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Abstract

This paper is an attempt to fill a gap in STEP-NGearch by proposing a method for determinatiocutiing
parameters based on the parameters of turneddsaflw achieve this, the equations for cutting ppatars were
investigated to identify the effects of the vanas in the feature parameters on the optimal vaitiéspth of cut and
feed. The result of the investigation is a setasfdor optimal machining in terms of feature pagtars which can be
used in machining planning of turned components
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1. Introduction due it's self-documentation nature; elimination of
For over four decades, the transfer of machining machine tool-specific post-processor; independefice
toolpaths information generated by Computer Aided machine tool manufacturers; complete and structured
Manufacturing (CAM) systems to drive Computer data model; bi-directional information flow of datad
Numerical Control (CNC) machine tools has been enabling of web-based manufacturing/e-manufacturing
through 1SO 6983 (commonly referred to as G codes). These advantages of STEP-NC will facilitate a
ISO 6983 has several disadvantages such as liomtati paradigm of “design anywhere, plan anywhere and
in the information content, uni-directional infortitan make anywhere” which is essential for global exéshd
flow, non-exchangeable CNC programs, requirement enterprises. It will also enable intelligent
of machine-specific post-processors and lack of manufacturing to be easily realised.
support for splines data.

Due to the reported advantages of STEP-NC, extensiv
To overcome the disadvantages of ISO 6983, a new academic and industry-based research is beingdarri
international standard, 1ISO 14649, referred toTdsS out in this area in different parts of the world.
NC, has been developed as an enhancement of theResearchers have developed different architectures,
international STandard for Exchange of Product data demonstration systems and modules of STEP-NC
(STEP). The specific advantages attributed to STEP- compliant systems [1-10]. Most of the ongoing
NC include: relatively easier definition of mackmgi research involves recasting traditional Computeledi
tasks, reducing CAM planning and data preparation Process Planning (CAPP)/CAM/CNC systems in a
times; elimination of a significant number of dragi STEP-NC mould. Thus, the modules developed by



researchers have included: tool path generation [4] which is then compared with each other and thetpoin
toolpath viewer/NC verification [4]; determinatiaf with minimum specific cost is selected as an optimu
cutting parameters [6]; feature recognition [4hqass point. The corresponding value of depth of cutdfee
sequencing [4] and tool selection [4]. Some and cutting velocity are the optimum cutting coidis
commercial developers of controllers have also been for that pass. The same procedure can be repeated f
involved in STEP-NC research through the use of the other passes to get corresponding optimum cutting
programming facility provided by the controller conditions.
software to achieve STEP-NC compliance.

The constraints acting on a turning operation are
The review above shows that whilst different generally classified as Velocity Independent
researchers are making valuable contributions to Constraints (VIC) and Velocity Dependent Constsaint
different aspects associated with STEP-NC, the (VDC). The constraints considered in this researeh
calculations of cutting conditions such as deptbutf maximum tool force, machine power/torque and
(a) and feedg) has not been adequately addressed. maximum workpiece deflection.
There is a need to address how these cutting domslit
will be chosen and entered in the part prograthds$e
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2. STEP-NC turned features 3.1 Maximum Tool Force

STEP-NC defines different turned features, alsledal  Resultant Cutting ForceRCF) is the combination of
entities in the STEP-NC part program such as: outer three components of cutting force in three diretdio
round; revolved feature; knurl; cut in; circulacéa i.e. Tangential Kv), Feed Fs) and Radial Er). All

round hole; threaded hole and grooves. In this pape these three components are calculated based on some
the only turned feature considered in detail is the tool-workpiece combination specific constants ad f
longitudinal turned feature termed in STEP-NC an a particular point oa-sdiagram giving specific value
outer diameter. The parameters for representing a of depth of cut and feed.

longitudinal turned feature are its diameter amgti. Fv=Av. & & @
Fs=As. &. & 2

3. Algorithm for determination of optimum cutting Fr=Ar. " & €)

condition in turning operation RCF = (FV + Fs? + Fr3)'?2 4)

In this research, optimum cutting conditions are
determined based on the “Direct Search Procedure” o The maximum force a particular insert can withstiand
thea-sdiagram. The a-s plane can be defined by using called Maximum Tool ForceFfma® and can be

maximum and minimum values of depth of ca},gnd calculated as:

feed for the toold) and work piece material (i.e. For a

given maximum depth of cut, what is the Ftmax= Pa(FvB+ Fst? + Frb?"? (5)
corresponding federate?). The a-s plane is thedatlv ~ wherePais Plane Angle Factor based on shape of the
into a grid, say 10 x 10, as shown in Fig. 1. Défe insert and=vb, FsbandFrb are the components of the

points on the a-s diagram are then checked fardifit cutting force using the maximum valuesaginds the
constraints. The cost is calculated at all feagiblats, insert can be used for.



3.2 Machine Tool Power/Torque
The power and required are determined as:

Power required 2. .r.N.Fv 6)
where r = cutting radius (mm)\ = spindle rpm
Torque =Fv. r/1000 (N.m) @)

3.3 Maximum Deflection

The third constraint used in the algorithm is the
maximum deflection of the component which if greate
than the preset value of Maximum Allowable
Deflection MAD), the point will be non-feasible, and
feasible otherwise. The preset value is set by
considering the possibility that self-excited vifiwas

can occur in the component resulting in a pooresf
finish.

According to Mladenov [12], the errors responsfble
the overall inaccuracy of the machined componemt ca
be written as functions of machine tool stiffness,
components of the cutting forces and certain
dimensions of the machine tool. The total deflectio
can be written as:

total = L. Tan + Fr/Kpost + [Fr/K2 + Fr/K3] . L?
+ [2.Lc.Fr/K2 — Fs.r/K2 — Fs.r/K3] . L +[Fr/K1 +
L2Fr/K2 + Fs.r.Lc /K2] + Fr.L.33.E.l )

where L = free length of the component in the chuck
(mm), =misalignment of the spindle axis to the lathe
bed ¢ad), Kpost= post tool spring constariti{m) , K1

= first spring constantN/m), K2 = second spring
constantil/m), K3 = third spring constaniN{m), Lc =
length of workpiece in chuckmn), E = Young's
modulus for the component material/ihnf), | =
second moment of inertiginn{)

The values of spring constants used in this pager a
the same as determined by Mladenov [12].

3.4 Description of the Algorithm

i. a-sgrid is developed.

ii. For the first grid point (maximum depth of cand
minimum feed), IfRCFis more than th&tmax then
this grid point becomes non-feasible and the neixitp
ona-sdiagram with the samsbut lowerais checked.
Iterations are performed unless a feasible point is
obtained for which the next constraint is checked.
iii. If torque required for the feasible points fincthe
previous constraint is greater than the availairigue
on the machine, the point is not feasible. The pekit
is selected and all previous steps are performed.
iv. If the deflection at the specific point is gtesathan

the maximum allowable deflection at that point, the
point becomes non-feasible. In case of non feasible
point, the next point is selected as earlier.

v. For the points which are feasible with respedlt

the above mentioned constraints, other parameters a
calculated to get the specific cost at each poithvis
displayed in the form of a cost grid. Each costtmn
cost grid corresponds to the specific point onafse
diagram. The selection criterion for the next poima-

s diagram is changed at this point, and next point
selected is with the san® but with highers, the
iterations are performed unless a non-feasibletp®in
reached. For non-feasible points, the cost gridvsho
very high specific cost values for constraints & 2
respectively and ‘0’ for other non-feasible points.

vi. The algorithm determines minimum specific costs
and corresponding values @f and s on the a-s
diagram.

4., Computer results and
discussions

The algorithm described in section 3.4 has been
implemented in C++ and the software was employed to
investigate relationships between the parameters
involved in the optimization of the cutting conditis

in a turning operation. The parameters involved
include: depth of cut, feed, cutting velocity, sifiec
cost of the machining operation, machine tool power
stiffness of the component and dimensions of the
features to be machined. Some of the relationships
investigated include the effects of: componentrstds

on the optimum depth of cut for different values of
machine power; length and diameter of featuresien t
optimum depth of cut in rough and finish turning
process with and without a maximum allowable
deflection constraint. An example of how the resaft

the investigation can be used to select optimummgut
conditions is demonstrated.

implementations,

4.1 The effect of length and diameter of featurethe
optimum depth of cut in finish turning operations
Various patterns were observed in the graph of
optimum depth of cut from the numerical experiments
conducted. In one pattern, as the diameter of the
feature is increased the value of Opt_ a increfases
reaches a peak and then drops. The reason farghe f
trend is the fact that larger diameters means highe
stiffness and a higher stiffness means less diftec

S0 more points on a-s diagram are deflection-féasib
resulting in a higher optimum depth of cut. Thesmra
why Opt_a starts falling after reaching a peak adu
because as the component stiffness increases, more



torque is required to machine that component regchi
a point when the machine is not able to providetugha
required except for decreasing values of Opt_a. i.e
after the peak part, the Opt_ a is limited by the
available power on the machine tool.

In the second pattern, Opt_a increases first aed th
stays at the same value for subsequent values of
diameter as can be seen from the horizontal lirleen
graph of Fig. 2 for the 60 and 80 mm length feature
The reason for this constant opt_a is that the mach
tool can still provide sufficient power; therefaotee
value of Opt_a is maintained. This constant opt_a
phenomenon can also be observed in the corresgpndin
values of Opt_s in Fig. 3. In some cases, thermare
feasible values for points on the graph. For examnpl
Fig. 2, there is no value of Opt_ a for the 40 ® tim
feature, the reason is that for this feature ttiledéon

of the component is greater than the value of Marim
Allowable Deflection, and therefore it is not fdasito
machine this feature with these inputs.

For the same length, Opt_a for higher diameteufeat

is same due to the fact that both constraints€dedn
and power) are controlling this value. Although the
feature is getting stiffer and therefore it is ot
deflection-feasible, the available machine powearsdo
not allow Opt_a to increase. If the results ardyeneal

in another way, it can be seen in all figures fbai
particular value of diameter, if the length of atfee is
increased, the value of Opt_a decreases. Thiseisadu
the fact that increase in length makes the comgdonen
less stiff therefore the deflection in the compdrien
increased and might go out of the allowable value.
Therefore, the value of Opt_a is controlled by the
deflection parameter of the component unless sexffic
power is available to machine it.
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Fig. 2. Opt_a for L & D in finishing
operation on 15 KW machine tool.
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Fig. 3. Opt_s for L & D in finishing
operations on 15 KW machine tool.

4.2 The effect of length and diameter of featurethe
optimum depth of cut in rough turning operation

The next set of experiments was carried out foghou
turning operations and tie relauunsinp armuony uptim
depth of cut, optimum feed, feature dimension and
machine tool power was investigated.

The roughing constants used in the experiments are
taken from the work of Arsecularatne [11]. The alu
of Maximum Allowable Deflection (MAD) fixed for
this set of experiments is 30 microns. Fig. 4 shihas

the value of Opt_a decreases with the increase in
diameter of the feature. This is due to the faet th
increasing feature diameter means more torque is
required to machine the component but on the other
hand the machine tool power is limited. Therefore
higher diameter features can be machined usingrlowe
optimum depth of cut.

It was observed (as exemplified by the graph o$ Fig
4 and 5) that the value of Opt_a and Opt_s is Jame
particular power of machine tools for all featuods

60 mm diameter and above. The reason is that all
features of 60 mm diameter and above (with the
length used) are sufficiently stiff and therefohe t
deflection falls within the 'Maximum Allowable
Deflection' (MAD) value for almost all grid points

the a-s diagram. The only acting constraint is the
machine tool power. Hence overlapped curves (i.e.
with same values for a specific feature length and
diameter) on the graph are achieved for all feature
with diameter 60 mm and above for a particular
machine tool power.

While the feature dimensions do not make the
component stiff enough to make the deflection
constraint unnecessary, the values of Opt_a sttt w
the lower value and increase with higher feature
diameter for a particular feature length. It wasoal
observed that as the power available is incredked,



value of Opt_a for a particular feature also insesa

4.3 Example of selecting opt_a and opt_s from the
graph of a turned component

The component for this example is derived fromra ca
'Stub-Axle' used in an automobile industry. The 3D
model of the component is shown in Fig. 6 and the
turned features derived from it are shown in Fidt 7

is assumed that the maximum allowable deflection
(MAD) for turning this part is 30 microns, the diste
between machine tool chuck face and the feature can
be neglected and the power of the available machine
tool is 15 KW

Feature 1 in Fig. 7 has initial diameter 2100 mm and
length 100 mm. For this feature, from Fig. 4, Ogbra
first pass is 3.3 mm and from Fig. 5, the value for
Opt_s is 0.22 mm/rev.
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Fig. 4. Opt_a for L & D in roughing
operations on 15 KW machine tool.
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Fig. 5. Opt_s for L & D in roughing
operation on a 15 KW machine tool.

Fig. 6. Simplified stub axle.
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Fig. 7. Machining features extracted from an axle.

The initial diameter for the second pass will be493
mm and for this diameter the value of Opt_a can be
interpolated between diameters 80 and 100 mm in
Fig. 4 to obtain 3.8 mm. Similarly the optimum valu

of feed interpolated from Fig. 5 is 0.22 mm/rev.

After the first two passes, the available diaméter
the third pass will be 85.8 mm. At this diametbg t
maximum material available to be removed is 2.9 mm
which cannot be removed in rough turning for 100
mm length feature because the Opt_a for 85.8 mm
diameter in Fig. 4 is more that 2.9 mm, hencerit ca
be included in next feature.

The same procedure can be adopted for Feature 2 in
Fig. 7. The length of this feature is 60 mm and the
initial diameter available for the first pass is®8thm
instead of 80 mm due to the carryover diameter from
the previous feature. The Opt_a for the first piiem

Fig. 4 is 4.6 mm and corresponding value of Opt_ s
from Fig. 5 is 0.2 mm/rev. The diameter availalole f
the second pass will be 73.78 mm. For the second
pass, the value of Opt_a and Opt_s interpolated fro
the graphs in Figs. 4 and 5 are 5.8 mm and 0.2
mm/rev.



The feature diameter available after this will 2218

mm. In the third pass, the maximum available depth
cut is 2.18 mm which is not a feasible depth offout

this feature to carry out roughing operation heihce
can be added to the next feature i.e. Feature 3.

The initial diameter of feature 3 is 62.8 mm inste&

60 mm while the length is 40 mm. From Fig. 4, the
value of Opt_a for the first pass is 7.0 mm and the
corresponding value of Opt_s from Fig. 5 is 0.2
mm/rev. The available diameter for the second pass
will be 48.18 mm for which Opt_a and Opt_s (from
Figs. 4 and 5) are 7.167 mm and 0.2 mm/rev. The
diameter of the feature after this will be 33.85 . mm
The maximum available depth of cut is 1.93 mm which
can be machined using values of Opt_a and Opt_s
interpolated from Figs 2 and 3 for finishing operat
Thus optimal cutting conditions for a component can [5]
be obtained by taking values from these graphs.

(1]

(2]

(3]

[4]

5. Conclusions and recommendations

In this paper, an algorithm has been developedtwhic
can be used to generate a database containing the
optimum values of depth of cut and feed for differe
combinations of machine tools and feature sizes.
Conclusions derived from the results of experiments [7]
carried out in this research include:

(6]

1. Machine tool power and deflection are the two
parameters which control the value of optimum depth
of cut, whether it is a finish or rough turning
operation.

2. For a stiffer feature, the value of optimum dhegit

cut is greater unless it is restrained by machhog t
power.

3. For a feature for which there is no deflection
constraint, the value of optimum depth of cut talty
dependent on machine tool power.

4. It was shown that given parameters of STEP-NC
turned features, optimum cutting conditions and
resources can be determined without applying a
lengthy generative approach.

(8]

9]

[10]A.Nassehi, S.T. Newman,
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