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1 General approach

In order to estimate tool wear from the cutting force measurement, it is necessary
to understand the relationship between tool wear and the cutting force. Tool wear is
usually categorized into two types : crater wear on the rake surface, and clearance wear
that includes flank and nose wears.

2 The clearance wear model

The relationship between the cutting force and flank wear has been studied by several
researchers [1-3]. Their works were mainly based on the investigations of either orthogo-
nal cutting or oblique cutting. Basically, they assumed certain pressure distribution and
constant friction coeflicient on the ﬂar;k;wezi'r;suffac’e., Usually in both orthogonal and
oblique cuttings, the width of the ﬂa,nli"wé’ar_, W, develops uniformly and the change of
the cutting force ,AF, may be madeled as ¢

N ) (1)
where fp and F s are two perperidicular components given -by
Fy= Py, W;b (2)
and .
Fr=puP,,Web (3)

where P,, is the average pressure on the flank wear surface, b is the width of cut ( or
the depth of cut in turning ), and pu is the friction coefficient. Note that F}, acts normal
inward to the flank wear surface and F’} acts along the direction of the cutting speed.



In the case of real turning applications, the tool engagement is more complex, since
the insert nose is also involved in the cutting operations. We can, however, extend
the flank wear model to the nose surface and obtain a comprehensive wear model that
describes the change of the cutting force due to clearance wear.

Let us define s as the coordinate along the projection of the actual cutting edge on
the plane perpendicular to the cutting speed with the starting point corresponding to
the initial cutting point on the flank edge and the ending point to the end cutting point
on the nose edge, as shown in Fig. 1. The change of the cutting force due to pressure on
the clearance wear surface can be written as

" s2 (W(s)
F,= / / p(s,w) i (s)dwds, (4)
o Jo

where W(s) is the local wear at point s, p(s,w) is the pressure distribution on the
clearance wear surface, 7i(s) is the unit normal vector pointing inward on the clearance
wear surface, and s is the value of the ending point in the s coordinate. Note that
since we analyze a general turning case in which the tool is tilted with respect to the
workpiece, the wear, W, is measured along the direction of the cutting speed and may not
be perpendicular to the cutting edge. fp in Eq. (4) represents a force that its direction
varies with 7 along s. Also note that Eq. (2) is a particular case of the comprehensive
model of Eq. (4), in which W(s) becomes a constant, Wy, and s is a straight line of a
length b.

The general expression of the force change due to the friction force on the clearance
wear surface may be written as :

. sz W{(s)
Fy= / / p(s,w) p(s,w)vdwds, (5)
o Jo

where (s, w) is the friction coefficient on the clearance wear surface and ¥ is the unit tan-
gent vector in the direction of the cutting speed. The sum of these two forces represents
the total cutting force change due to clearance wear.

To evaluate Egs. (4) and (5), the following functions should be known :

1. p(s,w)
2. u(s,w)
3. 7i(s)

4. W (s).

To know the exact structures of these functions is very complex in machining. However,
as a first approximation, we can make assumptions regarding the above four functions
to simplify the model.

By assuming that the average pressure on the clearance wear surface is constant [1],
we have :

W{(s)
[/0 p(s,w)dw] /W (s) = Pay(s) = Py = constant. (6)



By assuming that the friction coefficient on the clearance wear surface remains un-
changed, we have :
p(s,w) = pu = constant. (7)

By assuming that clearance wear does not change the original shape of the cutting edge
( viewed from the direction of the cutting speed ), we obtain :

ii(s) = 1o () (8)

where 1, is the unit vector normal to the cutting speed pointing inward to the cutting
edge of an unworn tool. Finally, we assume that clearance wear may be written in an
approximate linear form (see Fig. 2) as :

T/Vf 0 <s< sy
W(s)=1< ((s=s2)/(s1 = 52)) W+ ((s —s1)/(s2=51)) Wy 51 <5< 59 (9)
0 otherwise

where Wy is the average flank wear on the flank edge, W, is the nose wear at the end
point s2, and sy is either the s value of the tangent point connecting the flank edge and
the nose edge when greater than zero, or is zero otherwise.

By substituting Eqs. (6-9) into Eqgs. (4) and (5), the following simplified model for
the change of the cutting force is obtained.

ﬁ}d%A”W@ﬁ@w (10)

- 1 -
Fy =5 pPay [Wn (82 = 1) + Wy (s2+ 81)] (11)

Note that 13,, actually consists of a component in the radial cutting force direction and
a component in the feed cutting force direction, and F‘} is almost in the normal cutting
force direction ( with a negligible amount in the feed cutting force direction. )

If we denote Afr, Afd, and Aﬁn as the radial, the feed, and the normal compo-
nents which constitute the total cutting force change due to the clearance wear, the
relationships between them and ﬁp and ff may be written as

F, = AF, + AFy (12)
and
F; = AF,, (13)

Note that these equations are vector equations.
When compared with Eqgs. (10) and (11), the magnitude of these three components

may be expressed as
| A Fy| = Pyy Fr(s) (14)

]Aﬁd‘:Pavfd(s) (15)



Table 1: The cutting conditions of the three experiments.

Exp. No. | Insert | Depth of cut (in) | Feed (in/rev) | Cutting speed (ft/min)
1 TPG 0.006 800
434 0.1 0.004 1200
3 G370
and .
| & Fof = 5 o Pay Fu(s) (16)

where F,(s) and Fy(s) are the radial and the feed components of the integral in Eq.
(10), and F,(s) is the function to the right of P,, in Eq. (11). These F functions can be
evaluated for a specific cutting tool geometry and cutting conditions, and therefore may
be considered as known values.

Experiments were conducted to test the simplified model given in Egs. (10) and (11).
Since the crater wear is not considered in this model, it is desired to cut by using inserts
with clearance wear only. Tools with artificial flank wear were used by a few researchers
for this purpose [1,4]. However, we have found that it is almost impossible to grind
an insert to have a clearance wear with the natural wear shape when the insert nose is
also involved in the cutting. As an alternative, by assuming that crater wear develops
slower than clearance wear [5] and has a negligible effect on the cutting force at the
initial period of cutting, we can examine the cutting force behavior at this period for
testing the model. An insert with a relief angle of 11 degrees was chosen for the cutting
operation in order to avoid the possible rubbing of the insert nose against the finished
workpiece ( which is not considered in the model ).

Three experiments were conducted. The cutting conditions are listed in Table 1.
Notice that experiments #2 and #3 are identical. The measured cutting forces of the
first two experiments are shown in Figs. 3-4. The first cutting periods are used to verify
the simplified model. The measured Wy and W, after the first cut in each experiment
are listed in Table 2.

In order to calculate the force-component changes based on the simplified model, P,
and p should be given. These values, however, are not known. Nonetheless, the ratio of
the radial cutting force component change, | A F.|, to the feed component change, | A Fy|,
may be computed by deviding Eq. (14) by Eq. (15) which cancels the unknown P,,. To
verify the model, the calculated ratio is compared with the actual measured value ( given
in Table 2 ) for the three experiments. As one may see, the predicted values are close
to the measured values, but always a little bit higher. ( The speculated reason is that
the chip is thicker on the flank cutting edge and causes more residual pressure on the
flank wear surface than on the nose wear surface [6]. Therefore, the feed component of
the cutting force increases more than the predicted value and drives the measured ratio



Table 2: The measured clearance wears, the ratios of the radial cutting force component
change to the feed component change, and the estimated {riction coefficients.

Exp. No. | W, (in) | Wy (in) | Predicted ratio | Measured ratio | Estimated p
1 0.002 0.002 0.65 0.48 0.44
0.002 0.003 0.53 0.45 0.42
3 0.002 0.0035 0.50 0.41 0.42
down. )

If the pressure distribution is taken as a constant, the friction coefficient may be
computed from Eqs. (16) and (14) ( or (15) ). The calculated average values of y are
also listed in Table 2, and they appear to be reasonable and consistent in all our three
experiments. The results of the ratio of the force changes and y show that the model
development is reasonable.

3 The crater wear model

The relationship between the cutting force and crater wear has also been investigated
[7]. It was reported that crater wear decreases the cutting force. This may be explained
by the “sharpening” of the cutting edge due to crater wear, which increases the effective
rake angle, and, subsequently, decreases the cutting force. However, an accurate model,
required for the purpose of tool wear estimation, is not yet available because of the
complexities of the cutting mechanism and the wearing process involved. Nonetheless,
the cutting force change due to the crater wear may. be limited on a plane according to
the model proposed below.

Since the major change caused by crater wear is the geometry change on the rake
surface, it may be assumed that the change of the cutting force due to crater wear
is only from the rake surface force component. The rake surface force may be further
decomposed into two perpendicular components : the pressure component acting normal
to the rake surface and the friction component acting tangent to the chip flow direction
[6]. This implies that the rake surface force has no component perpendicular to the plane
which contains the pressure component and the friction component.

When crater wear develops, resulted from the contact of the chip flow and the rake
surface, the geometry change on the rake surface may be mainly along the chip flow
direction and perpendicular to the rake surface. Accordingly, the chip flow direction may
change only in the direction normal to the rake surface, and the plane which contains
the chip flow direction and the normal of the rake surface may remain unchanged during
the development of crater wear. Recalled that the rake surface force is assumed to lie on
this plane, and, accordingly, it may change only on this fixed plane. The cutting force



Table 3: The degree angle between the measured chip flow directions and the flank
cutting edge. ( Values in ( ) are measured after the tool chips. )

Exp. No. | Cut # 1 | Cut # 2| Cut #3 | Cut # 4
1 73 73 75 (71)
2 71 74 (65)
3 72 72 73 N/A

change due to crater wear, which is assumed to be equivalent to the change of the rake
surface force, should, therefore, also remain on this fixed plane.

These assumptions imply that the cutting force change due to crater wear may have
no component in the direction perpendicular to the chip flow direction and the normal
of the rake surface. In other words, if there is any component of the cutting force change
in this direction, it should be due to clearance wear. Based on this argument, it may be
possible to separate the different changes of the cutting force due to these two different
kinds of wear.

After each cut of the previous three experiments, the projected angles on the rake
surface between the flank cutting edge and the chip flow direction were measured. They
are listed in Table 3. As may be seen, the measured angles change within the mea-
surement error range of 3 degrees. This observation supports the proposed crater wear
model.

4 Tool wear estimation

In high speed cuttings, crater wear usually has an equal influence on the change of
the cutting force as clearance wear does. In order to estimate tool wear based on the
change of the measured cutting force, it is necessary to separate the force changes due to
clearance and crater wears. In orthogonal cutting, the cutting force change due to flank
wear lies on the same plane as the force change due to crater wear, and the separation
of the force changes due to these two kinds of wear becomes impossible [4]. However, in
oblique cutting or bar turning, the separation becomes possible because the force change
due to clearance wear may lie outside the plane of the force change due to crater wear.

Let us assume that, in stead of Eq. (9), W(s) may be expressed as a product of a
shape function A(s) and a nominal wear Wy, i.e.,

W(s) = Waom h(s), (17)
where h(s) satisfies

( /0 * h(s) ds)/( /0 7 ds) = 1. (18)

Since W (s) is a function of time, it should be written as

W(s) = W(s,t). (19)



If we further assume that the shape function h(s) does not change with time, as
Oh(s)/0t = 0, (20)
Eq. (17) may be rewritten as
W(s,t) = Whom(t) h(s). (21)

Notice that the assumption of Eq. (20) implies that clearance wear develops proportion-
ally on the flank and on the nose, so that the shape function may stay unchanged.
The assumption of the pressure distribution in Eq. (6) may be relaxed into

W(s)
( /0 p(s,w)dw) /W (s) = Pul(s), (22)

where F,,(s) is the pressure averaged along the direction of clearance wear. Note that
Eq. (22) may accommodate the different pressure distribution on the flank wear surface
and on the nose wear surface as discovered when verifying the simplified clearance wear
model. However, the average pressure distribution is assumed to be time invariant, which
implies
OP,,(s)/0t = 0. (23)
If we further assume the assumptions in Egs. (7) and (8) hold, the pressure force on
the clearance wear surface, formulated in Eq. (4) as

- 82 ?V(s)
F, = / / p(s,w) 7 (s)dwds,
o Jo

may be simplified by the following procedures as

Bo= (" seman) o (24
- /()32W(3,1)Pav(s)n';(s)ds (25)
- /032 Wom(t) h(s)Pa(s) 75, (s) ds (26)
= Waom(t) [ 1) Pan(s) 5 (5)ds (27)
= Woom(®) 7, (28)

where p'is the result of the integration to the right of Wyom(t) in Eq. (27), and is time
invariant according to our assumptions.
The friction force on the clearance wear surface, formulated in Eq. (5) as

~ s2 [(W(s)
Fy =/ / p(s,w) p(s,w)vdwds,
o Jo
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can also be simplified by

- s2 W(s)
Fy = [)/0 wp(s,w)vdwds (29)
52 W(s)
= / (/ p(s,w)dw) puds (30)
0 0
= /82W(s,t)PaU(s)dsuf)’ (31)
0
- / Wiom(£) h(s) Pao(s) ds p ¥ (32)
0
= Wiom(l) /0” h(s) Pao(s) ds & (33)
= Whom(t) f, (34)

where fis the resultant vector evaluated from the terms to the right of Wy in Eq.
(33), and is time invariant according to the assumptions.
As a result, the change of the cutting force due to clearance wear may be written as

A ﬁcl(t) = (ﬁ'" f) Wnom(t)- (35)

When only crater and clearance wears are considered, the total force change due to tool
wear, AF,,(t), may be measured and separated into two components due to these two
kinds of wear as

A Fo(t) = AFy(t) + AFL(1), (36)

where AF..(t) is the change of the cutting force due to crater wear.

Let ¢ be the normal vector to the plane that contains the chip flow direction and
the normal of the rake surface. According to the crater wear model, ¢ should be also
perpendicular to AF,(¢). By taking the inner product of AF,,(t) and & we have the
projected value V (¢) as

V(t) = AFn(t)-¢ (37)
en O Fn(t) + cg & Frg(t) + ¢ A Fpr(t) (38)
AFy(t)-¢+ 0 (39)
P+ ) Woom(t) - € (40)

= W) (F+f)-€ (41)
= Wiom(t) K, (42)

where ¢,, ¢4, and ¢, are respectively the normal, the feed, and the radial components of
¢, AFmn(t), AFn4(t), and AFp,(t) are the measured three components of the cutting
force change, and K is the inner product of (p'+ f) and ¢ and is a time invariant constant.
Notice that the three components of ¢ may be calculated from the measured chip flow
direction and the normal of the rake surface. Also notice that V(¢t) should be proportional



to the nominal clearance wear Wyom (), and may be obtained without knowing the value
of Eq. (7) and the structures of Egs. (17) and (22).

The projected values V() of the previous three experiments were computed and the
results of the first two experiments are shown in Figs. 5-6. As one may see, the projected
value gives better linear trend than either of the three measured force components. This
linear trend matches well with the observed linear development of clearance wear. In
Fig. 7, the projected values verse the measured average clearance wear are plotted, and
it may be seen that they are linearly related as predicted by the proposed approach.

5 Conclusion

The proposed approach may be used to estimate tool wear in different levels depend-
ing on the completeness of the available information. In the lowest level, the proposed
approach can signal the on-set of the accelerated clearance wear development from the
calculated projected value V/(t), which could help make necessary adjustments to the
machining process in time. In the case when the constant K may be calibrated off-line,
the proposed approach can predict the nominal clearance wear, and may be used in the
machine down time planning. If the shape function h(s) could be obtained from the
model of clearance wear development, nose wear may be estimated from the nominal
clearance wear and be used for the on-line dimensional compensation. In the highest
level, when the complete model of clearance wear is available (i.e. Eqgs. (7), (17), and
(22) are known), the force change due to clearance wear may be determined, and the
force change due to crater wear can be obtained by subtracting the force change due to
clearance wear from the total cutting force change due to tool wear. Crater wear may
be estimated subsequently when a complete crater wear model is available.

As a conclusion, this proposed approach is a first step toward a complete tool wear
estimation based on the three components of the cutting force measurement. Further
researches regarding the prediction of the chip flow direction, the prediction of the clear-
ance wear development, the pressure distribution on the clearance wear surface, and a
more complete crater wear model are needed to achieve the final goal.
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