the chip load given by Eq. (1) is valid
only in the absence of tool vibration during machining. The chip load in Eq. (1) is,
therefore, called the nominal chip load. Accordingly, the cutting force in Eq. (1) is
called the nominal cutting force. However, the tool vibrates during machining. The
tool vibratory motion in the direction normal to the machined surface, as indicated in
Fig. 2, causes variation in the thickness of cut, leading to an instantaneous chip load

variation. As a result, the instantaneous cutting force is given by
Instantaneous Cutting Force = K5 » w « [a(t) - y(t)] (2)

where y(t) = magnitude of tool vibration in the direction normal to the
machined surface.
In order to evaluate the tool vibratory motion in the direction normal to the

machined surface, the toolpost structure on which the tool is firmly supported is



modeled as a second-order system shown in-Fig.. 3. For the cutting period, the

mathematical form of this second-order structural model is given by

—gt’-z(ll —[M+K[y(t]-{Ka-W°[a y(t)]} + cos © (3)

where M = lumped mass of the toolpost structure,
C = damping factor of the toolpoé:[ structure,
K = static stiffness of the toolpost structure, and
| © = projection angle of the cutting force with respect to the direction normal to
the machined surface. _
For the non-cutting period, the mathematical form of the toolpost structural model

is given by

—[M+C—M+K[y t)] = (4)

dt2

As can be seen from Eq. (4), there is no cutting force generation during the non-

cutting period.

2.3 ldentification of Initial Conditions
The evaluation of tool vibratory motion based on Egs. (3) and (4) is related to the
initial conditions of tool motion at the beginning of the cutting peribd and the non-
cutting period, respectively. There are three distinct kinds of initial conditions.
1. At the beginning of the intermittent ftuming process,
the tool is stationary at its preset position. Therefore, the initial displacement

and velocity of the tool are equal to zero, i.e.,



y(t)|t=o =0 and y(t)|t=0 =0

2. At the beginning of the non-cutting period,
the tool is just through the cutting period. Therefore, the initial displacement
and velocity of the tool used to evaluate the free-vibratory motion of the tool
are determined by the forced-vibratory motion of the tool at the end of the

cutting period, i.e.,

Yiree(T1 + 0) = Yiorcea(T1)  and
Yfree(T1 +0) = onrced(T1)

s

where T4 represents the time duration of the cutting period.

3. At the beginning of the cutting period,
the tool is just through the non-cutting period. Therefore, the initial
displacement and velocity of the tool used to evaluate the forced-vibratory
motion of the tool are determined by the free-vibratory motion of the tool at

the end of the non-cutting period, i.e.,

Yiorced(T2 + 0) = ¥ree(T2)  and
onrced(Tz +0) = Yfree(Tz)

where T, represents the time duration of the non-cutting period.

2.4 Incorporation of Random Excitation
The forced- and the free-vibrations discussed above cannot completely describe

the prac_tically obser_ye_d vibratory motion of the cutting tool during machining. There is
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an additional random component which indicates that the cutting tool is subjected to
random excitation during machining. Though there could be a number of other
sources, the major source of random excitation can be attributed to the

nonhomogeneous hardness distribution in. the workpiece material being machined [9].

In order to incorporate the random excitation into the evaluation of tool vibratory
motion, a stochastic model [11] thét apprbximates the hardnesé variation as a normal
distribution with mean (ua) and va_rianéle (cg), is used in the present work. The
deviation of the cutting force from the nominal value is expressed as a random cutting

force, which is given by [11]

Random Cutting Force = Kgewe+a-+{[ “—;Sl ]m -1} (5)

where pg(t) represents the hardness at the cutting location at any particular instant in
time, t, and "m" is the Meyer exponent that explains the nonlinear relation between the
cutting force and the hardness ration, [us(t)/nal. The Meyer exponent can be found in
the metal cutting handbooks. For example, m = 0.454 for carbon steel and m = 0.418
for copper [10]. In the present work, a random number generator is used to simulate

the hardness distribution.

2.5 Simulation Model

As discussed in the previous sections, Eqgs. (3) and (4) represent the
mathematical forms of the toolpost structural model for the cutting and the non-cutting
periods, respectively. Equation (5) represents the component of the cutting force
generated due to the random excitation caused by the nonhomogeneous hardness

distribution in the workpiece material. Combining these three equations together with



the appropriate initial conditions, results in the simulation model used in the present

work. Itis given as follows.

[ Cutting Period:

——g{é—n+CM+ Kly(t)] =

{Ka* w+[aft) - y(t)] + Ka-w-a.[(%})m - 1]} cos
y)l,_, = 0 and y(t),_,=0or
Yiree(T1 + 0) = ¥iorced(T1)
yfree(T1 +0) = yforced(T1)
Simulation Model = <
Non-Cutting Period:

m L UL 1= 0

Yiorced(T2 + 0) = Yiree(T2)
yforced(Tz +0) = yfree(Tz)

The simulation model represented by Eq. (6) is a time-varying parameter model,
as evidenced by the two natural frequencies associated with the model. The natural
frequency changes alternatively from a higher value during the cutting period to a
lower value during the non-cutting period. This system model decomposes the
intermittent turning process into two sub-systems and applies initial conditions as a
transient process between the cutting and the non-cutting periods. This makes it
possible to treat the two sub-systems as time-invariant systems. As a result, analytical

solutions to Eq. (6) can be derived with ease. They form a basis for developing a



computer program to study the dynamic characteristics of the intermittent turning

process.

3. Numetrical Simulation

There ére several reasons for performing numerical simulation of the cuﬁing dynamics
of the intermittent turning process. Firét, the probability of tool breakage during
machining is high, especially at high sp:igndl'e speeds. This poses many difficulties in
conducting experimental studies, not only in terms of increased cost but also
introducing noise-into the measured data, because of the necessity of using different
tool inserts in a single test. Second, most dynamometers are designed for measuring
cutting forces under continuous machining conditions, and hence are not suitable to
* monitor the cutting force under intermittent machining conditions.

The procedure developed in the present work to perform the numerical simulation
consists of three major steps, namely, evaluation of the force function which is the
input to the simulation model, derivation of the analytical solution forms for both the
forced and the free vibratory motion, and evaluation of the tool vibratory motion under

random excitation.

3.1 Force Function

As indicated in Fig. 3, the dynamic cutting force generated during machining
consists of two parts. One part is contributed by the chip load and the other part is a
result of the random excitation. As indicated in Eq. (2), the chip load at any instant
during cutting is determined by the algebraic sum of the nominal chip load, [w - a], and
the chip load variation through the primary feedback path, [w « y(t)]. Values of the
proportionality coefficient Kg, which is mainly determined by the material being
machined, can be found in machining handbooks. For example, Ky = 2.0 x 109 for

machining 1040 steel [10].
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As discussed in section 2, the random excitation during machining is mainly due
to the nonhomogeneous hardness distribution in the material being machined. This
distribution can be described by a normal distribution, which can be converted to its
equivalent random cutting force using Eq. (-5). A brief explanation of the procedure
used to .calculate the random cutting force is described next.

Each cutting period (T1) is divided into a fixed number (N) of equal divisions, for
example, 40. The hardness is assum_éJd to be uniform over each division. The N
‘hardness values would follow the normal distribution with mean ug and variancé og.
This hardness distribution results in a series of random excitation forceé at intervals of
time given by

. Time Duration of Cutting Period (T1)
Time Interval = At == mber of Cutting Locations (N) (7)

The effects of the random excitation forces are incorporated into the simulation
program by using the principle of superposition. Figure 4 shows the hardness
distribution and the corresponding magnitudes of the random cutting force, used in the

present work.

3.2 Form of Analytical Solutions

The simulation algorithm developed in the present work is based on the
analytical solutions to the simulation model given by Eq. (6). Let us define the circulaf
natural frequency of the toolpost structure, which dominates the tool vibration during

the non-cutting period, by the term

wn2=\/%- , A(8)
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The circular natural frequency of the intermittent turning system, which dominates the

tool vibration during the cutting period, is given by

K+ Kge*we*cosb
Wn1 = M ' ‘ (9)

Comparing the two frequencies, we. observe that the frequency associated with the

intermittent turning system is higher than ‘that associated with the toolpost structure. -

As discussed earlier, the time-varying parameter model can be treated as two
time-invariant sub-models, one each for the cutting period and the non'-cutting period.
The analytical solution to the time-invariant sub-models can be derived as follows,
based on the corresponding initial conditions.

1. Normalizing Eq. (6) by the factor 1/M and introducing the following notation,

C
M = 2810n1 = 20202 (10)

where {1 and {2 are damping coefficients of the toolpost structure and the intermittent

turning system, respectively, and

Kae+we+a-sin® [us(t)]m_ 1 Kagew-a-cosb [}ls(t)}m

M Ha _0)% K Ha
_Km  [us(t)]m
T w2 [Ma} (11)

) i Kageweas+cos?9 L T
where Ky, is defined as 4 K- , which is a magnification factor.
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2. Taking Laplace transformation of Eq. (6) to derive the analytical solution of

the tool vibratory motion in the Laplace domain, which is given by

Y(s) = Y1(5) + Ya(s) + Ya()

sl(s + Lon)2 + (on V1 - £2)2]

=Km'

: 1
(s + Lon)2 + (on V1 - C2)2]

+ [28ony(0) + y(0)] [

sy(0) 15
(s + Lon)? + (wn \/1 - £2)2 12)

+

3. Derive the analytical solutions in the time domain by taking the inverse

Laplace transformation and applying the initial conditions where appropriate,

y(t) = y1(t) + ya(t) + ya(t)

=Kme {1+ \/1 5 e-Cwnt sin(wn \ 1 - §2t' - arctan __1__é§_2)}
1-y1-¢ -

, (2Leny(0) + V(0 -tont (on\T - 220)}

on2\ 1 - {2

“ﬂgLe'Cm”t sin (wp \/1 - {2t + arctan -—%E)} (13)
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3.2.1 Analytical Solution of Forced-Vibration without Random Excitation
During the cutting period, there are two types of initial conditions. At the
beginning of machining, all the initial conditions are zero. Therefore, the analytical

solution consists of only one term of Eq. (13), y1{t). ltis given by

y() =y1(t)

, ['1‘——_ §1
= Km* {1 + \/ 1“"”tsm(co 114 /1 - C t-arctan ———
1- C1 :

(14)

During machining, the initial conditions are, in most cases, nonzero. The

analytical solution consists of the three terms of Eq. (13). It is given by

y(t) =y1(t) + ya(t) + ya(t)

=Kme {1+ C1(”"ﬂsm 1/1 - C t - arctan —————

1-Af1-03

2810n1y(0) + Y(O) -Lyamt .
e sin (on1 V1 - {12t

| [ 2
b 2O Cronit g (0n1 [ 1 - £3t+arctan —) (15)
AJ1 - | 1 —

3.2.2 - Analytical Solution of Free-Vibration

During the non-cutting period, the initial conditions are not zero, but the cutting
force becomes zero. Therefore, the analytical solution consists of two terms of Eq.

(13), i.e., ya(t) and y3(t). Itis given by 14



y(t) = ya(t) + yalt)

» {2C29)n2Y(0) + y(0) e’C2(’°ﬂ2t sin (wn2 .\/T'T%t)}
, (!)n2'\/T_'C-22

,, A1
. {_\/_)’l&__eﬁzwnzt sin (@n2 A / 1 - Q%t +arctan T)} (16)
-3 o

3.2.3 Analytic'al Solution of Forced-Vibratioﬁ with' Random Excitation.

As indicated in Fig. 3, the toolpost structural model is also subjected to the random
excitation, in addition to the cutting force contributed by the chip load. Because the
simulation model developed in the present work is a linear system, the principle of
superposition is valid. Therefore, an additional term, which is contributed by the
random excitation, should be added to the analytical solution given by Eqg. (15) (note:
Eq. (14) for the first cutting period). The additional term can be expressed in the

following form.

/At i i-
yalty = . (relothm sl 180,
i=1

S T L
Km * {(1 gt gGromt' g, (on1 A1 - 2;21'['- arctan —————)} (17)
/1 ] C% -G

where t' (0 <t < Tq) represents the time counted from the beginning of each cutting

period.
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3.3 Cast Studies
To study the cutting dynamics of the intermittent turning process, computer
simulations were carried out using the parameter settings listed below. They were

based on the data provided in {10] and the experimental results presented in [3].

For the machine tool:
static stiffness K =1.0 x 106 N/m
equivalent mass M = 0.7 kg.

damping factor C = 140 rad/sec.

For the workpiece:
material = 1040 steel.
unit cutting force Kz = 2.0 x 109 N/m2,

mean of hardness distribution pg = 175 (BHN.).
variance of hardness distribution cg =172 (BHN)2.

Meyer exponent m = 0.454.

geometry (Table 1)
diameter = 100 mm
number of slots = 2

width of slot = 60 mm

For the cutting tool:

lead angle Cs = 30 degrees.

In the present work, six case studies are conducted. The simulation conditions

are listed in Table 1. In Case 1 and Case 6, the simulation of the tool vibratory motion

16.



is based on a continuous turning process, without and with the presence of random
excitation, respectively. In Case 2, the simulation of the tool vibration motion is based
on a discontinuous turning process without the presence of random excitation. A 1040
carbon steel workpiece having two even sp.écings on its circumference (Table 1) is
assuméd. Th'é simulation conditions used in Case 4 are similar to those used in Case
2 except that random excitation is preéent in Case 4. The only difference in the
- simulation conditions among Cases 3, 4 and 5 is the spindle speed. It is set at 300

rpm in Case 3, 600 rpm in Case 4, and 1200 rpm in Case 5. .

4 Discussion of Results
4.1 Characteristics of Tool Vibratory Motion

" The simulated tool vibratory motion during a continuous turning process is shown
in Fig. 5a. The tool vibratory motion is significant only at the beginning of the cutting
process due to the sudden application of the nominal chip load. Since random
excitation is not considered during simulation, the tool vibratory motion attenuates due
to the damping effect. Figure 5b depicts the simulated tool vibratory motion during an
intermittent turning process. The tool vibration is significant throughout the machining
process. Comparing the two cases, it is evident that the repeated sudden application
of the nominal chip load and the free-vibration of the tool during the non-cutting period
play an important role in increasing the vibratory motion during an intermittent turning

process.

4.2 Importance of Incorporating the Random Excitation

The difference between the simulated results shown in Fig. 5b and Fig. 5d
represents the effect of the ran»dom excitation on the tool vibratory motion during the
cutting period. A careful examination of the two simulated results reveals that the

vibration pattern shown in Fig. 5b is solely deterministic, and that the vibration pattern
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shown in Fig. 5d consists of both deterministic and random components. More
important is the fact that there is a constant level of residual tool vibration in Fig. 5d.
The vibratory motion shown in Fig. 5d resembles more closely the tool vibratory motion
normally observed in practice. Figure 5f gives the simulated tool vibratory motion
during é continuous turning process with random excitation. This éIsQ shows the
constant level of residual tool vibration, once again confirming the importancé of the

random excitation.

4.3 Effect of Spindle Speed on Tool Vibratory Motion

As indicated in Eq. (15), the tool vibratory motion is composed of three parts, i.e.,
y1(t), yo(t), and ya(t). The magnitude of y4(t) is related to the nominal cirjip load, and the
magnitude of ya(t) is mainly related to the tool initial velocity, and the‘magnitude of ya(t)
is related to the tool initial displacement at the start of a cutting period.

As illustrated in Fig. 5, the initial displacement and velocity of tool at the start of a
cutting period are determined by the free-vibration of the tool at the end of the non-
cutting period. Hence, the time duration of the non-cutting period is a critical factor in
determining the tool vibratory motion during the cutting period. For the workpiece
geometry (Fig. 2 and Table 1) used in the simulation, the time duration of the non-

cutting period is given by

arcsin Width of Slot |
60 o Diameter .
T2= [Spindle Speed | . I-2 (18)

where two diametrically opposite slots are assumed.
According to Eqg. (18), the time durations of the non-cutting period in Cases 3, 4,
and 5 are 0.04 sec, 0.02 sec, and 0.01 sec, respectively. In order to quantitatively

compare the tool vibratory motion at different spindle speeds, an index - the. mean of
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the maximum overshoot of the tool vibration during cutting periods is used. As
indicated in Figs. 5¢, 5d, and 5e, the means of the maximum overshoot of the tool
vibratory motion during the cutting period in the three cases are 68 um, 88 um, and
104 um, respectively. It is evident that the mean value increases as the spindle speed
increases. Table 2 lists 11 such means where each mean is an average of 10 .
individual values of maximum overshoot based on the simulation results. Table 2 also
lists the corresponding standard devia{ion values to indicate the variation level of
-maximum overshoot about its mean. Figure 6 is a plot of the relation between the
mean level of maximum overshoot and the time duration of the norr'l-cutting period
presented in Table 3. Two observations can be made after a careful examination of

Fig. 1.

1. The shorter the time duration of the non-cutting period or the higher the
spindle speed, the larger the mean level of maximum overshoot. For
example, the mean level of maximum overshoot is 12 um at a spindie speed

of 200 rpm, but 104 um at a spindle speed of 1200 rpm.

2.  The mean level of maximum overshoot fluctuates in high spindle speed
regions. For example, the mean level reaches its first peak at a spindle
speed of 400 rpm, but drops as the spindie speed increases. The mean
level goes up again when the spindle speed is above 800 rpm, and reaches

a second peak at a spindle speed of 900 rpm.

The simulated data presented in Table 3 provide an insight into how the spindle
speed affects the status of tool vibration at the end of the non-cutting period, which in
turn affects the tool vibration during the cutting period. The data for the spindle speed

of 1200 rpm indicates that the maximum variation ranges of y1(t), ya(t), and y3(t) are
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185 um, 74 um, and 28 pum, respectively. Therefore, they account for 64%, 26%, and
10% of the total displacement variation range during the cutting period. This indicates
that the initial velocity plays a relatively important role (26%) in determining the
maximum variation range at a high spindle speed setting. Similarly, examining the
data for the spindle speed of 600 rpm, the corresponding percentages are 85%, 8%,
and 7%, respectively. This indicates that the influence exerted by either the initial
displacement or the initial velocity decreases as the spindle speed decreases. This
suggests that as the spindle speedr increases, the initial velocity increases
dramatically, thereby increasing the mean levels of maximum overshoot df the total
vibration during the cutting periods, leading to a significant variation of the chip load
during machining.

From Eq. (15), it is clear that the magnitude of ya(t) is inversely proportional to the
circular natural frequency of the intermittent turning system, wp2. This indicates that
the most effective way to reduce the magnitude of yo(t) for a giyen initial velocity is to
increase the value of wpo. This requires an increase in the static stiffness of the
toolpost structure, K.

The fluctuation_of the mean of maximum overshoot at high spindle speed ranges
is due to the wide variation in the initial displacement/velocity about the zero (node
position) at the start of the cutting period. This fluctuation is in agreement with the
experimental findings in [3]. It also supports the heuristic knowledge of experienced
operators on the shop-floor, who often change the spindle speed a little higher to

control the tool vibration.

4.4 Application of Simulation Results
One practical application of the present work is to provide a reasonable method
to establish the probability of tool breakage during the intermittent turning process. It

has been observed on the shop floor that the tool breakage during the intermittent
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turning process occurs very often. The major causes could be thermal cracking,
mechanical fatigue, and sudden impact between the rotating workpiece and the
vibrating tool [4-6]. However, at high spindle speed ranges, the sudden impact
becomgs the dominant factor causing the tool cutting edge failure. If the impact is
mainly due to the dynamic variation of the chip load, the present work offers a way to
assess the probability of tool breakage during machining. In Table 2, the mean and
standard deviation of the maximum overshootsr of the tool vibration are given and can
be used to measure the dynamic variation of the chip load. It can be §afely assumed
that tool breakage occurs if the maximum overshoot exceeds a certain limiting value.
This limiting value, of course, depends on the tool and workpiece materials. In the
present work, a limiting value of 100 um is assumed based on tool breakage data
obtained from limited experimentation. The probabilities of tool breakage at different
spindle speeds can be determined based on either a t-distribution or a normal
distribution. For example, the mean and sta‘ndard deviation of maximum overshoot
are 12 and 4.57 um, respectively, at a spindle speed of 200 rpm, as indicated in Table
2. The probability of tool breakage would be zero based on a normal distribution. At a
spindle speed of 600 rpm, the probability would be 17% based on a normal
distribution, N[88, (12.5)2]. Such a probability would be 63% at a spindle speed of
1200 rpm based on N[104, (12.4)2]. These probabilities can be effectively used for

reasoning under uncertainty, in an expert system.

5. Conclusions

1. A simulation model 'is developed to study the dynamic characteristics of the
intermittent turning process. The model decomposes the interfnittent machining
process into two sub-models, one each for the cutting and the non-cutting
periods. The tool vibratory motion at the end of each period serves as the initial

condition that determines the tool vibratory motion ‘during the succeeding period.
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An analytical solution for each period is derived and incorporated
into a computer program to simulate the tool vibratory motion
during the intermittent turning process.

Random excitation, based. on the nonhomogeneous hardness
distribution in the workpiece material, is incorporated into the
system model to explain the random vibratory motion of the tool.
The principle of superposition :gis employed to add together the
effects of the random excitation and the nominal chip load.

The simulation results vividly depict the effect of free-\'/ibrationr
of the tool on the tool vibration during the cutting period. Thus,
the time duration of the non-cutting period is a critical factor in
determining' the tool vibratory motio-n. A preliminary
investigation of the relation between the mean levels of the
maximum overshoot of the tool vibratory motion and the spindle
speed indicates that high initial velocity at the start of the
cutting period results in a high mean level of maximum
overshoot. An effective way to control the maximum overshoot is
to increase the static stiffness of the toolpost structure.

The determination of probability of tool breakage based on the
simulation results is shown as an example of the practical
applications of this work. The derived probabilities could be used

for reasoning under uncertainty in an expert system.
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a(t)
BHN

Cs

(%)

T
T2

NOMENCLATURE
thickness of cut during the cutting period
thickness of cut during the entire intermittent turning process
Brinell hardness number |
damping factor used in the toolpost structural model
lead angle of‘tool | °
depth of cut, cutting paramé:ter
feed, cutting parameter
an index
static stiffness of the toolpost structure
unit cutting force
maénification factor
equivalent mass of the toolpost structure
Meyer exponent used to evaluate the random part of cutting force
number of divisions along the circumference of workpiece
complex variable used in the Laplace transformation, or the width of slot
on the circumference of workpiece -
time duration of the cutting period
time duration of the non-cuting period
time evaluated from the beginning of the entire intermittent turning
process
time evaluated from the beginning of the cutting period
width of cut ~
displacement of tool vibratory motion in the direction normal to the
machined surface A
displacement of tool vibratory motion in the direction normal to the

machined surface during the non-cutting period
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Yiorced() =

displacemént of tool vibratory motion in the direction normal to the
machined surface during the cutting period

part of the displacement of tool vibratory motion contributed by the
nominal chip load

part of the displacement of tool vibratory motion mainly contributed by the
initial velocity _

part of the displacement of tool vibratory motion contributed by the initial
displacement |

part of the displacement of tool vibratory motion contributed by the
random excitation

velocity of tool vibratory motion in the direction normal to the mgchined
surface

velocity of tool vibratory motion in the direction normal to the machined
surface during the non-cutting period

velocity of too! vibratory motion in the direction normal to the machined
surface during the cutting period

uniform time interval used in simulation

mean of hardness distribution

hardness value at individual cutting locations

natural circular frequency of intermittent turning system

natural circular frequency of toolpost structure

variance of hardness distribution

damping coefficient of intermittent turning system-

damping coefficient of toolpost structure
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Table 2 Calculation of the Mean of Maximum Overshoot
as a Function of the Spindle Speed

Spindle Speed

(xpm) 200 {300 ]400 |500 600 | 700 |800 900 [1000 (1100 [1200

Time Duration of ’
on-Cutting Per-| -060 | .040 |.030 | .024 | 020 [*.017].015.].013 |.012 |.011 }.010

(sec :

1 ]147 |207 |247 |245 | 216 | 223 249 |253 {245 |247 |262

2 | 146 | 192 |229 | 226 |203 | 204 |237 |272 |201 [194 |232

3 1143 1210 J219 [217 §213 | 221 |259 [292 {236 |217 | 246

4 1140 {199 |239 |239 }210 | 213 {243 [278 |209 }199 |229

5 | 134 | 197 |250 249 }203 | 206 |237 {269 [208 [196 |222

6 | 149 | 194 |243 | 240 [220 | 205 |237 |266 [215 [213 |234

7 | 142 | 194 |258 | 254 | 233 | 206 |233 {266 [205 |199 |216

8 1145 [204 1263 | 260 | 238 | 224 |247 {276 [212 [196 |227

9 [138 |222 258 | 254 | 235 | 234 | 275 | 294 | 235|223 {242

Maximum Overshot Measured in Individual Cutting Periods (itm)

10 {137 |163 |225 | 224 | 208 | 202 | 243 {274 | 208 | 200 232

Mean 142 | 198 | 243 240 218 | 214 | 246 | 274 | 217 {208 |234

Standard

Deviation 457 |14.6 [ 142 13.7] 125} 104 | 12.0} 11.6 | 14.6]16.0|12.4

* The tool dynamic equibrium position is at 130 ym from its static
equilibrium position, which is set at zero.
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