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chapter, the fundamentals of cutting force calculation are explained, the tool path cross-
sectional geomelry in machining operations and its parameterization in [SO 10303 AP 238 are
illustrated. the basie prineiples of [oree based oplimization are deseribed. along with a
depiction of the optimization implementation plans. All of this demonstrates the vital role ISO
10303 AP 238 plays in machining process optimization.
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8.1 Introduction
A machming process removes excessive material from a form of raw stock to
generale a desired shape. The effectiveness of this process 1s generally evaluated by
the volume of the material being removed in a given time, often denoted as the
material removal rate. Machining process optimization 15 the selection of machining
parameters for a given process lo achieve the maximum material removal rates
within the process and machine limitations.
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d Acerca deste livio capability of a given machine system. which includes the major machine structural =
components. the spindle, tool holders, and cutting tools. The following 1s a list of
constraints common to most machine systems:
|Pesquisar neste livig +  Machine structural stiffness —
T T B : 2 ; : fool Position
Adicionar & minha biblioteca v »  Spindle torque, power and speed range 1 x: 45.2999 mm
* Load capacity of the spindle bearings Y¥: -12.5559 mm
Obter este livro «  Axis drive capacity Z: -88.0068 mm
SAA XY A— e B *  Bending moment and torque himitation of the tool holder
Amazon.com - $156 64 *  The ngdity and wear-sustainability of the culting tool
Barnes&Moble com *  [himension emmor due lo cutting tool deflection
Books-A-Million * Dvnamic charactenstics of the cuttung tool, holder and spindle .
| icalias niinie libliataca These constraints cover various aspects of the machine system, and they all have _ Hpath Croas Sectaon B
a direct relationship with the cutting forces generated during machining operations. AL S T T————— X A St
Controlling these cutting forces within the machine system hmits 1s key to the PIME LoaC TODSW (et Brad) - W ' here; they
success of machining process optimization. Dist i SO - 0aa kect Area: 4.56 s
Although the forces can be measured with a dynamometer or sumilar ] Apply Setup Transform RD Max: 12.57 . i
ostna measurement deviees in a controlled environment, it 1s tvpically more desirable in o Mok S et
ey . . industry to obtain the cutting force information during the planming stage of a bk b kil bl '23
machining process before the process is actually executed on a machine. Analytical T ) WP3C,, Jul 22
modelling is the primary method used to caleulate the cutting forces in machining W] Tool T7 return . ®.58 . Updates to
processes. o | . _ W Tool Tostart e i
Links Patrocinados The analytical study of cutting forces started in the mid twentieth century & (G WP 07 "
CAD ‘-.-"ne_we_r - Download Murcha_m [8.1-8.2] durelo_pt:d a cutling force mm_]::l lo n::il]:.:ulai:‘T the force from l_ht: & @ WP ros
AutoVue: View-Markup 2D/3D & dimension of the uncut ¢chip and the shear angle in chip formation. Further studies ¥ Tool T3 retum
EDA oo on the shear angle were done by Shaw et al. [8.3], Oxley [8.4]. and Rowe and Spick &<l ot abing
i [8.5] | to improve the accuracy of Ihle force cﬂl_culatmn. Martelloti  [8.6], o=
Koenigsberger and Sabberwal [87], Kline et al [8.8]. and others [8.9-8.11] : u .
@ Springer developed equations to calculate the forces based on cutting geometry in milling Workplans | Part Properties | Tools || f
e operations. While most force studies were concentrated in steady-state cutting '
Ef%‘“jsf_F_rf‘f"ltﬂiﬂj F‘?P“_iﬁém;sﬁ“ e condition, Merritt [8.12] developed the chatter loop concept to illustrate the
e dynamics in culting processes, and Das and Tobias [8.13] explamed the effects of
N the process dvnamics to cutting forces. Andrew and Tobias [8.14]. Tlusty et al.
[8.15-8.18]. and Altintas et al. [8.19-21] mtroduced the chatter theory in milling
processes (o study the system dynamics and its effects to cutling forces and process
stability in mmlling operations. Based on the previous culling force studies in 3-axis
milling operations. Zhu et al. [8.22]. Fussel et al. [8.23], and Ferrv and Altintas
| 8.24-%.25] expanded the cutting [orce analysis into 5-axis milling processes.
- Kev 1o machining processes, culling forces are used as a primary baseline to
evaluate a machining process and optimize the machining parameters. Altintas and
Spence [826—8.27] scheduled the feed rate m 2%-axis mulling based on the
predicted cutting forces, Yazar et al |[828], Fussel et al. [8.29], Tounsi and
Elbestaw: [8.30-8.31]. and others [8.32—8.34] applied feed rate optimization to 3-
ax1s machining of sculptured surfaces, where the arbitrary axial depth of cut
significantly ncreases the complexity in modelling of the tool-stock engagement.
The tool-stock engagement geometry becomes even more sophisticated in 3-axis
machiming with the introduction of ansgular motions of the cutter tool. Conseauently.
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and applied it on machining of jet engine impellers. Most recently, Altintas and
Merdol [8.35-8.37] developed the virtual milling coneept and machining parameter
|Pesquisar neste livg opfimization as an csscntialp;;iﬂ of this concept. : v o runl —_—
Adicionar & minha biblioteca v In order to calculate the cutting forces and to optimize the cutting parameters, the  X: 47.4964 mm
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ATV A= Ta N AaH modelling technelogies used by researchers to investigate the tool-stock engagement S Rk
Amazon.com - 5156 64 geomelry. Although successful research has been carried outl in this area since the I: —-0.4613
Barnes&Moble com 1990s, the cutting force calculation and optimization have not been widely used in K: 0D.4714
Books-A-Million the manufacturing industry. A major obslacle is the ditficulty of modelling the tool- ,
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Modemn CAM systems use solid modelling or Z-buffer technologies to create 3D s s ot ! here; they
models of the stock, the cutting tools, and the product in various manufacturing IGkn SIOEL W nas kect Area: 6.58 . - :;ILQS
stages. The geometrical nformation of the tool-stock engagement can often be |1 Apply Setup Transform BD Max: 11.7 . = et
B - derived from the established 31D models. However, it has been extremely difficult to i
ol extract this information from the CAM systems so that it can be used in the cutting S g -~ : :25
force calculation and machiming process optimization. This difficulty was resolved . 1.99
through the most recent work on 150 10303 AP 238, Wi Tool T7 return : 19
As introduced in Chapter 1, ISO 10303, the International Standard lor the Vg Tool T9 start\
Links Patrocinados Exchange of Product Model Data (STEP). provides a neutral representation of EF @ WP 07
Integration Services product and process data so that it can be exchanged between computer syslems & 3 WP 8
s g e s through the entire product life eyele. Its application protocol AP 238, Application
with Progress Software. Free I 4 ik L i e E Tool T2 return
S nterpreted Model for computerized numerical controllers, also referred to as STEP- G- (. semi-Gnishing
WA Progress.com NC, provides a new data model to transfer produet data from CAM lo computerized & G finishing
numerical controllers (CNC)  The STEP-NC data model contains extensive ' -
@ Springer machining process data such as part geometrical features, operation types, tool path orkplans | Part Properties || Tools |
_ S — trajectories, and the necessary data structure to implement the tool path geomefry,
ot Jﬂ.ﬁ_risﬂtﬂffi o Ti&;més it STEP-NC provides a method to control and manage machining processes based on
¥ Delicdonin. the explicit in-process mformation contained in its data model that was previously
unavailable.
This chapter illustrates the basic principles of machining process optimization
with an emphasis on the milling operation, and the vital role 1SO 10303 AP 238
(STEP-NC) plays in such optimization. Section 8.2 explains the fundamentals of
cutting force calculation and its requirement for tool path cross-section information.
The wvanety of tool path cross-sections in machining operations and their
parameterization in ISO 10303 AP 238 will be discussed m Sections 8.3 and 8.4.
Section 8.5 descrnibes the basic principles of force based feed optimization under
multiple machine constraints. Various optimization methods such as tool life based
optimization are reviewed in Section 8.6, along with a discussion on the influence of
machine dynamics on optinmzation.  Section 8.7 introduces optinization
unplementation plans in CAM, CNC, and independent optinmmzation systems,
Section 88 summarizes the discussions i STEP-NC based machining process
optimization and illustrates its value to the manutacturing industry.
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: B — [n milling operations shown in Figure 8.1b, the chip thickness ¢ 15 a function of
the rotational angle Fof the milling cutter. which reaches 907 when the cutting edge
is aligned with the feed direction:
| t=fsing (8.4)
) where f; is the feed per cach fTute of the milling cutter, It is a function of the feed /.
spindle rational speed n,, and the number of flutes of the cutter Ny
N f ol (8.5)
A n:p ﬂ'rﬂ
Since the chip thickness ¢ is a function of the rotational angle F, the area A, in
milling operations 1s also a function of F as well as the axial depth of cut fi. 4, has
the maximum value when Fis 90 - -
""
Z A, =hf sing (R.6)
The resulting force equations for a milling operation can be written as :
- - \ - ~—
by =K hf sing (8.7) | . - - :
D pe -~ —~
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where F.r and F,; are the langential and radial force on an engaged cutter {lute at - -—
cutter rotational angle F K, and X ,, are the lorce coefficients for F,; and F, - : + 4+ K
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piccewise linear equations are often used to simplify the calculation [8.32, 8.39] Y: -24.204 mm
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@ Springer rotational angle. The majority of milling cutters have a nonzero helix angle. At a : Brct

PO st given rotational angle. the engagement condition of the cutting edge along the flute JVorkplans | Part Propeties | Tools |

fj%i“_?f)ﬂf_risf"ftﬂiﬂi ?ff:;&;mgséﬂ o varnies with the axial depth of cut (AD). To evaluate the cutting forces in such a '

e circumstance, a milling cutter 15 divided mnto a number of thin discs along the axial

N depth of cut (Figure 8.3). A flute on a given disc starts its engagement into the stock
at angle Fy, and exits at angle F,,. The entry and exat angles of the engagement, F,
and F,,, are a function of the radial depth of cul (RD). The cutting forces generated
by each disc at a given rotational angle can be caleulated using Equations (8.7) and
(8.8) if the angle falls between F, and F... The total force generated by the cutting
tool 1s the summation of the cutting force from each disc.
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area AD as illustrated in Figure 8.1. The path cross-section in a milling operation is

e e defined as the area of the removed material along a tool path in the feed direction
PSS B EamaRs GO DETSSES0 g6 (Figure #.3). An accurate cross-section of the 1ol path 1s needed 1o calculate the
YU A— e ERe cutting force and optimize the machining process.
D In production machining, the shape of the machined parts is often sophisticated.
When the cutting tool moves along a pre-defined trajectory. the radial and axial
depths often varv due to the positioning requirements of the tool and the variation of
the stock shape. Consequently the cross-section continually varies along a tool path
Some simple examples are shown in Figure 8 4.
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[n production machining, the axial engagement does not alwavs start from the
bottom of the cutter, and the radial engagement does not alwavs create a side surface
as shown in Figure 8 7a—b. The position of the cross-section relative to the cutting
tool directly affects the cutting force and its impact to the machine system. For
example, as the cross-section in Figure 8.7a moves towards to the tip of the cutting
tool. the cutting force will create a larger bending moment agamst the machine
svstem. Therefore, it 15 important to Keep track of the cross-section location relative
to the cutter ongin. Also, the cross-sectional area n production milling operation s
not always in rectangular shape due to various geometrical features ol the stock and
the milling cutter. as shown in Figure 8.7¢. The vanation of the location and shape
ol the cross-section adds a greater level of difficulty when paramelerizing the cross-
sectional area in g milhing operation.

(b) (c)

Figure 8.7. Examples of tool-stock engagements and cross-sections in milling operations: a.
MNonzero-start axial engagement; b. Nonzero-start radial engagement; ¢, Nonrectangular cross-
section

8.4 Parameterization of the Tool Path Cross-section

The need for accurate tool path cross-section mformation for cutting force
calculations and machining process optinmzation has been established in Sections
82 and 83. The dunensions and the location of the cross-section can vary
significantly n production machining. Methods to describe these arbifrary cross-
sectional arcas can be extremely soplusticated 1 some cases. Determimng the
number of parameters used to define these cross-sections requires a balance between
the size of the STEP-NC data model and the accuracy in the representation of
arbitary cross-sections. The number of parameters which deseribe the cross-section
should be kept to a minimum to avoid overloading the STEP-NC data model. The
following tool path cross-section parameters are delined in the latest corngendum to
[SO 10303 AP 238

Dimension O shall deseribe the maximum axial depth of the tool contact cross-
section, shown by ADmax in Figures 8.8 and 89, The maximum axial depth tor
milling shall be measured parallel to the tool axis, regardless of whether the
direction ol feed 1s perpendicular to the tool axis. The maximum axial depth for
turning shall be measured parallel to the spindle axis:
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The maximum axial and radial depths ADmax and RDmax describe the
dimensions of the tool-stock engagement in the axial and radial directions with their
locations relative to the cutter coordinate origin defined by Xmavofs and Ymavofs.
The cutter coordinate origin is the centre of the cutter tip for milling cutters and the
point on the cutting edge profile closest to the spindle origin for turning cutters. The
total area of the tool contact cross-section CS4 quantifies the engagement area. The
location of the engagement area was represented by distances of the area’s centre of
gravity CG to the cutler coordinate origin XCGofs and FYCGofs. In production
machining. the cross-section is often more complex than a simple rectangular shape.
Hence the area of the cross-section and its centre of gravily are introduced in the
paramelerization to provide further information on the cross-section. Figure 810
shows some examples of the cross-section in milling operations,

Figure 8.10. Examples of the cross-section with different milling cutters. a. Face mill; b. bull-
nose end mill; ¢. ball-nose end mull

Plunge milling 1s a special milling operation where the feed direction 1s parallel
to the milling cutter axial direction. The axial and radial depths described above do
not apply to plunge milling. In this case. the cross-section can be parameterized as
follows:

*  Dimension 0 shall describe the maximum dimension of the tool contact

cross-section in the radial direction in the polar coordinate system, shown by
Kmax in Figure 8.11. The ongin of the polar coordinate system 1s in the
centre of the milling cutter. The X axis of the coordinate system i in the
direction towards the next plunge operation location.

Dimenston | shall deseribe the maximum expansion angle of the tool contact
cross-section in the polar coordinate system, shown by Amax in Figure 8.11.
Dimension 2 shall describe the location in the radial direction where the
maximum radial dimension of tool contact cross-section is located, shown by
Rmaxofs n Figure 8.11.
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of gravity of the tool contact cross-section, shown by ACGofs in Figure 8,11,

Figure 8.11. Cross-section paramelers for plunge milling

These cross-sectional parameters in STEP-NC data model provide important
mformation for quantification of tool-stock engagement, cutting condition studies,
cutting force caleulations and process optimization. In milling operations, the
maximum radial depth £Dmax, and the cross-sectional area ("S54, can be used in toaol
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determune the engagement position of the cutting force to the cutter and investigate
the impact of the cutting foree to the machme system. The same unportant roles are
plaved by these parameters i turning operations as well.
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where n,, 1s the spindle rotational speed, A; 1s the number of flutes of the milling
cutter, and (; is the clup thinning factor, which 1s a function of the tool-stock
engagement situation. The chip thinning etfect will be discussed further mn Section
8.6.3. To simplify the calculation. C, can be set to 1, which places the derived feed
to the conservative side.

The flowchart in Figure 8.13 shows the sequence of deriving the required feed
from a known cutting force.
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(8.12) considering the linear relation between the cutting force and lorce related
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F, = i (8.12)
len.\
where F, 1s the cutting force generated by the current programmed feed and K, 1s
the highest allowable cutting torce. With ¥, denved, the highest allowable feed can
be calculated with the method desenibed above in Section 8.5.2.
Figure 814 summanzes the process of downward optinuzation.
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After the relation between the feed and the radial depth of cut has been
established. the mathematical expression of this relation can be brought mnto an
optuimization algorithm. The feed can then be adjusted according to the radial depth
in each tool path in order to mamtmn a selected tool life. To ensure the optumzed
process 15 within the machine system limits, the adjusted feed and the subsequent
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cutting force need to be checked against the machine system constraints before the
adjusted feed 15 1ssued to the machiming process.

Optimizing the machining process to reduce the cutting tool related production
costs has been a challenging task in the industry. With the cross-sectional
parameters in the STEP-NC data model, the tool-stock engagement can be closely
monitored and the corresponding feed adjustment can be made to manage
effectively the tool hife and reduce the production costs.

8.6.2  Volume-based Optimization

The goal of the volume-based optimization i1s to mamtan a specific matenal
removal rate over the course of a machiming process.

Based on the energy equilibrium principle, a certam amount of energy. .J., will be
consumed when a given volume of sohd metallic material. M. 15 converted to chips
during a machining process:

J =K _M, (8.15)
where A, 15 a material property related factor. It divided by time, this equation can
be rewritten as

P=K,R. (8.16)
where R, is the volume ol solid metallic material being removed at a unit time, or
material removal rale, and P, 1s the power being consumed to achieve the given
material removal rate.

In tuming operations, R, 1s a function of the cross-sectional area ., and the
diameter of the stock Dy

R, =74,D, (8.17)

The cross-sectional area in turnmg 1s the area of the uncut chip cross-section,
which i1s a product of the feed per revolution f, and the width of the cut w, as
described in Equation (8.3). Adjusting the feed in a turning operation can change the
cross-sectional area and the material removal rate:

R=rw[ D, (8.18)

Similarly, the material removal rate R. is the product of the cross-sectional area

A, and the feed £, n milling operations. Adjusting the feed can result mn a desired

matenal removal rate:
R=41, (8. 19)

Agam, the key of volume-based optimization i1s to obtamn the cross-section
nformation of the tool paths. The cross-section parameters in the STEP-NC data
model make the volume-based optimization easily achievable.

Equation (816} describes the relation between the material removal rate R, and
the cutting power P, through a material factor K,, However. using this equation to
regulate the cutting power with the material removal rate often produces inaccurate
results. One of the primary reasons for the inaccuracy is that the geometry and the
condition of the cutting edge strongly atfect the cutting torce and consequently the
cutting power. The malternial factor X, in Equation (8.16) does not include the effects
ol the cutting edge geomelry and its condition. With the same matenal removal rate
[rom a given stock. the power may vary significantly as cutling edge condition
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changes over the course of a machining process. In addition, the relationship
between the matenial removal rate and the cutting power is also a function of the
chip thickness as discussed in Section 8.2 This is particularly important in milling
operations where the chip thickness continuously varies with the rotation of the
milling cutter.

Another cause for concern when using this approach is that the cutting power F.
obtained from Equation (8.16) is the average power. Although it is possible to
correlate the power to the cutting foree, the force derived from the average power
will be the average force. The average lorce is useful in tuming operations where the
chip tluckness 1s relatively stable, but it has limited applications in nulling
operations where the cutting force varies significantly with the radial depth of cut
As illustrated m Figure 8.16, the average forces in two different cutting scenarnos are
same. but the actual cutting forces are drastically different. As a result, although the
average force may still remain within the machine system limits, the peak of the
actual force may exceed the linuts causing potential damage to the machine system.
Therefore, the volume-based optinization has hmited capability to protect the
machie system from potential force-related damage

Force kg

Ag

Foce kp

wl

a4

]

01 |

TH 1

Figure 8.16. Cuthing force of a 3-flute milling cutler in one revolution, a. radial immersion
0.93. b. radial unmersion 0.15, F,, . average foree, £, actual foree

8.6.3  Constant-chip Optimization

The objective of the constant-chip optimization is to compensate the chip thinning
effect by mncreasing the feed when the chip thickness decreases as the tool-stock
engagement declines in either the radial or the axial direction.

As discussed i Section 8 2, the chip thickness in a milling operation varies with
the cutter rotational angle within the tool-stock engagement defined by the entry and
exit angles of the cutting edge, F,, and F,,, as described in Equation (820) Chip
thickness 15 at 1ts maximum value when the cutting edge 15 aligned with the feed
direction, where F = 90" and the chip thickness ¢ equals the leed per lute of the
milling cutter f;:

(=1 sing (8.20)
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Similar to other optimization methods discussed above, the key for constant-chip
compensation 15 to obtamn the cross-section information of the tool-stock
engagement. With the cross-section parameters i the STEP-NC data model,
constant-chip optimization for both radial and axial chip thinning compensation is
easily achievable.
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In order to prevent excessive vibration occurring in machining operations, it is
important (o maintain 4 machining process in a stable condition prior to optimizing
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the process.
Self-generated vibration in a machming process, or “chatter”. can cause

T | B Do ds

X
. Diretos de autor.

"'-J'd

undesirable machined surfaces and potential damage to cuting tools and the
machine spindle. Chatter often oceurs at the cutting tools with a high L/D ratio (the
ratio of the cutter length to its diameter or its cross-section dimension), Extensive
studies on chatter and its prevention have been conducted by Tlusty, Altintas and
others [8.13-8.21, 8.41,8.42] Identitving the chatter frequencies through structural
dvnamic analyses of cutter-holder-spindle and adjusting the spindle speed
accordingly 1s a common method in mitigating the chatter. Other approaches. such
as reducing the axial depth of cut, using different cutter configurations or specially
designed cutters are also useful. However, changing feed only has mimimal impact
on chatter due to1is less dependence to the chip thickness |8.14, 8.41,842]

Besides the chatter occurring at the culler-holder-spindle, excessive vibration
may also lake place 1t the stock, hixture, or machine components (spindle ram,
column. table. etc) are insufficiently supported. Therefore. svstem  structural
dynamic analyses should be carmed out prior to the machining feed optimization and
the structural comphiance of the stock. fixture, or the machine components must be
considered during the optimization.
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8.6.5 Feed Lag

Each machine tool has an acceleration/deceleration limit based on 1ts axis dnve
capability. Certain distance is needed for an axis to reach a specified feed. If the
length of a tool path’s trajectory 1s shorter than the required distance for
acceleration/deceleration, the specified feed for this tool path may not be reached.

Modern CNC controllers have the capability to “look ahead™ at the motion
commands and adjust the actual feed to mamntain the required positional accuracy
during the transitions of the motion direction.

Due to the mertia of the machine structure, fixture devices and the stock, the
actual feed may not follow the commanded leed closely dunng the transition from
one feed level to another.

These factors contribute to the fact that the actual machine feed may “lag™ from
the feed specified in the NC program. Feed optimization may alter the feed at cach
tool path depending on the tool path geometry. The programmed feed may vary
frequently through a machining process. However., due to the “lagging™ of the actual
feed. the accuracy and the effectiveness of the feed optimization may be
compromised when the tool path distances are too small. as shown in Figure 8.19.

3
Feed — —— Programmed Feed

— Actual Feed
- — =
: 1
I
I I
| |

I
I
I
o]

o,
L

Distance

Iigure 8.19. Feed lag (indicative)

Frequent feed change requires repeated acceleration/deceleration of machime
axes. It rases the requirement to the machine axis drive system. To ease such a
requirement, a low pass filter can be applied to the optinmmized feed to reduce the feed
variation.

8.7 Optimization Implementation Plans

The importance of the geometrical information of the cross-section along the tool
path to machining process optimization has been discussed above, In order to apply
optimization to a manufacturing process. a suitable implementation plan needs to be
developed to meet the manufacturing requirements. This section introduces potential
implementation plans al various stages of manufacturing processes.

The STEP-NC data model provides a new data structure which permits
manulacturing nformation to be maintained throughoul a product’s entire
manufacluring process. The geometrical information of the tool path cross-section
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The disadvantage of optimizing at the CAM level is that the detailed machine
and cutting tool information may not be available at the development stage of the
Workplan. Insufficient machimne system information will affect the accuracy and the
effectiveness of the optimization.
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This approach has the highest flexibility. With the geometrical information of the
tool path cross-section contained in the STEP-NC Workplan, the optimization can
be conducted at any preferred stage or location through the Workplan distribution
from the CAM to the CNC. The optimization can be applied to a group of identical
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