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The effects of nonlinearity in turning operation
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Abstract. This investigation is concerned with the effects of nonlinearity in turning operation with chatter. The
turning operation is considered as a one-degree-of-freedom model and the instantaneous cutting force is expressed
as a function of a linear chip thickness and nonlinear feed-rate variations. By use of the mathematical theory
of delay dynamical systems, the governed neutral delay differential equations (NDDES) for the turning model are
reduced to a family of ordinary differential equations (ODES) at a Hopf bifurcation point where steady state turning
operation changes from stable to unstable. The computation of the conditions of Hopf from the linearized NDDEs
yields the values necessary to establish the bifurcation point. Furthermore, by means of the integral averaging
method, explicit bifurcation equations of the form 3 (a, u) = 0, where a is the chatter amplitude and p is depth of
cut, are derived. From the signs of the characteristic exponents of I (a, 1) = 0, the regions of stable and unstable
nonlinear turning operation are obtained.

Key words: nonlinear machine-tool chatter, Hopf bifurcation, centre manifold theorem, integral averaging method,
stable and unstable machining operations.

1. Introduction

Chatter is an instability in machining dynamics arising often during chip-removal processes
when the tool is cutting a surface x(¢) at time ¢ that is already modulated from the pre-
machined surface profile x(r — k) at time ¢+ — A, in which & := 27 /Q is the time delay
between successive tool cuts and €2 is the spindle speed. Referring to the one-degree-of-
freedom model in Figure 1, which Tobias [1] considered to represent an orthogonal turning
operation, the cutting tool is removing chips from the workpiece with a nominal chip thickness
so as indicated by the dashed lines. The resulting surface profile x(¢) for this situation is flat for
all values of time ¢ and the required cutting force has a constant value. If, on the other hand,
the turning process is excited by abrupt changes in the cutting force, such as those generated
by a hard spot in the workpiece, or the phase shift between the modulations of successive
cuts, then the surface profile of the chip to be machined from this pre-cut surface x(¢) is
no longer flat, but has a wavy form x(z — h) that is produced at time ¢+ — &. Consequently,
sufficient energy stored in the machine-tool and the cutting process will be released to throw
the turning operation into a chatter vibratory motion. From time ¢ onwards sy is altered by an
instantaneous value As of the chip thickness in order to produce the so-called regenerative
chatter chip thickness As = x(t) — x(t — h).

Chatter reduces productivity owing to the scenario of events such as regeneration waviness
of the marks on the workpiece, increased tool wear, poor dimensional accuracy, and grad-
ual breaking of the tool and machine-tool components, which are produced as result of its
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Figure 1. Orthogonal turning operation in a chatter situation.

presence in the chip removal processes. These events in turn are accompanied with fluctuating
nonlinear delayed cutting forces which are considered as major routes to a variety of nonlinear
chatter phenomena, ranging from finite-amplitude instability [2-5] to random chatter [6-9].
Attempts to understand these phenomena have led to a number of experimental and theoretical
investigations, and the corresponding equations of motion are typically governed by delay
differential equations of the retarded and/or the neutral types. They are called retarded delay
differential equations (RDDES), if the delay differential equations possess a time-delay action
in the restoring force, while those differential equations with a time-delay action in the damp-
ing force are called neutral delay differential equations. Both of these equations differ from
the traditional ODEs, in that solutions to ODEs are usually independent of a system’s past
history, while solutions to delay differential equations require the specification of an initial
continuously differentiable function in the closed interval [—#, 0]. Solutions to DDEs are
difficult to derive and moreover, they are known to exhibit complex dynamics. For example, a
one-dimensional scalar linear ODE x(¢) = —ux(¢) has the algebraic characteristic equation
Aopg := A+ u = 0, while the same ODE with the time delay # namely x(t) = —ux(t — h),
has the transcendental characteristic equation Appr = A+ ue™" = 0. It can be readily seen
that Aope = 0 has one eigenvalue and Appe = 0 has an infinite number of eigenvalues for
a fixed value of i # 0. In this regard, there are inherent qualitative differences between the
dynamics of the two scalar differential equations x(r) = —ux() and x(t) = —ux(t — h).
Thus the modelling of a physical system with time-delay actions by ODEs will no doubt lead
to a significant loss of dynamics.

In their efforts to understand finite-amplitude instability, Hanna and Tobias [2] conducted
experimental tests for orthogonal turning operation and formulated the operation as a single-
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degree-of-freedom-model. They derived the nonlinear retarded delay equation mx + cx +
I'(x) = —Af, consisting of mass m, linear damping c, nonllnear spring force I'(x) = kyix +

kox? + kax®, and the instantaneous cutting force as Af = Z oj{As}, where As = x(r) —
j=1
x(t —h) for As > —sgand p = 3. As is the variation of the chip thickness s from its nominal
value so. k1, ko, k3, o; are the model coefficients. The authors showed that when As < —sp the
cutting tool leaves the workpiece material over a part of the chatter cycle where the response
amplitudes exceed certain nominal values. While for As > —sq the authors observed that
the cutting process commenced to chatter with rapidly growing amplitudes which ultimately
stabilized at some finite level. This stabilization is called finite-amplitude instability. From
their investigations it was clear that this instability occurs primarily as a consequence of the
nonlinearity of the cutting force being a function of the chip thickness and/or the feed rate.
In this regard, Shi and Tobias [3] used only the linear spring force, and the nonlinear cutting
force due to the chip thickness and feed rate variations to examine finite-amplitude instability
in milling. The regeneration chatter marks on the machined surface profile and the associated
dynamics were found to vary also in accordance with the nonlinearities in the cutting force.
Using this same equation of Shi and Tobias without the feed-rate effect, Stépan and Nagy [5]
demonstrated theoretically the existence of periodic orbits leading to super- and subcritical
bifurcations during orthogonal turning operation. As the chip thickness was varied, they found
that chatter machining was globally stable for particular cutting conditions as long as the depth
of cut remained 8% below its nominal value at Hopf bifurcation. Their results, which were
captured in an infinite-dimensional Banach space, have established the notion that instability
chatter machining is consistent with the typical bifurcational changes (stable and unstable
limit cycles, super- and subcritical bifurcations) appearing in nonlinear dynamical systems.
In this paper we restrict ourselves to the investigation of a one-degree-of-freedom orthog-
onal turning model when the turning operation loses its stability and undergoes super- and
subcritical bifurcations to exhibit finite-amplitude instability. A variant form of the neutral
delay differential equations formulated for orthogonal turning operation by Nigm et al. [10],
who did not take into account the nonlinear effects, will be utilized. For simplicity we will
consider only the chatter vibration arising in the direction of the main cutting force. Following
the inspiring work in [5], first, we will identify the onset of chatter (a Hopf bifurcation point
as it will be called, henceforth, in this paper) by studying the transcendental characteristic
equation associated with the linearized turning model when the depth of cut is continuously
varied. Then the super- and subcritical bifurcations occurring at the bifurcation point are
analyzed by the construction of a two-dimensional centre manifold in the infinite-dimensional
Banach space C([—#, 0], R?) for a fixed and positive time delay 4 > 0.

2. Constructing the centre manifold

The modelling of chatter in chip-removal processes often leads to delay differential equations
of the retarded type, whose stability behaviour can be adequately defined in a generalized
centre manifold. To construct such a manifold, we employ the axiomatic standard notations
of Hale [12] and represent the resulting tool displacements due to chatter experienced at times
t — h and ¢ in a particular directional machining as a functional retarded differential equation
of the form

X(t) = L(x (), Wx, (0) + eAf(x (0), m,e), =0, 0=e<K1, (2.1)
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with the definition x; (0) = x(t +60), —h <6 < 0. Theelement x;(#) C C := C([—h, 0], h")
is the past history of the future state variable x(¢) in X". L = L(x;(0), 1) : C x R — N"
is a linear functional mapping and for a prescribed function n(6, ) : [—h, 0] — R” with
elements of bounded variation in [—#4, 0], specifically, n(0, u) = {—L((—h), u), when 6 =

—h, 0, when —h < 6 < 0and L((0), ) when 6 = 0, L may be expressed in integral form as
0

L(x(®), wx,(6) = [ [dn(8, w)]x, (). Here w is the bifurcation parameter that represents the
—h

depth of cut. The perturbation A f = A f(x;(0), u,€) : M x C — x™ is a strictly nonlinear

functional mapping and it is continuous with respect to its arguments.

As in linear ODEs with constant coefficients, the linear delay equation x () = L(x,(0), 1)

0
of Equation (2.1) has the transcendental characteristic equation A(A, w) := det{xI — [ [dn(8,
—h

w)]e*’} = 0, where I is the identity matrix. The eigenvalues of A(A, u) = 0 are infinite and
they may be real, or, occur in complex conjugate pairs. We will assume that a finite number
of eigenvalues, say A(A, ) = {A1, A2, ... M}, kK = 1,2,3,...n, having zero real part, are
the eigenvalues of A(A, u) = 0 and all other eigenvalues have negative real parts. For such
characterization, Hale and his colleagues [11-16] have shown that there exits the direct sum
decomposition of C into two disjoint subspaces by all the eigenvalues of A(A, u) = 0 as
C =P, un®Q,w. Here P = P(A, u) is the generalized eigenspace spanned by the
linear solutions corresponding to the finite number of eigenvalues A(A, 1) = {A1, A2, ... Ak},
while O = Q(A, w) is the infinite-dimensional, complementary subspace associated with
the remaining eigenvalues of A(A, x) = 0. In addition, they showed that there exits a k-
dimensional local centre manifold M, = M, (A, A(6, u)) in C, whose linear extension is the
generalized eigenspace P. P and M, are equivalent, in that, they are both the generalized
eigenspace in C, and moreover, the solution of (2.1) in C through a prescribed initial continu-
ously differentiable function, say ¢ () C C with initial value ¢ (0) at zero, projected onto P,
is the corresponding solution in the centre manifold A7,,.

Indeed, we can say that x(¢(0), ¢, u, €) is a solution of (2.1) through the function ¢ (9) if
and only if, for all values of t € (—o00, 00), x,(¢(0), ) satisfies the variation of constants-

integral equation x;(¢(0), w, &) = J(t, W@ (©O) +& [ J((t — &), W) Xo(O)A f (x¢(0), 11, £)dE,

0
where J (¢, u)¢ (0) is the solution operator of the linear delay equation x (1) = L(x;(0), w)x,(6)
and the integral part denotes the solution operator of the nonlinear part of (2.1). J (¢, )¢ ()
is a solution operator because, for ¢(0) < C, we have the mapping of the past history
x;(0) into the future by the relation x, (¢ (0)) = J (¢, n)¢(0), where the function ¢ (9) is the
linear combination of the solutions corresponding to the finite eigenvalues of A(x, ) = 0.
J(, 1), t, u > 0is a strongly continuous semigroup of bounded linear operators in C with
infinitesimal generator A(6, ) defined accordingly as D(A(9, n)) = {¢(0) < C, $(0) =
L(¢(8), w)¢ ()} and A(G, w)¢(®) = ¢(6). The semigroup properties of J (¢, u) imply that
the spectra sets o (A(0, w)), of A, n) and o (J (¢, u)) of J(z, u) are the point spectra of
finite type, and have eigenvalues with zero real parts satisfying the transcendental charac-
teristic equation A(A, u) = 0. The element Xy(0) in the integral equation is defined as
Xo0) =0, —h <60 <0, Xg(0) = 1,0 = 0. P and Q are both invariant under J(z, )
and A6, u), which means that a solution in C starting from a point in either P or Q, will
indeed always remain in P for all t € (—o00, o0), or, Q for all + € [0, c0). In particular,
with the integral solution x,(¢(0), u, &) of (2.1) in C, we have the unique representation



The effects of nonlinearity in turning operation 147

X (@0), &) = xF (@O, 1, &) + x2(p(0), 1, &), where x”(¢(0), i, &), x2(p(©0), 1, )
are the projections of x;(¢ (@), u, &) € C onto the two subspaces P, Q, respectively. Sim-
ilarly, for ¢(0), Xo(@) < C, we have the representation ¢(9) = ¢ (©) + $2(6), where
P O) = ®@O)b, and Xo(0) = Xg’(d) + XOQ(G), where Xé”(&) = ®O)¥(s) and b is
some constant vector. The function ®(#) < C is a basis to all the solutions of x(t) =
L(x,(6), w)x,(0) in M, for which A(x, u) = 0 has the k eigenvalues with zero real parts,
whereas W(s) € C, 0 < s < h is the basis for all solutions of the linear functional delay dlffer-
ential equation u(t) = L(u (s), wuz(s), u(f) € R in the Banach space C := C([0, h], H").
This equation in C is formally adjoint to x(¢) = L(x,(@) w)x; (0) with respect to the bi-

linear relation (y;(s), ¢ (8)) = (¥;(0), $:(0)) — f fo V(¢ — s)ldn(@, wlee(0)ds, j,
k=1,2,...n, for ¢,(0) € C and ¥;(s) < C. The linear functional L. = L(u,(s),,u) :
C x M — N is the transpose of L(x,(6), u) and for the bounded variational function

A(s, ) = [0,h] — M", L is described by L(u;(s), n) = — f [dAi(s, ) u;(s). Although a

unique solution for the adjoint equation can be obtained by speC|fy|ng an initial continuously
differentiable function v/ (s) in C, itis interesting to note that the corresponding transcendental
characteristic equation A (%, u) = 0 has exactly the same eigenvalues as those of A(%, u) =0
inC. The correspondlng semigroup J(t M, f W= 0, and its |nf|n|te5|mal generator A(s W,

defined by D(A(S w) = {¥(s) € C, ¥(0) = L(W(s), wy(s)} and A(s, W)y (s) = ¥ (s),

of u(f) = L(u (s), wyu;(s) have also the point spectra sets of the finite type with eigenvalues
satisfying A(, ) = 0. In particular, for the finite eigenvalues A(A, 1) = {A1, A2, ... At}
with zero real parts, there is also the generalized eigenspace P P (%, w) and the local centre
manlfold M M (h, A(s, W) in C. Moreover for w(s)in C, we have its projection onto P

as ¢’ (s) W (s)b, where b is some constant vector.

Incidently, because of the fact that the two linear equations x(¢) = L(x,(6), u)x;(0)
C and i(?) = L(u;(s), wu;(s) < C are adjoint, we have the identity (¥ (s), AD(9))
(AW (s), ®(0)), where for some k x k matrices B € C, B < C whose real elements are
the elgenvalues of A(A, ), and are obtained from the fact that A®(9) = ®(0)B, AV(s) =
II!(s)B we have (\I’(s) ADPO)) = (V(s), PO)B) = (V(s), CI>(9))B (A\Il(s) D)) =
(W(s)B, ®(©H)) = B(V(s), P(0)). Thus the two real matrices B, B are equivalent provided
the inner product (W (s), ®(6)), whose elements are the bilinear relation (v;(s), ¢x(0)), is
the identity matrix. However, (¥ (s), ®(6)) is generally not equal to the identity matrix, that
|s (W(s), ®(0)) # I.Insuch asituation, the matrlces B, Barerelated as B = (W(s), @O))*
B(lIJ(s) @ (0)), and thus the basis W (s) for P < C canbe readily normalized to a new set of
functions ¥ (s) < € by carrying out the algebraic computation of W (s) = (¥ (s), ®(0)) "1 W(s).
This new basis W (s) will indeed ensure that the inner product (¥ (s), ®(6)) = I.

With the space C decomposed as above along with ®(6), ¥ (s) being bases for P C C,
P < €, and in addition, we have that W (s) in C is normalized to W (s) such that (¥ (s), ®(0))
= I. Then the elements needed to write the integral equation x;(¢(0), ) as a solution in the
centre manifold in C are given by P = {(¢(®) € C, ¢(8) = o7 (0) + ¢2©) | p7(0) =
®(0)b, b := (V(s), 7 (0))}, while those elements in the complementary space are given by
0 = {(¢pO) € C, p20) = ¢(®) — ¢*(B) | (U(s), $2(0)) = 0}. Therefore, we have an
equivalent solution of (2.1) in M, as x,(¢(6), u,e) = PO)y(t) + xtQ(¢>(9), W, £), where
y(1) € K" defined by y(r) = (V¥ (s), $(0)) satisfies a family of ODEs. In order to obtain such
ODEs, we take up the derivative of x;(¢(0), i, ) = ®O)y@) + xtQ (¢(#), w) and impose it

N
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t
onto the variation-of-constant integral equation x,(¢(0), u, &) = J(t, W@ @) +¢& [ J((t —

0
$), WXoO)Af(x:(0), u, e)d¢ in C. This will yield the k-dimensional ODEs in M,, € C as
follows:

¥(1) = By(1) + eV (O)Af(@O)y(t), u,8), —h <1< o0, (2.2a)

and the integral solution in the infinite-dimensional subspace Q C C is
t

P ($O), 1 8) = J(t, Wip(©) — ¢ (60)) +8f J((r = &), m{Xo(®)—

0
XE@Af(xc(0), )AL, 0 <1 < o0,

(2.2b)

where B is the k x k real matrix. As a first-order approximation, Hale and his colleagues [11-
16] have suggested that long-term behaviour of Equation (2.1) is, in principle, well approxi-
mated by the k-dimensional ODEs (2.2a) corresponding to the integral equation x” (¢ (8), u, &)
of P C C in the centre manifold M,. There are two seminal reasons for such an assertive
argument. First, the authors stated that the integral solution x,(¢(9), u, €) in Q, in general,
cannot satisfy Equation (2.1), because x,Q (¢ (0), , &) does not satisfy the fundamental prop-
erty x2(0) # x2(t +6), —h < 6 < 0 of functional differential equations. Secondly, they
have demonstrated that, as the bifurcation parameter . varies in the vicinity of its critical
value ., and moreover, as + — oo, the exponential estimate of the integral solution in Q,
namely | xtQ(¢>(9), w, &) 1= x,(¢©O), u, &) — xF (@), u, &) | 0. Therefore, there is no
loss in generality by assuming that the dynamics of practical interest occurs in the smooth
k-dimensional centre manifold A,. In a similar way, the investigations of the stability and
bifurcations of equilibria in a multiple-delay differential equations with nonsymmetric non-
linearities by Bélair and Sue Ann Campbell [17], and the nonlinear regenerative chatter with
cubic, symmetric nonlinearities by Stépan and Nagy [5] showed that the corresponding ODEs
in the prescribed local centre manifolds were sufficient to understand the dynamics of the
physical systems of interest. We feel that the trade-off of the integral solution x,Q (@), u, &)
in Q is far better than the many previous techniques used to reduce delay equations to finite
ODEs under the naive assumption of small or negligible time delay. This theory of retarded
delay differential equations, which has also been extended to NDDEs by Hale [12-14], is
a consequence of extensive general results for the study of delay dynamical systems in an
infinite-dimensional space. The recent book [13] and the references cited therein will provide
a detailed account of the theories for both the retarded and neutral DDEs.

In the sequel, we will explore the bifurcation of a single degree of freedom turning model
leading to finite-amplitude stability in the infinite-dimensional space C := C([—h, 0], %?)
when the finite eigenvalues A(A, ) = {A1, A2, ... At} of A(A, u) = 0 has the two complex
conjugates eigenvalues, namely A(X, u) = v(u) £ iw(w). Furthermore, we will assume that
these eigenvalues satisfy the classical conditions of Hopf [12, 13]. That is, for u = u., we
have v(u.) = 0, w(n) # 0, and by the implicit-function theorem we have the crossing
velocity Re{dA(A, n)/du},—,. # 0 of the eigenvalues from left to right in the complex
plane.
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3. Bifurcations and finite amplitude instability

In this section, we examine super- and subcritical bifurcations leading to finite-amplitude
instability by adopting nonlinear neutral delay differential equations, which are somehow
similar to those equations formulated by Tobias and his colleagues [2, 3, 10]. The cutting
force is considered here as a function of a linear chip thickness and nonlinear feed rate. In this
regard, we have the nondimensional functional delay differential equation

Q25 + 8oQ2x + Brx + u{B2(x — x(t — h))+

q
S105 — 5t —h)) =& Y ali — it — WY, 1)

j=2

in C := C([—h, 0], ®?), where Q is the spindle speed, the depth of cut y is subjected to small
perturbation e from its critical value u. and 8y, 81, B1, B2 are the physical parameters of
the turning model. The coefficients «;, j = 2, 3, 4, ... g characterize the nonlinear nature of

the cutting force i o {x —x(t —h)}/. Nam et al. [10] have utilized the left-hand side of this
j=2
equation, in orde; to illustrate the effects of the linear variations of the feed rate on orthogonal
turning operation. Shi and Tobias [3] showed that, in the absence of the delayed damping
term x (¢ — h), the regions of linear stable milling operations increased as the feed rate factor
81 was continuously varied. Recently, Baker and Rouch [18] have also expressed the cutting
force for orthogonal turning process in the same form as the left-hand side of (3.1). Using a
finite-element method and varying the flexibility of both the tool and the workpiece, they were
able to identify stability regions and the operating frequencies within such regions for a small
range of spindle speeds. Efforts to explore the nonlinear variation of the feed rate are very
limited and the precise nature of the degree of nonlinearity of the cutting force as a function
of the feed rate is so far not known in the literature. It is known, however, for j = 2, 3 that the
nonlinear cutting force in Equation (3.1) is similar to the well-known nonlinear cutting force
as a function of the chip thickness, which has been formulated by Tobias and his colleagues
[2, 3] for turning and milling operations. Therefore, for the sake of exploring the bifurcations
leading to finite-amplitude instability, we will assume that the degree of nonlinearity of the
cutting force is of the nonsymmetric form, namely, j = 3 and j = 5 in Equation (3.1).
The linear part of Equation (3.1)

Q% 4 8k + frx + ul{Ba(x — x(t — b)) + 810 — k(1 —h))} =0, (3.22)
in C has the characteristic equation

Ak, p) = Q232 + (802 + 81)h + (B1 + o) — (B2 + 812 e = 0. (3.2b)
The eigenvalues of this equation are the same as those corresponding to the adjoint equation

Q2% — 8ox + Bix 4+ p{Bo(x —x(F 4+ h)) — 81k —x (T +h))} =0, (3.3a)

in C := C([0, h], ®?) with respect to the bilinear relation
)
(Y (s), $(6)) = ¥;(0)y (0) — glz—l;{lﬁj (0 (—h)}—

S 0<d1ﬁj(h+§)
Q2 ), d¢

3.3b
» (3.30)

0
Q2 /—h ‘ﬂ/(h+§)¢k(§)d§’ j,k=1, 2’

)¢k(§)d§ +
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for ¢(6) < Cand ¥;(s) € C. Substituting A(x, it) |u—p.= =Fiw in (3.2b), and simul-
taneously solving the real and imaginary equations for w, € will give rise to the following
conditions for the onset of chatter at the Hopf bifurcation point u = u. :
800)9
81w (1 — coswh) + Brsinwh’

/,L:

. (3.4a)
292 80,32(1 — COS a)h) — 8pb1w SIN wh

81w (1 — coswh) + B, sinwh
where by the implicit-function theorem we have the crossing condition

dA (A, 1) 1 .
Red ———~ = —ﬁ{Rlll{ﬂZ(l — COSwh) — S1w Sinwh}+
d,LL W=l Rlll + R112 (34b)

Ri12{810(1 — cos wh) + B, sinwh}} > 0,

w2+ B =0,

and it is positive provided Ri111{.} + R112{.} < 0, in which the notations R;11, R11» denote

1
Ri11 = 602 + - SowS2(81 — Boh) COS wh—
1 0 81w (1 — coswh) + B sin a)h{ 0231 = foh) @

80810 (1 + wh sin wh)},

(3.4c)
1
Ruz = 208" - - 80w (81 — Boh) Sin wh
" ¢ 310)(1—C030)h)+ﬂ2$ma)h{ 0w 2(81 — B2h) Sin wh+

8081w2h 2 oS wh)}.

Thus, for the parameter values 8, = 230, 8, = h = 1, §; = 0-0625, we capture conditions
(3.4a) and (3.4b) qualitatively in Figure 2, and from this it can be readily seen that the turning
operation is stable as long as a coordinate point of the depth of cut x and spindle speed 2
does not fall within the unstable region in the & — u plane.

Next the bifurcations leading to finite-amplitude instability in the two-dimensional centre
manifold M, C C are determined by computing the decomposition C = P @& Q according
to the simple eigenvalues A (X, u) |,-,,= *iw associated with the generalized eigenspaces
P C C, P C C, as well as all the remaining eigenvalues of A(x, u) = 0 corresponding
to the complementary space Q < C. Indeed, the corresponding function ¢*(6) in P is
") = ®O)b S C, —h < 0 < 0, where ®(0) = [¢1(0), $2(0)], ¢1(8) = [c0swb,
sinwb]”, ¢,(0) = [—sinwh, coswh]”, while ¥ (s) in Pisy(s) = W(s)b < C,0<s <h,
where W (s) = [¥1(s), V¥2(s)], ¥i(s) = [cOsws, —sinws]", ¥a(s) = [sinws, cosws]”.
Here T stands for transpose. Using the bilinear relation (3.3b), we can calculate the elements
(i (s), ¢x(0)), j,k = 1,2 of the inner product matrix (W (s), ®(#)). Thus we obtain the
elements of the matrix (W, ®)pgg

800)

: 81 — Boh) cOS wh — §1wh Sin wh},
+Q{ﬂla)(l—cosa)h)—I—ﬂzslna)h}{(1 P2h) cos w 1 wh)

(3.53)

Yu=vyr=1

806()

Yo = QB0 (L cos ) 7 By sinooh] {(81 — B2h) sinwh + §1wh COS wh}, (3.5b)

Y21 = —Y2,
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Figure 2. The linear stability chart for the turning operation.

and it is a nonsingular matrix, that is (W, ®),sg # 1. Then, after another tedious calculation
of W(s) = (¥, )W (s) for the normalization of W(s) € C to W(s) = [1(s), ¥2(s)] € C,
where ¥1(s) = [Y11, Ya1l”, Va(s) = [Y12, ¥22]”, we have

7 Y2 COS ws + Yrip SINws - Y2 SiN ws — Yo COS ws
ll - 2 2 9y == 2 2 b
Vi + ¥ Vi + ¥ (3.6)
; V21 COSws + Yy SiNws - Vo1 SiNws — Y11 COS ws '
21 — — 2 2 ) 22 — — 2 2
Vi + Y Vi Vi

Again substitution of the new elements (v;(s), ¢ (0)), j. k = 1,2 of (W(s), ®(6)) in
(3.3b) and integration will give the identity matrix (¥, ®) = I. To this end, we can write

(@ 0), . 8) = PO)y(@) +xL(BB), 1, 8), Y1) € K2, y(1) = (¥(s), $(6)) to obtain the
equivalent ODEs on the centre manifold M. C :

V(1) = —wy, —eg'(y1, y2),  Ya2(t) = wy1 — 8% (31, y2), (3.7a)
where the above quantities represent the following
'O, y2) 1= Fs11y3 + Fsioy1ys + (Faun + Fo13y?)ys + (Faia + Fsuay?)y1ya+
(F313 + Fs15Y2)y2ys + (Fa1a + Fs16Y?)y3 + Fi11y2 + Fioyi, (3.7h)
g%y, ¥2) = Gs11y3 + Gs12y1ys + (Gau1 + Gs13y))y3 + (Garz + Gs1ay?) y1yi+
(G313 + Gs15Y2)y2y; + (G314 + Gs16¥9) Y3 + Gr11y2 + Griayi);
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0y 5 w2 4
Fs1y = —————as(1 — coswh)®, Fg510o = —————a5(1 — coOSwh)”sinwh,
511 W+ v 5( ) 512 W+ vd) 5(
10 .
Fs13 = _2(07‘#2120{5(1 — cos wh)® sin? wh,
(Vi + ¥12)
10 .
Fsiq = —Zwiwnzoes(l — cos wh)?sin® wh, (3.7¢)
(Vi1 + Y1)
5 . .
F515 = —20)—1//2220{5(1 — COS wh) SII’]4 wh, Fs5i5= —%O% Slns wh;
(Vi + ¥12) (Vi + ¥12)
oL/pY) 3 3w 5 .
F311 = ——————a3(1 —coswh)®, Fzp=———5——a3(1 — COSwh)sinwh,
311 RS 3( ) 312 W2+ v 3(
3 ) .
Fs13 = —Zw—v/zzzag(l — coSwh) Sin® wh, Fau = —%0{3 sin® wh,
(Vi + ¥12) (Vi + ¥12)
Fin == i Ty Byl = 005 h) — fryrzsinwh). (3.7d)
11 12
In .
Fi1p = ——————{810¥22 Sinwh + Brr12(1 — COS wh)};
(W + v
w1 5 Swra 4
Gsit= —————as(l —coswh)®, Ggp=———"——0a5(1 — cOSwh)”sin wh,
511 RS 5( ) 512 RS 5(
10 .
Gsiz = —Zw—l/mzoes(l — cos wh)® sin® wh,
(Vi + ¥i2)
10 .
Gs1g = —Zw—l/mzas(l — cos wh)?sin® wh, (3.7e)
(Vi + ¥12)
5 . .
Gs15 = _2(‘)7‘#2120{5(1 — COS wh) SII’]4 wh, Gsig= —%O@ SII’]5 wh;
(Vi1 + ¥io) (Vi1 + ¥i2)
w1 3 3wz 2 .
G311 = ——————a3(l —coswh)®, Gz1p = ————"—0a3(l —CcoSwh)"sinwh,
311 WL+ vh) 3( ) 312 Wh +v5) 3(
3 . .
G313 = _2(‘)7‘#2120{3(1 — COS wh) SII’]2 wh, Gz = —%O@ SII’]3 wh,
(Vi1 + ¥in) (Vi1 + ¥i2)
Gu1 = —(wziﬁ{swwﬂ(l — C0S wh) + Boyriy Sin wh), 3.79)
11 12
Gz = —(wziw{(slaﬂﬁzl sinwh — B (1 — cos wh)}.
11 12

Since the centre manifold M, € C is tangent to the plane y1, y, at the origin, and moreover the
nonlinearities considered in Equation (3.1) are of the fifth and cubic orders, we use the Taylor

expansion of () y(1)) = psu[P@)y(1)]° + 5ps

[P O)y()]* + - psis[@(O)y(1)] to

further simplify (3.7) by a near identity transformation, namely
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y1(t) = —wy2 + ea{l1s(y1, y2, wa* + Tl 2, wad + Al (v, y2, 0}, 39)

Y2(t) = wyr + ea{l3s(y1, y2, wa* + T2, yo, wa® + a3 (1, y2, w1,

where psi1, ps1o, ... psis are constant coefficients. The resulting coefficients F’1‘15(y1, Vo, L),
F’l‘lg(yl, V2, L), F’l‘n(yl, vo, ;) are composed of all the elements in (3.7), as well as those
coefficients generated by the substitution of the Taylor expansion of 7#(®(6)y(z)). At the
expense of the transformation y; = asin®, y, = —acos®, © = wt + ¢, we write (3.8) in
terms of amplitude and phase relations, namely

at)sin® +agcos® = ea{l'i (asin®, —acos ®)a* + '} 5(asin®, —a cos O)a®+
AT}, (asin®, —acos ®)},
—a(t)cos © + agsin® = ea{l'?;(asin®, —acos O)a* + I'?;(asin®, —a cos O)a’+
A%, (asin®, —acos ®)). (3.9)
Solving these equations for a and ¢ we obtain equations for the amplitude and phase, denoted

by a(t) = el,(asin®, —acosO, u, &), ¢(t) = ely(asin®, —acos O, u, ). Then, the use
of the averaging operators defined according to Bogoliubov-Mitropolsky [19]:

Ty
a=M{T,(asin®, —acosO, u, &)} = Tlim To‘l/l“a(asin ®, —acosO, u, )dr,
t 0—> 00

0
Ty

¢ =M{T',(asin®, —acosO, u, )} = Tlim To‘l / [y(asin®, —acos®, u, e)dt,
t —> 00
’ 0 (3.10a)

will yield the uncoupled averaged equations:
a = ea{Mjgsa® + Miza® + My}, ¢ = e{Mfsa’ + Mijza® + Mip ), (3.10)

where the notations I1%,., 1%,,, 1%, are the respective coefficients after averaging over the
time interval Ty € [0, 27r]. The bifurcations occurring and finite-amplitude instability can now
be examined.

We begin by setting a = ag + p, where p is the perturbation from the steady-state value
which is obtained by solving the equations @ = 0 and ¢ = 0. Hence, we obtain the linear and
nonlinear variational equations as follows:

/O(t) = _Sﬁninp’ ap = O, ,O(t) = _8{51_[%1503 + 31_[%130(2) + H%llﬁ}p, ap 7é 0.
(3.11d)
Solution of these equations will yield the characteristic exponents, or equivalently the bifur-
cation equations

S (@, W) gmgp—o = —&A{TT111 bamagmo = 0, (3.110)

(A, ) gmag20 = —e{Tjy5a5 + 3T1113a5 + Mgy fifa—apz0 = 0.

A qualitative sketch of these bifurcation equations showing the regions of stable and unstable
machining operations, is displayed in Figure 3 when the depth of cut w varies near its critical
value .. In these figures, the critical depth of cut w. corresponds to the value when the
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Figure 3. (a) Supercritical bifurcation for 1'[%15 <0and Hhs > 0. (b) Subcritical bifurcation for 1'1%15 > 0and
M}, < 0. (c) Supercritical bifurcation for I}, = 0 and I, > 0. (d) Suberitical bifurcation for I}, = 0 and
nt.<o
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amplitude ag = 0. Steady-state turning operation is stable as long as the depth of cut © < w.
and is unstable when u > u.. At u = u, instability machining operation gives rise to super-
and subcritical bifurcations. According to Tobias and his colleagues [2, 3] some mild chatter
may be noted generally beyond the left-hand side of the critical depth of cut, in particular, the
range 2-0 — u. in Figure 3b. This is the range of finite-amplitude instability, where the growth
or decay of the mild chatter amplitudes are sensitivity dependent upon the initial disturbances.

In this finite-amplitude, range region, the turning operation is dynamically stable for small
disturbances and unstable when the disturbances are large. Indeed, the chatter amplitude may
shift from one probable value to another. That is, mild chatter starts to build up rapidly in
this range until the critical depth of cut u. is exceeded. For © > . steady-state turning
operation is no longer possible and the corresponding chatter amplitudes will continue to
grow exponential until they stabilize themselves at some finite level.

4. Conclusion

The need to eliminate waste and the demand for quality products have motivated a growing
interest to understand the nonlinear instability in machining dynamics which are produced as
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a result of chatter. In this paper, we have not only characterized the bifurcation point, whereby
the stability of the linearized turning model is lost through Hopf bifurcation, but also we have
identified the super- and subcritical bifurcations leading to finite amplitude instability. In the
regions of finite-amplitude, machining is known to be stable for small excitations and unstable
when they become large. A notion Tobias and his colleagues [2, 3] have characterized experi-
mentally as a result of the nonlinearity of the cutting force as function of the cutting conditions.
Attempts to quantify their findings theoretically, in particular by Hanna and Tobias [2], have
been made by Stépan and Nagy [5]. They adopted the aforementioned theory to reduce the
infinite character of a nonlinear retarded delay differential equation to ODEs, and using the
normal forms they were able to produce similar types of bifurcations for chatter machining.
Chatter is of considerable complexity, and the occurring dynamics are far from being clearly
characterized. There is indeed wide variety of mechanisms one can consider for the limiting
decay or growth of chatter amplitudes, and their transient behaviour, particularly at some finite
levels. For instance, anyone of the parametric interactions of the cutting conditions, tool, work-
piece and/or machine-tool will impose constraints on satisfactory understanding of the various
forms of chatter phenomena and their adverse effects on machining. While a number of in-
vestigations have been conducted, and theories and approaches established for characterizing
and predicting chatter, there is not a single theory or approach for the study of the stability
behaviour of nonlinear chatter excitations for fixed or multiple values of time delays between
successive tool cuts. The problem of describing stability behaviour in the generalized centre
manifold can be examined for a wide range of the chatter-model parameters. This theory,
according to Hale and his colleagues [11-16], is direct, in the sense that, once the ODEs for
the DDEs have been obtained in the generalized centre manifold in an infinite-dimensional
space, standard techniques for the stability analyses of nonlinear dynamical systems could be
employed. In this way, the parameter ranges of the cutting conditions, tool, workpiece and
machine-tool over which optimum chip removal processes take place can be determined.
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