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This paper presents an integrated approach to simultaneous
optimisation of machining parameters, including machining
speed, feedrate and depth of cut, number of passes, tool
adjustment interval, and the amount of adjustment. Associated
models have been developed for both small parts, where each
tool can be used to machine several parts, and large parts,
where several tools may be required for a single workpiece.
Examples are given to demonstrate the application of the
proposed models. The impact of machining parameters and
tool cost on tool adjustment and the effect of rapid reverse on
the final solution are also discussed.
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1. Introduction

The selection of efficient machining parameters such as machin-
ing speed, feedrate, and depth of cut has a direct impact on
production economics in the metal cutting processes. Dimen-
sional accuracy is a major concern in machining processes. It
has been recognised that dimensional accuracy is significantly
affected by tool wear [1-3]. Therefore, to improve the dimen-
sional accuracy, one or more tool adjustments may be desirable
before a tool is replaced [3].

Machining parameter selection has been investigated exten-
sively, chiefly for single-pass turning. However, if a large
amount of material is to be removed, it may not be feasible
to remove the material in a single pass owing to the force and
power restrictions, and to the surface finish requirement. In
some cases, multipass cutting may be more economical than
single-pass machining [4,5]. This gives rise to studies of the
multipass problem which involves not only the selection of
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machining parameters, but also the economical number of
passes. As Tan and Creese [6] pointed out, because of the
lack of an efficient optimisation tool, early work in this direc-
tion was limited to small problems with mostly two or three
passes, and a few variables and constraints [7,8]. The latest
developments show that larger problems with more passes or
more constraints have been solved using various approximation
methods (e.g. [6,9-14]). As the total depth of cut increases
(e.g. a total depth of cut of 38.1 mm has been used in the
experimental study by Kee [11]), the accumulated dimensional
error caused by tool wear can be quite significant. Tool adjust-
ment is hence important for the multipass turning processes.
Related work has not been reported in the accessible literature.
In previous research pertinent to machining parameter selec-
tion, it has often been assumed that a tool can be used up to
its life limit specified by the allowable wear. The tool cost,
so calculated, is then distributed to each workpiece. However,
it is not uncommon to replace a tool before its allowable wear
limit is reached. since the residual tool life may not be
sufficient to complete the next cutting pass, noting that it is
impractical to replace a tool in the middle of a cutting process.
To obtain a more realistic result for shop floor decision making,
such tool replacement practice has to be taken into account.
Owing to its economic significance, tool adjustment has
attracted much attention in the past few years [1,3,15,16].
Quesenberry [3] proposed a two-part compensator to minimise
the mean square error of the deviation from the target value.
The purpose is to reduce quality loss, but the cost required
for tool adjustment was not considered. Sanjanwala et al. [1]
developed a compensating system for tool wear. The system
consists of an on-line pneumatic sensor and an actuating
mechanism to adjust the tool position. A control device involv-
ing initial investment are required for implementing the system.
As indicated by Wang etal. [16], an expensive control and
adjustment mechanism can be justified if the tool wear is
substantial during each cutting pass and when continuous in-
process adjustment is necessary. If the tool wear during each
pass is not substantial, it is preferable to adjust tools between
passes. Wang and Zuo [15] reported a tool adjustment method
based on the Taguchi quality loss concept. The main purpose
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was to minimise the expected cost per unit of time during the
life of a single tool. The cost components are tool replacement
and adjustment costs, and quality loss. This work was later
extended to developing a tool adjustment approach based on
available but inaccurate tool wear information [16]. Though
the studies reported in [15,16] have advanced the research in
this direction, some important factors, such as machining speed,
feedrate and depth of cut, were not considered. It is, however,
well known that tool wear depends not only on the amount of
removed material, but also on the specified machining para-
meters. Therefore, the machining parameters should be incor-
porated in the analysis of tool adjustment.

The above clearly reveals a need to investigate the machining
parameter selection and tool adjustment problems together. To
this end, we present an integrated approach for simultaneously
solving the two problems for the multipass turning processes.

2. Problem Formulation
2.1 Cost Components

The cost components to be considered include machining cost,
tool cost, tool replacement and adjustment costs, and quality
loss. To facilitate later discussions, they are explained as fol-
lows.

Machining Cost

The machining cost for pass i is a function of machining speed

and feedrate and is given by
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Tool and Tool Replacement Costs

The two cost components are modelled differently for small
and large parts. The small parts are specified as parts for
which a tool can be used to complete several parts and
many passes. In this case, the remaining tool life before tool
replacement is negligible. It is reasonable to assume, as com-
monly adopted in the literature, that a tool can be used up to
its life limit. The large parts, on the other hand, are defined
as those for which a tool can be used for only a few passes.
A tool has to be replaced if its expected residual life is not
enough to complete the next pass, even if the residual life is
a significant portion of the tool life.

For small parts, the tool and tool replacement costs can be
distributed to each pass based on the amount of tool life used
for actual machining. According to Lambert and Walvekar [8],
the extended tool-life Eq. for pass i can be expressed as
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The tool cost for pass i is then
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The tool replacement cost distributed to each pass is
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For large parts, Eqs (3) and (4) are no longer valid. The
tool and tool replacement costs should be calculated according
to the accumulated discrete number of tools that have been
used/replaced, rather than the accumulative tool life used for
actual machining. The details will be shown in the associa-
ted models.

Tool Adjustment Cost

The dimensions of a part at the end of each pass may deviate
from their target values owing to tool wear (Fig. 1). To
maintain the part dimensions within tolerance limits, it may
be desirable to adjust the tool position between passes. The
cost associated with a tool adjustment is C,, However, the
tool may or may not be adjusted for every pass, since each
adjustment involves additional machine downtime and labour
cost. An adjustment is justified only when the reduced quality
loss can offset the increased cost.

Quality Loss

Quality loss is specified as the cost incurred when the quality
characteristic of the part deviates from its target value. The
quality loss due to the deviation from the target dimension is
assumed to be contributed mainly by the tool wear and is
related only to the finish pass. According to Taguchi et al.
[17], the quality loss function can be expressed as a quadratic
function of the quality deviation from the target dimension, i.e.

A
L) =55 (v = m,)* ®)

where A is the rework or scrap cost, & the tolerance limit, x
the quality characteristic of the product, and m, the quality
target value. In the metal cutting context, the quality loss
function can be written as

Actual dimension due

to tool wear Specified target

dimension

W)

Fig. 1. Dimensional error caused by tool wear.
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Rapid Reverse Cost

For completeness of the analysis, we consider both bidirectional
and single-directional turning (Figs 2 and 3). Cutting operations
can be performed in both forward and back directions, thus
eliminating traversal tool movements [18]. In single-directional
turning, the operations always start from one end of the
workpiece. After each pass, the tool traverses back to the same
end, and resumes the next cutting pass. The rapid reverse cost
occurs only in single-directional operations.
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Fig. 3. Bidirection turning (a 4-pass example).
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2.2 Model Development

22.1 Models for Small Parts

Our purpose is to minimise the unit production cost consisting
of machining cost, tool and tool replacement costs, tool adjust-
ment cost, and quality loss. For small parts, several parts can
be machined within a tool life span. As stated earlier, the tool
and tool replacement costs can be distributed to each pass
according to the consumed tool life for actual machining. To
simplify the analysis, we further assume that the machining
parameters of the same pass are identical for every workpiece
and hence the machining cost, and the distributed tool and
tool replacement costs are the same for all parts. The tool
adjustment cost and quality loss, on the other hand, may vary
from part to part as the amount of adjustment may be different
and adjustment may not be made for some parts. For this
reason, the unit production cost may be different for different
parts within a tool life span. Therefore, the average tool
adjustment cost and the quality loss are used in the model and
the objective is to minimise the average unit cost. The models
are presented below.

Model 1.1 (Bidirectional turning)

4
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subject to:

1. Restriction of machining parameters

Visvy s Vi (8)
fisfsri Vi )
d, < d Vi (10)

2. Constraints of cutting force, power, and surface roughness

B vir fPrdYr < Frpy Vi (11)
BPV?‘PJ.?‘U d?p = Pmax Vl (]2)
B BHN® v2= fEr < R .. Vi (13)

3. Pass selection constraints

7
D di=dr (14)
i=1

1
>, dp. = dr (15)
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p=1 (18)
4. Tool adjustment constraints
ya=0 (19a)
Yui = By Vn,i> 1 (19b)
Vi =B,y Yn > 1 (19¢)
Vi = WX, Vn, i (20a)
A, =wr Vn, i (20b)
A =w, (21a)
A=A, +w =y, Vni>l 21b)
A=A _;+w =y, Vn>1,i (21¢)
A, =38 v on (22)
Xpi =i Vn, i (23)

Solving this model will provide simultaneous solutions for
machining parameter selection, pass selection, and tool adjust-
ment. Constraint set (1), i.e. constraints (8), (9), and (10),
specifies upper and lower limits to cutting speed, feedrate and
depth of cut. The permissible cutting force, power consumption,
and surface roughness are given by constraints (11), (12), and
(13). Constraint (14) states that the sum of depths of cut of
all passes should be equal to the total material to be removed.
An auxiliary constraint (15) is added, which in conjunction
with constraints (14) and (16) will guarantee the value of p;
to be binary, i.e. either O or 1, thus reducing the computational
burden introduced by integer variables. Constraint (17) is used
to avoid the scenario where d; =0 even when p; =1. Constraint
(18) simply says that at least one pass has to be performed
which is the final pass.

In constraint set (4), Eq. (19a) reflects the fact that tool
adjustment is unnecessary at the beginning of the first pass of
the first part after a tool replacement. Constraint (19b) states
that the amount of tool adjustment should be no more than
the currently accumulated error, and constraint (19c) ensures
the continuity of constraint (195) between two adjacent parts.
Constraints (20a) and (20b) specify that an adjustment has to
be made before the tool is worn out, and a tool adjustment
should not be performed if it is not justified economically.
The relation between the accumulated error, tool wear and the
amount of adjustment is given by Eq. (21). The tolerance limit
is imposed by constraint (22). Finally, constraint (23) states
that tool adjustment is possible only if a pass is selected but
it may not be performed for every pass.

Model 1.2 (Single-directional turning)

The only difference between Model 1.2 and Model 1.1 is the
rapid reverse cost in the objective function. Model 1.2 is
as follows.

L
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subject to constraint sets 1 to 4.

2.2.2 Models for Large Parts

As mentioned earlier, a cutting edge may not be sufficiently
unworn to complete all the passes for a large part. In reality,
it is impossible to replace a tool during cutting or in the
middle of a pass. Therefore, if the residual tool life is not
sufficient for the next pass, the tool has to be replaced even
if it is not completely worn out. As a result, the tool and tool
replacement cost term used in Models 1.1 and 1.2 is no longer
valid since it was implicitly assumed that a tool can be
continuously used until it is completely worn out, i.e. the
allowable wear limit is reached. The models are accordingly
formulated as follows.

Model 2.1 (Bidirectional turning)

1
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In this model, constraints (19a") to (23") map the same relation-
ships as stated in Model 1.1. Constraint (26) and the associated
term in the objective function together specify that if the
residual tool life is less than that required for the next pass, then
the tool should be replaced. In this case, the tool adjustment and
replacement are carried out in one set-up. Both tool cost and
replacement cost have to be taken into account, but tool
adjustment is not considered since a separate tool adjustment
is unnecessary. Otherwise, tool adjustment should suffice and
there will be no tool cost.

Model 2.2 (Single-directional turning)

1
L wC,D; L
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subject to the same constraints as used in Model 2.1.

3. Examples

Since the rapid reverse time is very short, usually less than
0.1 min depending on the part length [19], inclusion of this
cost component has little effect on the final solution. We,
therefore, focus here on the bidirectional turning models and
leave the single-directional turning models for the discussion.

Example for Model 1.1

Consider a batch of mild steel bars to be machined using
carbide tools. The dimensions of the steel block are
D,=200 mm and L=225 mm. The total depth of cut d,=5 mm.
The tool-life equation and cutting-force equation are obtained
from [19]. The parameters in the tool-life and cutting-force
equations are given in Table 1. The power consumption equ-
ation is obtained according to the following relationship [20]:

P—ﬂ kKW 28
= =op W) (28)

The surface roughness Eq. are from [21]:
R, = 122770714 BHN 0323 7132 £1.004 (1)
for 25 = v =250 m min~', f < 0.75 mm rev_'
R, = 0.071057/~0714 BHN 33,152 f15¢ (mm)  (29)
for v> 250 m min~ !, f = 0.75 mm rev ™!
R, = 0.3013770714 BHN0323,71.32 454 (mm)
for f > 0.75 mm rev—"

All of the above tool-life, cutting-force, and surface-roughness
equations are for the combination of a mild steel workpiece
and carbide tool. The tolerance level is specified as & =
0.1 mm and the maximum quality loss, i.e. rework cost is A
= $2. The maximum number of passes is set to three. Other
input data are common for both Models 1 and 2 and are listed
in Table I.

Note that the summation limit N in the objective function
of Model 1.1 is a variable, which makes the model a “nested”
problem. To solve the nested problem, special software is
needed. Fortunately, since the problem is small, the best N
can be determined by enumeration. Model 1.1 with the above
input data was solved using a software package, Lingo [22],
on a Pentium PC. In the computation process, the tool usage
is updated by accumulating the total tool wear. The compu-
tation was carried out for different values of N until the
specified tool nose wear limit is reached. In this example, the
tool wear limit is reached after 6 parts. The results are summar-
ised in Table 2.

As shown in Table 2, a total of two passes are selected.
The optimal feedrates and depths of cut are achieved at their
upper limits for all passes. The optimal machining speeds fall
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Table 1. Common input data for both Models 1 and 2.

Symbol Value

c, C,C,C, $1 min~', $3 edge™". $1 min~', $1 min~'

by Loy Ly 1 min, 0.5 min, 1 min

Wy 0.2 mm

r 1 mm

BHN 195

VoV 60, 150 m min~! for non-finish passes, 160,
200 m min~*! for finish pass

fhry 0.2, 0.7 mm rev~' for non-finish passes, 0.1, 0.3
for finish pass

d, d 1.0, 4.0 mm for non-finish passes, 0.1, 1.0 mm for
finish pass

anx, Pmnx 6 st 15 kw

Ry 0.003 mm

og Br, Yr BF  —0.15, 0.75, 1, 2.65

op, Bp, ¥Yp, Bp  0.85, 0.75, 1, 0.059

O Br M, 8, B —1.52, 1.004, —0.714, —0.323, 122

oy Brs Yo By 1.41, 0.35, 0.25, 17795

E 0.75

within the specified feasible ranges and are different when
different values of N are used. By enumerating up to 6 parts,
it is found that, starting from the 2-part case, the average unit
cost increases monotonously with the number of parts used for
calculation. The best tool adjustment policy is achieved at N
= 2 with an average cost of $5.0974 per part and a cyclical
adjustment of 0.0501 mm for the second pass of every second
part. The tool is replaced after every 6 parts.

If the best N is less than or equal to 3, the cycle will be
the same as N. For example, if N = 3, then the adjustment
pattern repeats itself after every 3 parts. If the best N is greater
than 3, say 4, the adjustment will be arranged in a 2, 4, 2, 4,
..., pattern since the tool has to be replaced after every 6
parts. Then, the tool adjustment will be performed following
the pattern associated to N = 2 for the first two parts and N
= 4 for the next four parts. The average unit cost is now:
(2XCOST(2)+4XCOST(4))/6. where COSTI(2), or COST(4),
represents the unit cost when the pattern associated to N = 2,
or 4, is strictly followed.

Example for Model 2.1

Now we consider large workpieces. Again, we use the combi-
nation of a mild steel workpiece and a carbide cutter to
illustrate the model application. The dimensions of the raw
material block are L = 600 mm and D, = 380 mm. The tool-
life, force, power, and surface-roughness equations are all the
same as those used in the example for Model 1. The quality
loss, i.e. rework cost is now A = $10, and the tolerance
specification for the final part is 8 = 0.3 mm. Other input data
are listed in Table 1. The maximum number of passes is set
at 9. The computations are also extended to different total
depths of cut for comparison purposes. The results are summar-
ised in Table 3.

Table 3 shows that all the concerned parameters including
cutting speed, feedrate, depth of cut, number of cutting passes,
tool adjustment interval, and the amount of adjustment have
been optimised simultaneously. It is also shown that the optimal
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Table 2. Results of the example for Model 1.

N 1 2 3 4 N 6
Cost ($) 5.2890 5.0974 5.1323 5.1716 5.1727 5.1939
Tool iz = 0.0134 Y22 = 0.0501 Yoo = 0.0443 Y20 = 0.0468 Yoo = 0.0443 Yoo = 0.0459
adjustment yio = 0.0634 Yao = 0.0598 vio = 0.0310
(mm) ys2 = 0.0620
Machining Number of passes selected = 2
parameters
v, (m min~") 116.02 120.54 117.84 119.59 118.21 119.29
v, (m min~") 192.15 194.44 185.96 188.19 184.96 186.50
fi (mm rev) 0.7 0.7 0.7 0.7 0.7 0.7
f> (mm rev™!) 0.3 0.3 0.3 0.3 0.3 0.3
d, (mm) 4.0 4.0 4.0 4.0 4.0 4.0
d, (mm) 1.0 1.0 1.0 1.0 1.0 1.0
Note: For presentation purpose, we list only the selected passes.
Table 3. Results of the example for Model 2.1.
dy Number of Case” Cost (3) Machining parameters” Tool
(mm) passes adjustment
(mm)
10 4 1 37.33 v=114.26, v,=127.76, v;=114.26, v,=200.00. y,=0.1811
£=0.1, £=0.7, £,=0.7, =03, d,=4.0, d,=1.9,
d,=4.0, d,=0.1
2 37.55 Vi=v,=v3=117.40, fi=£=£=0.7 =0.1811
€=0.59% d\=d,=d;=3.3, v,=200.00, £,=0.3, 4,=0.1
15 5 1 46.20 vi=v,=128.25, vs=127.31, v,=133.61, vs=200.00, y3=0.2000
fi=f>=f:=£=0.7, £s=03, d,=d,=d;=4.0, d,=2.9, vs=0.1816
[5=0.1
2 46.54 vi=v,=v3=v,=128.15, fi=AL=f;=f,=0.7 =0.1891
€=0.74% dy=d,=ds=d,=3.725, vs=200.00, f5=0.3, d5=0.1 ys=0.1816
20 6 1 55.93 v,=116.19, v,=v;=116.20, v,=127.43, vs=127.91, v,=0.2000
v6=200.00, fi=f=f=f=£f=0.7, fs=03, v,=0.1822
d\=d,=d;=d,=4.0. ds=3.9, d¢=0.1
2 57.37 V1=V,=v3=v,=v5=116.30, v4=200.00, =0.1440
€=2.57% L=h=:=f=fs=0.7, ft=0.3, =0.1822
d\=d,=d;=d,=d5s=3.98. ds=0.1
25 7 1 66.85 v =v,=128.25, v;=v,=129.65, V5—1«5—118 67, =0.2000
v,=181.16, f1=7= S=f1=fs=fs=0.7, ;= =0.2000
d\=d,=d;=d,=ds=ds=4.0, d;=1.0 =0.1342
2 68.62 V1=V,=V3=V,=vs=vs=109.63, v,=200.00, =0.1068
€=2.65% L=h=:=f,=fs=f=0.7, /=0.3, y7=0.2000
d\=d,=d;=d,=d;=d¢=4.0, d;=1.0
30 9 1 80.53 v1=v2=128.25, v3—13l 40, v,=146.93, =0.2000
=v,=130.73. v;=v5=129.41, vy=200.00, ys=0.2000
f1: 2= 3T JaT)s e: 7: s=0.7, f6=0.3, =0.2000
dy=d,=d;=4.0, d,=19, ds=ds=d,=ds=4.0, dy=0.1  y,=0.1832
2 81.29 VIS Va=13=1,=vs=Ve=1;=vg=129.88, v,=200.00, =0.1959
€ = 093% fi=f=s=f=fs=fs=f=£=0.7, £,=0.3. ys=0.1961
di=d,=dy=d,=ds=ds=d,=d3=3.7375, d,=1.0 y'=0.1801
¥o=0.1802

“Case 1 = machining parameters are completely determined by the software;
Case 2 = identical machining parameters are used for all rough passes.

“For presentation purpose, we list only the selected passes.

‘e=[(case 1 cost — case 2 cost)/case 1 cost]X100%
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dr Number of Cost ($) Machining parameters Tool
(mm) passes adjustment
(mm)
10 4 37.63 v, =v,=114.35, v;=127.86, v,=200.00, v,=0.1811
fi=f=£;=0.7, f4 0.3, d,=d,=4.0, d;=1.9, d,=0.1
15 5 46.75 v =v,=128.25, v;=133.52, v,=127.23, v5=200.00, ,=0.2000
f1=A(=f=1=0.7, =03, di=d,=d,=4.0, d;=2.9, y5=0.1816
ds=0.1
20 6 56.53 v =1,=v3;=116.20, v,=127.43, vs=127.92, v,=0.2000
v6=200.00, f,=f£=f;=f.=fs=0.7, f,=0.3, v6=0.1822
d\=dy,=d3=d,=4.0, ds=3.9, d¢=0.1
25 7 67.55 =v,=128.25, v;=v,=129.65, vs=v,=118.67, v;=0.2000
»7—181 16, fi=fH=f;=f.=fs=f:=0.7, ,=0.3, =0.2000
d\=d,=d;=d,=ds=d=4.0, d;=1.0 y;=0.1342
30 9 81.27 Vi =v,=128.25, v;=v,=129.65, vs=132.90, v;=0.2000
Ve=148.60, v;=vs=129.41, v,=200.00, ¥5=0.2000
h=h=f=hL=f=f=/==0.1, [4=0.3, v, —0 2000
d\=d,=dy=d,=ds=4.0, ds=1.9, d,=dy=4.0, dy=0.1 =0.1832
Note: For presentation purpose, we list only the selected passes.
Table 5. Results of Model 2.1 with tool cost = $1 edge™!.
d; Number of Cost ($) Machining parameters Tool
(mm) passes adjustment
(mm)
10 4 35.25 v,=129.98, v,=145.33, v;=149.56, v,= 20000 ¥,=0.2000
f1 f2 f3 0.7, £,=0.3, d,=4.0, d,=1.9, d;= =0.1811
15 5 43.72 v,=150.00, v,=129.70, v;=136.11, v,=150.00, y,=0.1891
vs=200.00, fi=£=(=£=0.7, /5=0.3, d,=d,=4.0, =0.2000
dy=2.9, d,=4.0, ds=0.1 ys=0.1783
20 6 51.89 =v,=150.00, v;=129.71, v,=130.20, vs=150.00, ¥,=0.1891
\6—200 00, fi=f=f;=f.=fs=0.7, fs=0.3, v;=0.1852
d\=d,=d;=4.0, d,=3.9, ds=4.0, ds=0.1 5=0.1956
v6=0.1777
25 7 61.40 v =v,=v3,=150.00, v,=vs=130.38, vs=136.78, =0.1743
v,=191.95, fi=fri=fi=fa=fs=1s=0.7, f,=0.3, ¥;=0.2000
d\=d,=dy=d,=ds=d¢=4.0, d;=1.0 v,=0.1812
v6=0.2000
y,=0.1170
30 9 73.86 vi=v,=v;=v,=150.00, vs=vs=131.13, v,=131.58, =0.1884
ve=147.12, vo=200.00, =0.1670
fi=h=f=fi=fs=f=f=fs=0.7, f,=0.3, =0.2000
d\=d,=ds=d,=ds=d¢=d;=4.0, dg=1 9 do= vs=0.1772
y,=0.2000
¥o=0.1832

Note: For presentation purpose, we list only the selected passes.

cutting parameters for different roughing passes tend to be
different. This is in agreement with several recent studies in
the literature [6,11]. In reality, identical machining parameters
may be used for different passes to simplify the process
planning. To examine this practice, additional computations are
carried out by setting machining parameters identical for all

roughing passes. The outputs are listed as Case 2 in Table 3.
It is found that the cost increase by setting all the parameters
equal is in the range of 0.59%-2.65% for this example problem.
This may suggest that, to simplify process planning, equal
machining parameters should be used for roughing passes
in practice.
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4. Discussions
4.1 Tool Adjustment Interval

It is observed from Table 3 that the tool adjustment intervals
vary significantly. The reason is that the adjustment interval
and the amount of adjustment depend not only on the amount
of material being removed, but also on the cutting speed, feed,
and depth of cut. Removing the same amount of material with
different machining parameters could lead to a quite different
tool wear and thus different adjustment intervals. This can be
illustrated by examining the cases of d;=10mm and
d;=30 mm in Table 3. When the total depth of cut is 10 mm,
only one adjustment is required for all 4 passes, whereas 4
adjustments are needed for 9 passes in the case of d-=30 mm.

The difference can also be illustrated by comparing the
amount of material removed and the amount of tool adjustment
in the two cases. The materials removed are 6 974 336 mm’
and 19792 033 mm’, respectively. The latter is 2.84 times of
the former. However, the amount of tool adjustment for the
latter case is 4.32 times as much as the former
(0.2X34+0.1832 mm vs. 0.1811 mm). The variations in the
adjustment interval and in the amount of adjustment are caused
by the difference in machining speeds. Table 3 shows that
much higher roughing cutting speeds are used for the latter.
This again indicates that the machining parameter selection
and tool adjustment decisions should be made simultaneously.

4.2 Single-Direction Turning

As the rapid reverse time is relatively short, the effect of rapid
reverse cost on the final decision is minor. This can be shown
by additional computations using the same data as used in the
example for Model 2.1 with a rapid reverse time of 0.1 min
and a cost of $1.0 min~".

The results for various total depths of cut are summarised
in Table 4. As compared to the results in Table 3, it clearly
shows that the effect of rapid reverse can be neglected in
reality. The example for Model 1.2 is not provided since the
number of reverses is even less and its effect on the final
solution is negligible.

4.3 Effect of Tool Cost

Table 3 shows that the tool adjustments for roughing passes
under Case 1 are mostly 0.2000 mm, i.e. the maximum allow-
able tool wear. This is chiefly caused by high tool cost. To
offset the high tool cost, the adjustment tends to be large and
adjustments tend to be less frequent. The opposite is true if
the tool cost is relatively low. This can be illustrated by
solving Model 2.1 with a lower tool cost, $1.00 edge™! instead
of $3.00 edge™', as used previously. The results are summarised
in Table 5. It is seen from Table 5 that most tool adjustments
are made before the maximum allowable tool wear limit is
reached. It can also be seen, by comparing Table 3 (Case 1)
and 5, that lower tool cost is preferable for more frequent tool
adjustment and higher cutting speeds. This is expected since

higher cutting speed generally leads to lower machining cost
but consumes more tools.

5. Conclusions

Optimisation models have been developed to provide various
parameters simultaneously including machining speed, feedrate,
depth of cut, number of passes, tool adjustment interval and
amount of adjustment for multipass turning operations. To
address the difference in machining small and large parts,
separate models have been proposed. For small parts, the tool
adjustment is scheduled cyclically based on both cutting passes
and number of parts being completed. For large parts, tool
adjustment is scheduled according to number of passes, and
unequal tool adjustment intervals are often recommended owing
to different machining parameters used for different passes. In
both cases, the optimal machining parameters and optimal
number of cutting passes can be obtained simultaneously. The
applications of the models have been illustrated using example
problems. The discussion examined the effects of machining
parameters and tool cost on tool adjustment and the effect of
rapid tool reverse on the final solution for single-direction turn-
ing.
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Nomenclature

Parameters

i cutting pass, i=1, ... , I

! assumed maximum number of passes

n part, n=1, ..., N

A scrap or rework cost ($)

D, initial stock diameter of workpiece (mm)

D; workpiece diameter after pass i (mm)

L cutting length of workpiece (mm)

C, operating cost ($ min~')

C, tool cost ($ edge™!)

c. C, C, tool replacement cost ($ min~"), tool adjustment cost

($ min~?), and rapid reverse cost $ min~!)
o o Ly tool replacement time (min), tool adjustment time
(min), and rapid traversing time (min)

Wy allowable tool nose wear (mm)

Wi tool wear caused by pass i

d tolerance limit for the finished part (mm)

r tool nose radius (mm)

BHN workpiece hardness (Brinell hardness number)

Vi, v cutting speed limits for pass i (m min~")

LS feed rate limits for pass i (mm rev™')

d., d? limit of depth of cut for pass i (mm)

dr total depth of cut (mm)

Fraxs Puax maximum cutting force (kN), and maximum power

of the motor (kW)

F, P cutting force (kN) and power consumption (kW)
R.ax maximum allowable surface roughness (mm)

” surface roughness (mm)
oy Bry Vi, B empirical parameters in the cutting force equation

op, Br, ¥Yr Bp

empirical parameters in the power consumption equ-
ation

og, Bz, M, 0, Be empirical parameters in the surface roughness equ-

or, Br. v, Br
E

ation
empirical parameters in the tool life equation
machine tool efficiency

e machining time (min)
T tool life (min)
Variables

N tool adjustment cycle

Vi Jir d;
Pi

X,

ni
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cutting speed (m min~"), feed (mm rev™"), and depth
of cut (mm) of pass i

pass selection indicator, p, = 1, if pass i is selected;
p; = 0, otherwise

tool adjustment indicator used in Models 1.1 and
1.2, x,; = 1, if a tool adjustment is performed for
pass i of part n, x,; = 0, otherwise

tool adjustment indicator used in Models 2.1 and
2.2, x; = 1, if a tool adjustment is performed for
pass i, x; = 0, otherwise

amount of tool adjustment performed after pass i-1
and before pass i of part n (used in Models 1.1
and 1.2)

amount of tool adjustment performed after pass i-1
and before pass i (used in Models 2.1 and 2.2)
accumulated dimension deviation after pass i of part
n (used in Models 1.1 and 1.2)

accumulated dimension deviation after pass i (used
in Models 2.1 and 2.2)

indicator of a tool replacement, z; = 1, if a tool
replacement is justified for pass i, z; = 0, otherwise.



