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1 Manual Overvie w

In this manual you will learn the different methodsrfwrdeling machining processes that are

available in CutPro. This manual will mainly focus on milling. The modeling involves the prediction

of cutting forces under various cutting conditions, based on experimental data, and the prediction of

the dynamic behadour of machine tools, also based on experimentally collected data. These

experimental data are used in the CutPro software, in order to predict chatter vibration free cutting
conditions. These data are repbesentethiich gi ali
chatter free depth of cut as a function of the spindle speed on the machine tool.

The manual will start off with the orthogonal cutting force model and will show you how to conduct
experiments to identify orthogonal cutting coeffidiefor different materials with dedicated cutting

tools in turning experiments. Once these coefficients are identified, they can be used to predict cutting
forces for a variety of cutting tool geometries in milling, using the orthogonal to oblique

transfomation. This transformation will also be discussed.

The orthogonal to oblique transformation is very powerful, bdbés require extensive testing, which
may be too costly or time consuming. Instead, more simple mechanistic models can be used, for
exampek the method of average cutting coefficients identification. This method allows you to predict
cutting forces in milling for a cutting toelworkpiece pair, and requires only a very short test.
However, the coefficients identified in such a test are applicable to that combination of tool and
workpiece. The use of a few other mechanistic models will also be demonstrated.

In order to identify the dynamic characteristics of machine tool structures, tap tests are conducted with
dedicated impact hammaeaiad sensors. This manual will show you how to conduct hammer test
experiments, judge the measured data, and identify important properties of the transfer function, which
is a plot of the frequenegependent behaviour of the machine tool.

When theFrequencyResponse FunctioffrRF) of the machine tool (machine tool dynamics) and the
cutting coefficients (cutting mechanics) are identified, we can use CutPro to determine chatter free
cutting conditions via simulations in frequency and time domain. The manuahaiv you how to

verify the simulated results experimentally and how stable and unstable cutting conditions can be
identified using different sensors. It will also be shown how CutPro can be used to design special,
variable pitch milling cutters fagutting difficult to cut, thermal resistant alloys.

2 Modeling of Cutting Forces

In order to conduct offline process planning by simulation, we need to be able to predict the cutting
forces that will occur in the actual machining process. From cutting foeesurements, cutting

coefficients can be determined for different types of cutting force models, which will allow us to predict
the cutting forces for a variety of cutting conditions. Td@stionfirst discusses cutting force modeling

by coefficients detanined from orthogonal cutting experiments, and the gdhal to oblique
transformatiorthat uses these coefficients to predict forces in oblique cutting processes. The chapter
concludes with a mechanistic cutting force mode
practical method, used in milling.
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2.1 Orthogonal cutting coeffi cients

The big advantage of cutting coefficients determined from simple orthogonal cutting experiments is that
one can predict the cutting forces for any oblique tool geometry and any cutting condition, machining the
identified workpiece material. The trefarmationof the cutting coefficients from orthogonal cutting
experiments to cutting coefficients for a speci
oblique transformationo. This cutt i ncgttingforcesie c 0 €
milling, turning, boring, and drilling. The simple orthogonal cutting tests are conducted on a lathe for each
workpiece material.

These coefficients are determined by measuring the cutting forces for different feedrates in turning tubula
workpieces with a tool without inclination angle or chip breaker grooves, and with a flat rake face. The
oblique cutting tools, for which the forces are to be predicted, usually contain a range of rake angles and
therefore you need to conduct experimenith a few different rake angles that cover the range used. The
cutting coefficients will therefore be a function of the rake aagl uncut chip thickness (i.e. feed rate)

The cutting coefficients can be dependent on the cutting speed as well, sstbytibalso measure a

range of cutting speeds. The number of experiments can thus become large:

] T 1 number of feedrate®number of rake anglesnumber of cutting speeds, whiareans

that if you useg different values for each parameter, yand up conducting p gxperiments.

2.1.1 Experimental setup : Determination of orthogonal cutting force coefficients
The experimental identification of orthogonal cutting coefficients is conducted as follows:

A Setup atube on a lathe. The tube wall thickness is the width of cut in this orthogonal cutting process and
may berdt x B0 ¢8t i &). Use a turning tool with a zero inclination angle and a flat rake face
without any chip breaker. It is best to gritwabls from carbide blocks. Select the cutting speed which will
be most used on your production floor. You can repeat the tests at different speeds if necessary.

A Measure the average cutting forces from the tube turning operation by using a cutting farnerdeter,
and collect the chips for each test separately. Make sure that the force data and chips are collected when
the tool is fully engaged in the part. Avoid considering the chips and forces when the tool is at the entry or
exit state. Save the chips $eparate envelopes for each test. Mark them with the corresponding test
conditions (rake angle, feed rate, width of cut, cutting speed and material).

A Foreach cutting speed and rake angle you need to measure the cutting forces for a few different
feedraes.

A After the cutting experiments you selee &hips from each test, which should be as flat and as long as
possible. Measure the total length of these chipmim[and write the total chip length on the envelope.
Measure the total weight of these chign a scale and write the total weight in [gram] also on the
envelope.

A Use the Excel template file call@rthogonal_Template
(http://lwww.malinc.com/Documents/Orthogonal_templaté.xIis template allows you to process
measurement data for one rake angle, cutting speed and workpiece material.

Enter the feed rates, corresponding measured total chip length, total chip weigtttiangdforce data in
tangential and feed direction. The template will calculate the average of the measured data and plot
those values in the plot fAAverage orthogonal cut
automatically displayed ome line fit graph in the Excel template.
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http://www.malinc.com/Documents/Orthogonal_template.xls

The experimental setup is shownFigure 2.1with the directions of the tangential and feed forces.

& dynamometer

Figure 21: Experimental setup for determination of Orthogonal Cutting Coefficients

A typical measurement dfie cutting forces for onfeedrate islisplayed inFigure 22
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Figure 22: Tangential and Feed Force versus Time to determine Orthogonal Cutting Parameters

The cutting forces should be constant, but will always show small variations in time. The feed force and
tangential force, schematically shownFigure 2.3, are measured witie dynamometer and the data is
collected with a PC using MALDAQ. For each cugticondition, 1000 data points for each of the two
channels are collected by samplingait tGufor a periodof pi ‘Q @ & Ehécutting conditions that are

used in this example are shown in table 1. The data can then be loaded into Excel (yowewiioha
columns with each 1000 values) and Excel determines the average of the measurement values. These

average values are also showahle2.1.

CUTPRO: Fundamentals of MachiniiigStart to Finish Guide
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Table 2.1: Cutting conditions and resulting average forces for orthogonal cutting coefficient
identification test forone cutting speed and rake angle: AL 7050-T7451

Rake 8
1500 m/min
Feed Rate Chip Length Chip Weight Measured Measured
Test No: h [mm/rev] [mm] [gr] Ft [N] Ff [N]
1 0.050 87.85 0.0362 101.08 32.68
2 0.075 76.34 0.0445 140.31 35.49
3 0.100 131.30 0.0997 175.45 39.06
4 0.125 157.34 0.1477 213.87 41.99
5 0.150 168.06 0.1868 250.51 41.17
6 0.175 83.04 0.1041 282.60 36.82
7 0.200 33.46 0.0470 313.40 34.24
, h UNCUT CHIP THICKNESS
Ft _\(SHEAR ANGLE F,
’ h, CUT CHIP THICKNESS :
TUBE

SHEAR PLANE

/RAKE FACE

1 v —~f— )
F; ~ j RAKE ANGLE o,

M

v

' 1

RELIEF ANGLE

—

Figure 2.3: Schematic diagram of orthogonal cutting, showing feelf and tangential Ft forces

In the left part oFigure 2.3the tangential forcé& and the feed forcéO, which are measuredith the
dynamometer, are show.is the cutting speed ari@ is the uncut chip thickness. The tool is
characterized by its ke angle and the relief angle. Ehcut chip thicknes$ and theshear angl&o

will be determined from the geometry of the chij@s the cutting force actingn the tool, which can be
broken down into the force normaltiee rake face , which makeghe friction angleig. with the cutting
force™Q and the friction force acting along the rake faceThe shearing process taking place on the shear
plane is characterized by the shear sttesdongthe shear plane and the normal strersrmal to the

shear plane.

The associated forces are the normal far@nd the shear foree and are shown iRigure 2.4.

wy,
@E‘
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Figure 2.4: Cutting force&broken down in the components normal forc& , and shearing force&

Figure 2.5 shows a complete set of average values, determineddvemmeasurements plottéd Excel.

V=1500 [m/min], b=2.0 [mm], alpha_r=8 (deg)

350

y = 1424x|+ 33.046 _A

300

* Tangentisl Force

250

B FeedFoce
/ = Linear (Tangential Force)

= Linear (Feed Force)

200

150

Tangential and Feed Forces [N]

100

y = 13.444x+ 35.669
50

0.00 0.05 0.10 0.15 0.20 0.25

Feed rate [mmirev]

Figure 2.5: Orthogonal Test Results

In orthogonal cutting the uncut chip thickness h equals the feed per revolution c. We fit lines passing
through tle average value points, and these lines will give an average experimental relation between unct
chip thicknes< /the feedA[mm / rev] and the Tangential and Feed Force. The lines are expressed
through the following equatioris]:

Tangential Force: & & & +
+

+
Feed Force: & & & +

> >

AE
AE
Where+ Aand+ Aare the slopes of the lines fiangential and feed forces, respectively

+ Aand+ b are the edge forces in tangential and feed directions, respectindixis thewidth of cut.
Edge forcesre createtby the friction between the clearance face of the tool and the finsshéte;

hence they are not dependent on the feed rate. The edge forces do not contribute to the shearing of the
material. The tangentiaind feed forces can therefore be expressed as follows:

Tangential Force: & &7 & + AE
FeedForce: & & & + AE
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They are expressed in this manrsrchthat the edge forces do not contribute to the
shearing. The tangential and feéafces arelinearly dependent on the width of cit
From there, the cutting coefficients are found:

Shearing coefficients: — + A+ — — + A+ —

Edge force coefficients & + A+ — & + A+ —

Figure 2.6shows the fitted lines and the average value points, and the expressions
& prCcTE@BT@ENd& p @& 11T @ @.chppendix A describes how to fit these
lines to the measurement points using Excele edge force for the tangential face is
o @ 1 @and the edge force on the feed faceoi® ¢ w.

V=1500 [m/min], b=2.0 [mm], alpha_r=8 (deg)

350 - -
y = 1424x({+ 33.046 4

300

+ Tangentisl Force
250

200
P

150

B Fesd Force

——Linear (Tangential Force)

Linear (Feed Force)

100

Tangential and Feed Forces [N]

¥ = 13.444x [+ 35.669
50 -

0.00 0.05 0.10 0.15 0.20 0.25

Feed rate [mm/rev]

Figure 2.6: Fitted lines foTangential and Feed Force
Excel shows the expression for the feed and tangential force in thé&Jforf@ A In this case:

Tangential Force: & ptctE&EdTe +A prcTt+ A o@ToOQ
Feed Force: & p@8TTH@®@owr A p811+ A o®How

Theparameter in this dataset is the feedfgrmm/rev], which corresponds t& here. All measurements
are taken for one width of cé¢ which is the wall thickness of the hollow cylind@hus in order to find
the cutting coefficients, we have to divide the coefficients+ ,+ and+ by the width of cui, as
follows:

& + A + o@tkg p @ dN/mnf]
& + A + o@ ol p @ dN/mnf]
— + A +  pTdq X pd YN/mn]
— + A + pa&1f  oX dN/mnT]
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2.1.2 Determination of friction angle, shear angle and shear stress

The cut chip thickneds, [mn] is estimated from the length and weight of a few chips, as it is difficult to
measure accurately. Take a few chips thatar#at and as long as possible.

The cut chip thickness is determined fréiin —, where:

” T8t Mg (K O i & (the specific density of the material)
© CIMW G (the width of cut or wall thickness of the tube)
a aa (the total length of the chips)

a Qi oai (the total weight of the chips)

Chip ratio (), friction angle b,), shear angle () and shear stresEl(are determined from the following
expressions derived from the geometry of the orthogonal cutting:

O O O (the feed cutting force equals the feed force minus the feed edge force)
O 0 ©° (thetangential cutting force equals thegential force minus the tangential edge force)
O (the cutting force equals the square root of the sum of the squared cutting components)

[ (the chip ratiothe ratio of the uncut chip thicknessand the cut chip thickness)

f \ 0WE— (the average friction angle equals the sum of the rake angle and the areta of
% O WE— (the shear angle in determined from the chip natand the rake anglg)
tr — (the shear stress is determined filemL ., ,abn qd) U

5.

"Q | , ware the cut chip thickness, rake angle, and width of cut, respectively. Note that the edge forces are subtracte
from the measured forces befanthogonal cutting parameters are evaluated, as the edge forces do not contribute to
the shearing.

The Excel template automatically calculates the shear angle, friction angle and shear stress from the measured chip
length, weight, average tangential foraeerage feed forcand chip thickness, for each cutting conditithe

calculation results are shown in table 2.2. For the cutting force model, we will use the average value of the shear
angle, friction angle, and shear stress.

Table 2.2: Calculated cuing forces, friction angle, cut chip thickness, chip ratio
, shear angleand shear stess

Feed Rate | Chip Length | Chip Weight| Measured | Measured | Chip Thickness | Chip Ratio| Shear Angle | Friction Angle| Shear Stress
h [mm/rev] [mm] [ar] Ft [N] Ff [N] hc [mm] rc phi_c (deg) | beta_a (deg) | tau_s [MPa]
0.0500 87.85 0.&362 101.08 32.68 0.0728 0.6868 36.9421 25.9186 367.4687
0.0750 76.34 0.0445 140.31 35.49 0.1030 0.7282 38.7461 22.1960 363.9115
0.1000 131.30 0.0997 175.45 39.06 0.1342 0.7454 39.4740 20.5507 351.5641
0.125 157.34 0.1477 213.87 41.99 0.1659 0.7537 39.8213 19.1079 351.8951
0.150 168.06 0.1868 250.51 41.17 0.1964 0.7638 40.2434 17.3322 354.4963
0.175 83.04 0.1041 282.6 36.82 0.2215 0.7901 41.3184 15.4218 354.5795
0.200 33.46 0.0470 3134 34.24 0.2482 0.8059 41.9510 14.2336 351.3244

Average 0.75 39.79 19.25 356.46

Thus the orthogonal cutting parameters are found to be:

Average shear anglép ................. 39.79[Degrees]
Average friction angld, .............. 19.25[Degrees]
Average shear stresk, .................. 356.46 [MPa]

!\m,,
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2.1.3 Orthogonal to Oblique Transformation Method

In orthogonal cutting, the material is removed by a cutting edge that is perpendicular to the direction of
relative tootworkpiece motio (see bothrigures 2.3 and 2.7). The orthogonal cutting resembles a shaping
process with a straight tool whose cutting edge is perpendicular to the cutting v@logityetal chip

with a width of cutthand a depth of ctifis sheared away from the workpiece with velocityin

orthogonal cutting, the cutting is assumed to be uniform along the cutting edge, and it can therefore be
represented by a twdimensional plane strain deformation process, as showigime 2.3 ad 2.4. The

cutting forces are exerted only in the directions of the veleciiynd the uncuthip thicknessQ which are

called tangential and feed forces. In oblique cutting, the cutting edge is oriented with an inclinatié@ angle
and the additional tid force acts in the radial directioi®, as shown irFigure 2.7.

Orthogonal cutting geometry Oblique cutting geometry

CUT CHIP

RAKE FACE
CUT CHIP '\]’] CHIP FLOW ANGLE
; ' )

; CUTTING EDGE
INCLINATION ANGLE

Figure 2.7: Schematic representation of orthogonal and oblique cutting geometry

When the orthogonal cutting paramete¥s i fit  are determined from orthogonal cutting ekments,
as described in the above, oblique cutting forces caqmduiicted bythe following stepq1].

First, the following assumptions are made:

1  The orthogonal shear angle is equal to the normal shear angle in oblique @dtiin%e

1 The normal rake angle is equal to the rake angle in orthogonal cuttikg]

1  The chip flow angle is equal to the oblique anglés "Q

1 The friction coefficient , and shear stred§ are the same in both orthogonal and oblique cutting
operations for a given cutting speed, chip load, andwaok material pair.

Calculate the normal friction angle as follows,
1 0 Wt o d@EAT-h where—is the oblique angle

Predict the cutting forces using the oblique cutting constants

t AT1O | OADOAT OFET
OE% GFf (% 1 | o e QF
t OBl |
OE% AT Q &g % 1 | 0O wE-i Qf
t ATt0 | O6AT OAY OEI
OE% G (% 1 | O Wi 0f

i,
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Example:

Consider a cutter with a 3@blique angle, 8° rake angle andL 7050-T7451workpiecematerial. We

can perform the orthogonal to oblique transformation method for data collected, as the rake angle is the
same. In th8 case we have determined the cutting coefficients for one rake angle. A complete model
requires tests for a range of rake angles, and we can then find cutting coefficients which are a function of
the rake angle. Tangential, feed and radial force coeffie@an be calculated using the above formulas

and they are found to be:

i OMEOOE ATO 00tOApP@UVAT O p@od
ovdpe Al ®O@o y OAGNOAInOEd@o

D Ed - 0 A Qi Q
CEd® G Giloqup®oy 0ok Dp@o /0¥ P capc

ouadpe OEd@o
OEdGK AT OT GE oo p@O U OMioT QP @0

PT§w OA ¢@ EOE

cuvdpe Al ®O@oc y OAdnn OAGnOEd@o

ouae . \ ocal 0A T R UEOE
OBd@l @ Gé icqwp@o P odéon QP @O v RWx

The edge cutting coefficients are considered to be the same as those found from orthogonal cutting
experiments, and the radial component of the edge force is assumed to be zero (i.et). Sincethe
depth of cut is the same for all conditions, thdge=cutting forces are constant, and they are obtained as
the following.

O o@TP XBCOAOQ O OoHOD Wpa@adQ O mi TaAOQ

2.2 Average cutting force coefficients for milling

In order to create a complete sebathogonal cutting parameters, a lot of tests have to be conducted, and
this is obviously costly and timeonsuming. Instead, we can conduct a small series of experiments with
different feedrates, but constant depth of cut and full immersion (slottirah flese measurements,
average cutting force coefficients can be calculated, which are valid for that specific combination of tool
and workpiece onlyThe Average Cutting forced@H Q3G in milling can be defined as a function of
cutting conditiong1] a = depth of cut, c = feed per tooth) and the cutting constants,¢ ,0 ,0 ,

0 ,0 )

W —0 H —0 W —0 H —0 W —0 H —0

N is the number of teeth on the cutter. The subsdrigisand®correspond to the radial, tangential and
axial force coefficients, respectivellease note that the radial direction in milling corresponds to the
feed direction in turning and the akidirection in milling corresponds to the radial direction in turning.
Thus, the average cutting force is expressed by a linear function of the feédwiiteslope and an
offset contributed by the edge forags
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2.2.1 Measurement Setup

In order b determine the average cutting force coefficients, we measure the cutting forces during slotting
cuts with a dynamometer for different feedraf@spending on the type of the workpiece material and
cutting conditions, different width of cuts can also bgmyed.The test setup is as follows

Use a small workpiece and clamp it rigidly to the dynamometer

Make sure the dynamometer is clamped rigidly to the table

Measure the cutting forces at a stable depth of cut and at a low cutting speed
Collect cuttingforces for a full number of revolutions.

=A =4 =4 =4

The workpiece mass and clamping determine the bandwidth of the dynamerosipiece combination.
The tooth passing frequency should be kept low (well within the bandwidth) in order to stay within the
linear regim of the measurement system. The experimental setup is shéiguie 2.8

workpiece

¥ A

ﬁamgiiietg!

A typical measurement oftavo-fluted cutter is shown ifigure 2.9. In the plot you can see a peak in the
forcefor each flute, and the height of the peaks is not the same because of runout errors on the tool. Fror
this plot, the tooth passing frequency can be identified: one tool revolution eq@sa0din this period

two teeth enter the workpiece.

The numbenpf teeth that enters the workpiece in one second equals the tooth passing frequency

5 8 ¢ @ Od (for this casg

The tooth passing frequency can also be calculated directly from the spindle speed and the number of
teeth:
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Figure 2.9: Typical Cutting Force Measurement Example (for 2 revolutions of the cutter)

2.2.2 Calculating the Average Cutting Force Coefficients

After collecting the cutting forces for five or more differée¢drates, the data files can be used in CutPro
to identify the average cutting force coefficients. CutPro will calculate the average cutting forces in X, Y
and Z directions from the measurement data and from the corresponding fesaldates depth of ¢u

used, it will calculate the average cutting force coefficients. Appendix B covers the procedure used to
identify the average cutting coefficients in CutPro. The outgsitlts for average cutting force

identification areshown inFigure 2.10. The influere of the runout of the tool is eliminated by

considering an exact number of spindle revolutions.

Exp. Average Cutting Forces
=¥
- v"
284 ?
W
= v
v- e S e i il =¥ ]
o: W= -
| i OO
n ——— — =
— N
N o
102 e
Fee
i s Rl 20820 DA 8327
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Figure 2.10: Average Cutting Force ldentification in CutProutputs: Graph andcoefficients
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2.2.3 Simulation of cutting forces in milling using Average Cutting F orce Coefficients

From the identified parameters, the forces can be simulated. Figure 2.11 shows the simulation results for
the measurement shownhigure 2.9. For this simulation, the machine tool is assumed to be very rigid,

and the tool is assumed te perfect (no runout at all). In the simulation, the helix angle of the tool has to
be entered in CutPro, as the cutting forces der
Simulationd and Appendi x C di sutPodtis als pdssble totake r u n
the runout of the tool into account in CutPro. The runout measured at the tip of the tool is as follows: 5, 0
microns‘ & . Figure 2.12 shows the comparison between the measured forces and the simulated forces,
where theunout has been taken into account. Measuring the runout and using in the simulation will
increase the accuracy of cutting force prediction in CutPro (see blue curve difference).

nnnnnnnnnnnn

Figure 2.11: Forces Simulated in CutPro for Figure 2.12: Comparison between measured and
similar measurement shown irfigure 2.9 simulated cutting forces, runout taken into
account

2.2.4  Fourier spectrum of cutting forces

After modifying the number of revolutions to a greater number (5 to 20) and lookimg Bourier

spectrumwe can deduct useful information about the (in)stability of the cut, as wdisdglisdater. In

Figure 2.13, the Fourier spectrum of the predicted cutting forces is shown. The algorithm used to calculat
the Fourier spectrum is the Fast Fourier Transfainbreviated as FFT. This simulation assumes a perfect
tool, and the spectrum shows the tooth pasetmuency 23.3Hz) and several harmonic4§.eHz,

69.9Hz, and other multiples &t3.3H2). Figure 2.14 shows the Fourier spectrum of the simulated forces

with the runout taken into accoufthe simulation now shows a very good agreement with the Fourier
spectrunof the measured cutting forceghich are shown ifrigure 2.15.

Cutting Forces (FFT)

Figure 2.13: Farier spectrum of simulated cutting forces in ,XY& Zdirection (without runout)
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Figure 2.14: Fourier spectrum of siulated cutting forces in XY & Zdirection (with runout)
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3 Machine tool dynamics, tap testing

The dynamics of a machine tool structure rdede measured in order to predict the maximum stable
depth of cutas a function of spindle speed. The machine tool dynamics are determined fravallacso

tap test (hammer test). In the tap test, the machine tool structure is excited by hitting it with an impulse
force hammer. This impact will excite the structure aveertain frequency range, depending on the size

of the hammer, the type of tooltip used, and the structure itself. The hammer tip, the mass of the hammer
and the velocity of the hammer will determine the energy transmitted to the structure by theaimdpact

thus they also determine the magnitude of the exciting force. The structure will show a response after the
impact, which characterizes (a part of) the dynamics of the structure. This response can then be measure
usingadisplacement sensor, a velgc#ensor, or an accelerometer. The dynamic characteristics are
determined by combining the Fourgpectrum of both the impact force measurement and the
displacement/accelerometer measurement. When using an accelerometer, the signal needs to be integra
twice in frequency domainn order to get the displacement. The signal from a velocity sensor needs to be
integrated once. The combination of these two measurements results in the Frequency Response Functi
(FRF), also calledrrequency Response Functi@fRF). The FRF is a plot of the dynamic stiffness in

[N/m, Ibf/in] of the structure as a function of frequency [Hz]

3.1 Machine tool dynamics in milling

In milling machine tools, the dynamic behaviour of the sputdéholdertool system (SHT) is

usually tke limiting factor for the machining process. The SHT system is the most flexible component
in the process. We therefore need to model the machine tool as being flexible. In some applications,
such as thin wall machining, the product itself may be theitipmfactor and then you should also
conduct a tap test for the workpiece. The workpiece should then also be modeled as being flexible.

In milling the machine tool structure is generally flexible in all three X, Y and Z directions. However,
in milling applications where endmills are used, we usually only need to consider the flexibility in the
X-Y plane (two directions), because the flexibility irdZection is much smaller (the stiffness in Z
direction is much higher). In this case we can neglect the dgr@haviour in Zdirection. In this

case we have to measure HRFin two directions (X and Y) for the prediction of the dynamic
behaviour. However, in heavy face milling operations, the flexibility-uir8ction may be of the

same order of magnitude e flexibility in the XY plane and then we must take this flexibility into
account as well. We then need to measurd-Rigin three directions.

3.2 Measurement setup

When a laser displacement sensor is used to measure the transfer function, we need to align the sensor
with the axis to be measured. The relief face of the tool is usually used to identifgFaand we

need to orient the tool so that the laser beanfliscted on this relief surface. We will hit the relief

face on the other side of the tool. It is important to let the hammer hit the tool with as perfect an
alignment as possible with the axis measured. Of course there will always be some errors involved i

this procedure. If you are using a tool with an uneven number of teeth, we will not have two teeth
opposite teeach otherand we will need to use a different measurement location for the sensor or a
different location for the hammer to excite the stuuet
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The measurement setup with a laser displacement sensor is shéigaran3.1. The dashed line

shows the direction of the hit. In this case fiRF-is determined for the tip of the tool indirection.

If we use an accelerometer to measure the afighction, the procedure is similar, the only
difference is that we need to mount the accelerometer on the tool using special wax (which comes with

the accelerometer). The measurement setup is shown in Figure 3.2.

nt with

e Tl .
=i

Figure 3.2: Measurement setup/or FRF measureme
accelerometer

impulse hammer

F 3.1; Measurement setup WitH
laser displacement sensor

The frequency range that can be excited by a hammer is inversely proportional to the contact time of the

3.3 Hammer selection
impact. The frequency range whichndae excited properly by the hammer is also dependent on the type
of tip used. The tip influences the contact time and the contact force. In order to get a good dynamic
characterization of the structure (FRF), we need to excite the structure in the ésecarage of interest

with an appropriate force. Thus we should krtbe characteristics of the forces exciting the structure in
advanceTable 31 shows parameters and variables taken into account when exciting frequEigcies

3.3 shows théetailedinfluence of tip selection on the excitation force versus time graph for three tip
types
HARD TIP SOFT TIP ADDED LARGE SMALL
(Short Impact) (Long Impact) MASS HAMMER HAMMER
FREQUENCY
RANGE Long Short Shorened Large Small
FREQUENCY | Good for High| Good for Low Increased Components of | Components of
EXCITATION Freqguencies Frequencies Machine: Machine:
EXCITED . . . Low Frequency | Higher Frequency
STRUCTURE Hard & Stiff Flexible Varies
Table 31: Hammer Selection Parameters
Force, N
A
] Hard Medium Steel tip and extra mass
2%
Soft

Time

0
0
—t—t—t—t——t—t—t—t—>
2ms 4ms
Figure 3.3: Influence of p selection and additional mass

on force change and frequency content of the excitation
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Alwayslook at the Fourier spectrum of the hammer signal during tap tests and identify which frequency
range is excited.

Figure 3.4 shows the rangestime of thémpacthammers at the Manufacturing Automation Lab with

some important specifications (maximum excitation bandwidth and force). The very big hammer can be
used for tap testing of feeddrives and large structures. The smaller ones are used to conduct hammer tes
in milling applications. The hammer sandties are given in table 3.

Figure 3.4: Impact hammers at

Table 32: Hammer sensitivities the Manufacturing Automation lab

Hammer model Configuration Sensitivity [mV/N] - Kistler 972242000
PCB 086D80 Steel tip 22.2 5 gggg :l

Steel tip, with extender 24.8 R e

Vinyl tip 107 tooor: il FeBosecos

Vinyl tip, with extender 20.2 22000 22000 N <
Kistler 9722A2000 |Steel tip 9902A 2.13

Nylon tip (white) 9904A 2.13 \
PCB 086C05 Steel tip 0.22 s,

Plastic/nylon, with & without extender 0.22 el
PCB 086C41 Any tip, without extender 0.24 220N

The frequency spectrum for the Kistler hammer with different tip types is shokgure 3.5. The Kistler
catalogue lists a maximum excitation bandwidt®®dHz, but the bandwidth is specified for a drop in
excitation amplitude ofOdB, which corresporglto a signal drop af0% which is quite large. A more
common bandwidth criterion is th8dB crossing, which for the steel tip occurs at just &@00Hz The
curve is flat up t2000 Hz

dB
0

A(nylon)

T

| [ |4+ T

-10 } | | T
T

T |

Tip 9902A (steel) 410dB

20 | S A R 11 B I I L LA L
B e — 1y

-30 + —— T

40

-50

-60

| 0dB up to 2000 Hz /
- -3dB at 5200 Hz
a : Eesalteds
80 111 i__lI SN I

100 1000 10'000Hz

Figure 3.5: Frequency excitation chart for the Kistler 9722A2000 model impulse hamméh tips

3.4 Displacement sensor/accelerometer selection

Displacement sensors are desirable to obtain good static and low frequency measurements. Gapacitance
or inductanceype displacement pickups can be used, but laser displacement and other optical sensors ar
usually easier to mount on a machine tool. Atke,face of the tool that is used to determineRRE does

not need to be flat for a laser or optical displacement sensor in order to achieve a good linearity, as the
beam is very small. A displacement sensor is characterized by its measurementgsahgarm, and the
sample rate of its electronics.

W
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The displacements which are measured during a tap test are very small, and thus the measurement rang
should be small. The resolution should be as high as possible in order to capture the vibraticietyaccura
The sampling rate should also be high in order to get enmegisurement points during a test. In general,
displacements are smaller for higher frequencies, and it is therefore difficult to accurately measure
vibrations over a wide frequency rangéngsa displacement sensor.

The use of accelerometers is more common in vibration measurement and for TF measurement it is very
practical. The mass and the frequency range of the accelerometer need to be selected properly, because
accelerometer mounteaxh the structure acts as an extra mass and may alter the frequency characteristics
of the system. If we use very small endmills (for exampler; 8 mmdiameter)the accelerometer should

weigh less thaf.5grams The bonding and interface materials betwdnenstructure and accelerometer

must also be selected carefully in order to obtain accurate measurements. These materials have to trans
the vibration of the structure properly. Common bonding materials areypakand locktite. Table 3.

lists somemportant characteristics of the sensors available at MAL.

Table 33: Characteristics of sensors aMAL (note: not all are listed)

Accelerometer model

Frequency range [HZ]

Mass (gram)

Sensivity [mV/g]

Measurement range [g]

PCB 353B11 S/N 9690 1...10000 2 5.48 1000
PCB 353B11 S/N 65847 1...10000 2 5.23 1000
PCB 353B31 S/N 68836 1...5000 20 51.2 100
Kistler 8702B500 S/N C128797 0.5 é 10000 10 10.09 500
Kistler 8630A50 S/N C82836 0.5 ... 7000 5 100 50
Kistler 8628B5 S/N C121339 0.5 é 20po0 67 1010 5

Displacement sensor model
Dynavision LTS 2.9 1 é

Frequency range [Hz]
50000dHz na.

Mass (gram) [Sensivity [mV/m]
5000000

Measurement range [m]
0.00145

3.5 Evaluation of the FRF

In order to minimize errors during the tap testing, we alwagemmendaking several measurements,

and average them. After each hit, you should examine the signals to identify whether it was a good hit. A
hit is considered bad if a multiple hit occurred (the hammer bounces, loses contact and hits the structure
again), this i s c golhitehd wréng spot orcthie togl fyou have to sedrtbah

yourself). A bounce can easily be detecied it is automatically rejected by MALTF or ShopPvghen

enough good hits are collected, ttarg automaticallaveraged, and we examine the result.tFine

power spectra of the signals will give us important information. The frequency spectrum of the hammer
signal will tell us which frequency range was excited during the test. It will also give the amplitude of the
excitation force. For increasing freency, the spectrum will drop to zero. We only use the part where the
signal is 50% or more of the signal at zero frequency. In calculating the transfer function, the frequency
spectrum of the displacement signal (or acceleration integrated twice, véatbegsated once) is divided

by the frequency spectrum of the hammer. Dividing by a very small value of hammer excitation will give
erroneoud-requency Response Functi@sults.

wy,
@E‘

@ CUTPRO: Fundamentals of MachiniiigStart to Finish Guide
=7

Copyright © 208 Manufacturing Automation Laboratories Inc. Pagel7 of 83



As mentioned abovenaaccelerometer signal needs to be integrated twit@ arlocity signal once.

Each integration involves dividing the signal by the frequency, for acceleration, the signal is divided by
the frequency squared. For very low frequencies, thus dividing the signal by the frequency squared will
lead to very high alues, for zero frequency it will give infinity. For a displacement sensor, no integration
is necessary. Accelerometers, velocity and displacement pickups have an upper frequency limit, which
should also be taken into to account.

For a displacement sensare can use the frequency range from zero up to the lowest of the bandwidths
of either the hammer signal or the sensor. The bandwidth of the displacement sensor is specified in the
technical data. If we use an accelerometer, the upper frequency bandwlietiermined in the same

manner. The lower bandwidth is determined from the frequency where it crossesxdbanxthe FRF

plot.

3.6 Example of Frequency Response Function identification

In this examplewe will show the use of the different hammers andgsento clarify how to conduct a tap
test and how to judge the results from the measurement data and spaotighout the examples, keep
in mind thattaptestsneed tdbe done in both the Feed (x, blue) direction and the Normal (y, red)
direction All explanations below will only concentrate on values in the feed diretidiiue) For these
example we will measure th€&RF of afour-fluted solid carbide endnill, andan HSK63A shrinkfit
toolholderwhich can be found iRigure 3.6.

Niagara Cutter
4 Flute
General Purpose

e /) +i=d

Ca30
‘. / /| Uncoated
e | TAIN
{ COATED
/1

THERMOLOCK

. MaxTIR of 0002° Stub Gage Length
+ Balanced at 25,000 RPM @ G2.5

Standard

Part Number D1 D2 D3 (8} L2 T
HAY3A0750 0750 130 163 338 21 MIEX]

Figure 3.6:TestSetupGeometry, and Tooling Properties (dynamometer not required for taptest)

i
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The machine used for these tap tests was performedviami Seiki NMV5000 DCGmilling center The
first test is conducted with tHendevco230210 hammen(2.38mV/N sensitivity)using anAluminum tip,
and aa Endevcd5B accelerometefd.801 mV/g sensitivity) After the taptest is performed, we must
analyse theneasured frequency response function

Figure 37 shows the signals in time domafince we are lookingt the X direction (blue), we nothatt
theimpulse lasts for abo@.00s, the vibration at the tool tip is almost zero afld¥18s on the graph
The signal of the hammer shows no second hit, and therefore no bouncing has olecthigEigure,
bluelines showthe tap test in X direction of the machine and red line shows the measurement in Y
direction.

Figure 3.8 shows the coherence of the measurement. Ideally it is best to have a straight line along a valu
of A10 to ensur e aisigmobabivaymmossible. Maanmanntation dn thts isgudawill
be discussed furthém the section.
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Figure 37: Time responsesf tap test with Endevco Hammemetal tip) and Endevco Accelerometer
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Figure 3.8: Coherence of tap test with Endevco Hamnferetal tip) and Endevco Accelerometer
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Once we have assured a proper measurement, we must identify the range of frequencies to which our
measurementare accurate. This is done by looking at the input power spectrum, and identifying the
frequency at whichhe power falls t@0% of theoriginal value In Figure 3.9, we notice thidropoccurs

at around2600Hz. We then look at the output spectrum, the magnitude, and the phase, which are found in
Figures 39 & 3.10to identify weak points in the structure.

Input Spectrum (Channel 0)
0011
g ~J
! DN
i
£ o
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o+ - ~ S
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Frequency (8z)
X : 5000, Y: 5.4912¢-006
Output Spectrum (Channel 1)
s-
0.8
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Figure 39: Power spectraof tap test with Endevco Hammerngetal tip) and Endevco Accelerometer
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Figure 310: Transfer function; MagnitudePhase;Tap test with Endevco Hammerngetal tip) and
Endevco Accelerometer
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Notice the dashed/dotted lines which ocpas2600 Hz this warns the user ththeinput power has
droppedsignificantly; hence we canndtilly excite thesalenotedstructuralmodes pas?2600 Hz In the
AMagnitudeod graph, w#&Q2160tandd160 Hy,which eeprésent tigeaveapesta k s
points of our structureLower frequencies represent high masses, and on the contrary, higher frequencies
represent low masses. The dashed lines occur al@@®Hz(which could be considered a higher
frequencydependant othe situation)so we should keep this frequency in mind as a critical location in

our analysisThe best measureme(atithoughphysicallyimpossiblg would be to taptest directly across

the tool, with an excellentl] coherenceand an input spectrum affinity (D). Lastly we can observe the

real & imaginary parts of thERF shown inFigure 3.11, which is simply used to calculate the magnitude.
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Figure 311: Transfer function; Reallmaginary parts; Tap test with Endevco Hammernfetal tip) and
EndevcoAccelerometer

Next, we will use therery same tool & machineetup but replace the metal tip of the hammer with a
nylon tip. The time responses are showifrigure 3.8 and thecoherencare displayed ifrigure 3.2.
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Figure 3.12: Coherence of tap testith Endevco Hammer (nylon tip) and Endevco Accelerometer
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Figure 3.13: Time responses of tap test with Endevco Hammaerlon tip) and Endevco Accelerometer

Similarly to the metal tip, the nylon tip could easily provide a single hit as shown in tharfprtegraph
in Figure 3.8. However, notice the problems in our coherence; some frequef0i&s2700, 4150 and

4600H2) drastically show poor measuremeris Keep thesérequencwalues in mind when analyzing
any farther in thérequency respondenction.
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Figure 314: Power spectraof tap test with Endevco Hammernfylon tip) and Endevco Accelerometer
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Figure 315: Transfer function;

MagnitudePhase;Tap test with Endevco Hammernylon tip) and Endevco
Accelerometer

Once again, notice the daslsotted lines which occur past the 20% input power locatidO@H3.
Unlike the metal tip, we were not able to excite higher frequereteghis specific tool setup, we can
now see that using a metal tip on the Endevco hammer is more sultablecaions of our peaks are
somewhat similar, however are not as accurate as those showrHRBwhenusing a metal tip for

impact.
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Figure 3.16: Transfer function; Reallmaginary parts; Tap test with Endevco Hammemylon tip) and

!\m,,

Endevco Accelerometer
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This brings us to some important points when conducting hammer tests:

1 Always ensure a single impact when using an impulse hammer (different tips / hammer size)
1 A harder tip is preferred due to its frequency excitation range, however may cause a double hit.
9 Figure out the accuracy and range of results
1 Understand howneasuremerdccuracies affect the magnitude plot; which directly affects
stability lobes
Scenario 1 z Metal Tip: Scenario 2 z Nylon Tip:
1 Good hits (single impact) 1 Good hits (single impact)
1 Good coherence 1 Decent coherence
1 High frequencies excited in powspectra 1 Low frequencies excited in power spectr
1 Magnitudes are accurate for highest pea 1 Magnitudes are not accurate for peaks,

except for the first peak.

3.7 Converting a FRF into modal parameters

If we want to use the FRF in CutPfime Domain simulation or Discrete Stability Lobe calculatjoms

first have tomodelthe FRFmathematically by identifyings modalparameters. In this conversiome

take out the unreliable parts of thBF by considering only the part between a lower frequency bound and
anupper frequency bound. Start the modal anal ysi
tool bar . First, we | oad the measur e neRREf iilne & hfer
the filemenu in the modal analysis module. The interface that shows up is shbigari@ 317. Location

G T & is chosen as we measured at the tip of the tool. ThetfRFisdisplacementas we use the
measurement which was takertlwan accelerometsvhich allows displacement measurabiliBor the

Modal Model we choose Real Modes, which is suitable for this application. The frequency range is set to
p fu TI O/ which is ok, as it should always start with a nonzero value. Thecgastant i, as the
sensitivities of the hammer and accelerometer are already taken into account in the meastiememt
measurement (real part of the transfer function) is showigure 318.

Location (2) fom] ~ [0.000

i
" Flesible Tool FRF

FRF File [mN] Browe. fay e 2 Y
FRF Type E———————
€ Aceseration UL
o — Fis Typs  [AGCH 4] -

Delete | lnset | s

Modal Model
 Complex Modes Frequency Rangs [Hz] [10 o J5o0d DK
@ Real Modes g

Impact Point ~[f e —
Units lear/Defaults

Gain Constant
& Melic i
Cancel

C imperia

Figure 3.17: Dialogue box in Modal
Analysis module

& vk A G H M i

Figure 318: Raw data from tap test in modal analysis module

For very low frequency, the value of the TF goes to infinity. This is a phenomenon typiE&For
measurement with aaccelerometerand is generated from nois&'e should not include that, as it is
physically impossible.
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We can use m'@das lower boundary here, because the graph should be flat up to this value, reflecting
the staticstiffnessof the systemwe can use Tt fOrias the uppeboundarybecause there are no
significant negative peaks in the plot after this frequency and the quality of the data decreases after that

(the force gets smaller, and thus the signal to noise ratio). If we adjust thdabesnthe plot will look
like Figure 319.

L (w/N)

B3 - + Q|GG H M|l

Figure 319: Real part of the transfer function, after adjusting upper and lower frequency bound

We then need to select the modlesn theMagnitudemenu,which ae highlighted in gay triangles.

This may be done by either clicking the gray triangle modes, or by applying filters and selecting
remaining modes.&® toolbar irFigure 3.D.

B a8 s LRl == R

(m/N)

0.0000600

21156 2599.5 1033.2

B3 - + & |E G H | M|k

Figure 320: Toolbarmodal analysis module CutPro

The procedure is illustrated igure 319 for the real part of theRFand inFigure 3.2 for its

magnitude. For this FRRye will apply rangefilters, thenselect modesand finallyapply acurvdit. There

are both vertical and horizontal range filters which may be found as shown. The horizontal filter is applied
by clicking on the dark black line on the left of the graph, followed by a drag and release.
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B[ + Q| 6 H[ M

Power Spectrum of Mode Indicator Function
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Frequency [Hz]

Figure 321: Selectig the modes in the modal analysis moduyl&ltering the power spectrum

File Modes Results Options Tools

LR | # G m eS| P

=B e e O o|m
Figure 322: Selecting the modg4) in the modal analysismodule, and applying a curvefit(2)
(in magnitude of transfer function)Saving Modal Parameters imodal analysis module (right)

FEEET YA FEIE

[Select allmodes|  [Update mode table with selected modes|

After the selection and curvefit, we let theftware optimize the curvefithe following graph and tables
are automatically generated

Measurement 1

4.9120e-07

3.9296-07

2.9472e-07

Magnitude [m/N]

1.96480-07

9.82402-08

0.0000200 -
200.0 675.9 1159.8 1639.7 2119.6 2595.5 3079.4 3859.3 40392 4519.1 4999.0

Frequency [Hz]

Mode # | Shape |Frequency [Hz] | Damping Ratio (%] | Residue (Re) [m/N] | Residue (im) [mi] [ Hiodal Stnese g gy

[N/m]
1 N/ 563.9994 4.560 41777E-07 -9.1270E-06 1.9434E+08 16.4752
2 N 798.6041 2.746 6.6278E-06 -6.4230E-05 3.9076E+07 1.5520
3 NZA 1654.9095 2978 -6.0214E-08 -3.0083E-05 1.7290E+08 1.5991
4 N/ 2216.8115 2.456 2.5133E-06 -1.6270E-04 4.2818E+07 0.2207
5 N/ 3039.4833 2.433 -1.4893E-06 -9.4408E-05 1.0317E+08 0.2720

Figure 323: Curve fit after optimizing (magnitude of théransfer function)

Once again, this procedure may be done by simply clicking desired modes and then applying the curvefit
Afterwardswe sel ect ASave Modal Parametersod from the
parameter file, which can be usedGutPro nowas shown ifrigure 322.

iy,
!‘ a<
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4 Chatter stability lobes

Once the cutting coefficients are determined and-REhas been measured on the machine tosl, th

data can be used in CutPro software to determine the stability lobes. The chatter sibbaitpake up a
spindle speed (frequency) dependent dividing line between stable and unstable depth of cut for a certain
width of cut. The stability lobes can then be used to determine what the optimal cutting conditions are for
the measured configuratiofihus stability lobes allow for an efficient way of selecting optimal conditions
instead of trial and error based extensive testing to find good cutting conditions.

4.1 Frequency Response Function (FRF) of the machine tool structure

The FRFsmeasured at the tip of the tool are measured in X and Y directions are shéiguares 4.1 and
4.2 with fitted curves.

3.4522e-07
2.7617e-07-
2.0713e-07—

1.3609e-07—

6.9044e-05— A
0.0000200 | | ! I} ! | | |
679.9 1159.8 1639.7 2119, 25, 307%.4 35857 4519, 9.0
-6.90442-06——

-1.3809e-07——

Real [m/N]

-2.0713e-07--

4.92052-07-

3.9364e-07

2.9523e-07-

Magnitude [m/N]

1.9682e-07

9.6409e-08-

0.0000200 T T T T T T T 1
200.0 679.9 1159.8 1639.7 2119.6 2599.5 3079.4 3559.3 4039.2 4519.1 4999.0

Frequency [Hz]
Figure 4.1:Frequency Response Functian X Direction;Endevco 230210 hammer (metal tip) & 25B
accelerometer

i
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2.6411e-07

2.1129e-07—

1.56472-07—

1.0564e-07—

5.2822e-05——

Real [m/N]

0.0000e00 } i {
679.9 1159.5 1639.7 2119.6]

-5.28220-08—

-1.0564e-07—

-1.58472-07—

-2.1129e-07--

Frequency [Hz]

3.9050e-07

3.1240e-07-

2.34302-07-—

Magnitude [m/N]

1.5620e-07—

7.6100e-08—— W

0.0000200 ! t t t ] t T T f
200.0 679.9 1159.8 1639.7 2119.6 2599.5 3079.4 3559.3 4039.2 4519.1 4999.0

Frequency [Hz]
Figure 4.2:Frequercy Response Functiom Y Direction;Endevco 230210 hammer (metal tip) & 25B
accelerometer

Notice how bothransferfunctions in X and Yaresimilar; this denotes a symmetrical machine.

T

Figure 4.3: Comparison of transfer functions in X and Y
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The modaparameters are shown in tables 4.1 and 4.2.

Mode # | Shape |Frequency[Hz]  |Damping Ratio (%) |Residue (Re) [m/N] | Residue (Im) [m/N] mﬁ' Stifness | s ka)
1 N/, 206.9134 0.147 3.4426E-08 -3.5944E-08 1.8085E+10 10699.9445
2 N/, 256.3804 3.060 1.6053E-06 -3.0554E-06 2. 6374E+08 101.6346
3 NZA 277.231M1 0.164 3.9361E-08 -1.2664E-08 6.8776E+10 22665.9474
4 NZA 397.1745 3.505 1.0203E-06 -3.5707E-06 3.4966E+08 56.1464
B NZ& 575.2875 5.065 -5.0216E-07 -8.4307E-06 21313E+08 16.3125
5] N/, 8452456 3.474 -4.1140E-07 -6.9344E-05 3.8317E+07 1.3585
7 N/, 12991810 9.469 1.8448E-05 -3.4336E-05 1.18941E+08 1.7920
8 NZA 1645.0584 1.899 7.1884E-07 -1.2690E-05 4.0732E+08 3.8125
9 NZA 2229.6352 3.280 -1.2607E-05 -1.6672E-04 4.2038E+07 0.2142
10 NZ& 3137713 2548 -3.9187E-06 -3.6074E-05 1.0185E+08 0.2661
11 NZ& 3965.1943 6.044 -5.6757E-07 -4, 7608E-05 2.6214E+08 0.4223
12 N/, 4679.5886 3.661 -4 8031E-06 -2.0438E-05 7.1980E+08 0.8326

Table 4.1:Generated curvefit modal parameters for the Xdirection
M - ey : : Modal Stiffness

ode # | Shape | Frequency [Hz] Damping Ratio (%) |Residue (Re) [m/N] | Residue (Im) [m/N] [N/m] Mass [ka]
1 N/, 255.9703 1.730 1.1333E-06 -2.3534E-06 3.4175E+08 1321192
2 N/, 282.7465 0.436 8.1217E-08 -2.4435E-07 3.6352E+09 1151.8058
3 NZA 325.9501 0.016 -4 5615E-10 -8.7596E-10 1.1690E+12 278712.2644
4 NZA 4139502 3.988 -9.4956E-07 -5.7880E-06 2.2486E+08 33.2400
5 NZ& 563.9934 4560 -1.4861E-06 -1.0158E-05 1.7460E+08 13.9033
6 N/, 798.6041 2.746 3.2501E-06 -6.5667E-05 3.8221E+07 1.5180
7 N/, 1318.4952 5.273 -6.1016E-07 -2.5059E-05 1.6553E+08 24119
8 N/, 1654.8035 2978 -7.5480E-06 -3.0317E-05 1.7156E+08 1.5868
9 NZA 1775.0438 3574 1.3143E-05 -1.2324E-05 4 5278E+08 3.6401
10 NZ& 2216.8115 2.456 3.2759E-06 -1.6026E-04 4 3465E+07 0.2241
11 NZ& 3099.4839 2.493 -8.1141E-06 -9.1414E-05 1.0655E +08 0.2809
12 N/, 4056.3059 5.688 -1.6309E-05 -3.9385E-05 3.2408E+08 0.4383
13 N/&, 4669.2641 2.971 -5.9495E-06 -2.0801E-05 7.0551E+08 0.8197

Table 4.2:Generated curvefit modal parameters for theY-direction

4.2 Calculation of stability lobes

In Chapter 2 we determined the cutting coefficients foctiicerned tookand theAL7050 workpiece
mounted on the tabl&Ve will now calculate the stability lobes fslot-milling (width of cut=100% of the
diameter). We start CutPro asdlect a MillingprocessseeFigure 44.

!\u.,l

©

WA e

T Workspace: Milling_4fit
4 [ Analytical stability lobes: Milling_4flt
4 /® Machine and Tool
¢ Cutter Properties
iy Structural Flexibility
4 () Workpiece
¥ Structural Flexibility
(2] Cutting Conditions

-~ IE Milling |EEELES
4k Add &
@ Ada w Wl
8 Remove
Start . Modal MalTF MalDAQ Spindle Virtual
| [Duplicate Analysis Pro CNC
Simulation Modules
| Workspace Tree

Figure 44: CutProMilling toolbar
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T h &Vorkspace Treg uast@p®-bottom workflow processandthere aredur maintabswhich require
attention in milling:Simulation modé#/, Machine & Tool?”, Workpiec and Cutting Condition< .

We select the machining process fAMil |l i @Weal), and s
seeFigure 45. Afterwards, we may move on to Machine & Tool parameténsler the general cutter
base properties we then selacylindrical end, 4 fluted cutter, séégure4.6.

Workspace Tree Workspace Tree
7 Workspace: Milling_4fit g 7 Workspace: Milling_4flt £
4 |z Analytical stability lobes: Milling_4flt 4 |7 Analytical stability lobes: Milling_dflt
4 /® Machine and Tool 4 /% Machine and Tool
¢ Cutter Properties ¢ Cutter Properties
¥ Structural Flexibility ¥ Structural Flexibility
4 () Workpiece 4 () Workpiece
¥ Structural Flexibility ¥ Structural Flexibility
Cutting Conditions 3 Cutting Conditions 3
Properties Properties
Simulation <Mode> Cutter base properties
4 General “ General
Name Milling_4flt Cutter Type Cylindrical end [~ |
Analytical stability lobes u Number of Flutes 4
4 Pitch angle
Milling process simulation Unifotin m e
Stability lobes in time domain Mf'ﬂs
Optimize variable pitch g I-‘I:arh:(rarlgle
Cutting coefficient identification | ;:‘g;m 30,000
Figure 45: Machining process and simulation Figure 46: Machining & Tool parameter
mode selection in CutPro selectionin CutPro

I n AMachine & Tool 0 we wPrbperties and StructutaliFiexibiity. We er Ty
choose Cylindrical end Cutter Type (we assume the tipradius on the tool is negligible), with 4 teeth and
uniform pitch (equal spacing between teeth).

The Cutter Material needs to be specified for the simulatigheo€utting temperatures on the tool, and is

of no importance for the stability lobe calculation. In Cutter Properties we specify the geometric
properties of the cutter. We need to specify the tool radius, duadirake angle. For the stability lobe
calculation the tool length is not important, but it is useful for documentation. In the Structural Flexibility
tab we selecBtructuralVibrations for the Machine & Tool model, as we model the spitaiiéholder

tool structure to be flexible. We use the migalarameter files created in the modal analysis module by
selecting the option Modal/residue data files. It is also possible to enter the modal parameters by hand
using the opti on #fA DyRFaoesinat negdanygproessiag irstide.modal§sist h e
module (this is sometimes the case for displacement measurement files), we can select the option
AiMeasured t.f. filedo and use the measurement di
dynamic properties in one direction only, youcamke t he X or direction rig
box.
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| Workspace Tree Measured FRF files x
7 Workspace: Milling_4fit ud =
4 [ Analytical stability lobes: Milling_4fit X ["1Rigid
4 P Machine and Tool - = &
Ut X_Lfrf [1:5000 Hz
@ Cutter Properties .
¥ Structural Flexibility Gain 1.000 | FRF Type | Displacement i
4 () Workpiece
¥ Structural Flexibility v Y [Rigid
| Properties CR Y 2hf X =
Structural Flexibility <Dynamics mode> - —
‘ ity Gain 1000 | FRF Type | Displacement [§d
“ General
Model Dynamic Vibrations [+ | z
" &n Measured FRF file aE
Frequency Range 200000 Hz| to 5000.000 Hz Plot

Figure 47: Machinetool dynamicswith corresponding FRF files and Frequency Range

Next we specify in the Workece tab the workpiece material, whichvead ded t o Cut Pr ods
earlier byusing the average ding coefficient identificationTheworkpiecestructural flexibilitycanbe
specified in the same manner as the structural flexibility of the spiadleoldertool structureAlso

remember that CutPro can seamlessly change betwegit and imperial units.

Workspace Tree B Workpiece Material Manager
4 [ Analytical stability lobes: Milling_4flt Standard | AISI [+] m

4 /® Machine and Tool | | (Teaepones
¥ Cutter Properties
¥ Structural Flexibility

»

MAL Materials A
Aluminum 7075-T6 (150)

4 () Workpiece Aluminum 356.0-T6 [73]
¥ Structural Flexibility AISI P20 Mold Steel [300]
Cutting Conditions o

Aluminum 6061-T6 [95]

Properties ‘ Aluminium 7050-T74 [147)

Workpiece Material <Material> AIS4340 Steel [217]

“ General Aluminum 7050-T7451 Low Speed V<200 m/min [140]
EEEE -.rinum 7050-T7451(14 (=] | Atuminum 705017451 140)

Titanium Alloy TIGAWV [340]

AISI P20 Steel - Ballend mill calibaretd with axial depth of

NRC - MDF

CAST Iron C450

Gray Castiron [75]

Titanium Alloy TIGAKV [340]

AISI P20 Steel - Ballend mill a=0.065 in [300]

Inconel 718 (245

Figure 48: Speciication of workpiece materiat AL 7050T7451

Next we specify the Cutting Conditions. The feedrate does not influence the calculation of the stability
lobes, but it is practical to enter a value documentation.

71 Workspace: Milling_4flt Demonstration
4 [ Analytical stability lobes: Milling_4flt
4 /% Machine and Tool
@ Cutter Properties
¥ Structural Flexibility
4 () Workpiece
@ Structural Flexibility
#|Cutting Conditions

| Properties
‘ Cutting conditions <Milling mode>

“ General r=9525mm
Spindle direction Clockwise [+ ]
| Millngmode — RSELT] [~ ] Figure: Cutting conditions
Feedrate 0.200 mm/flute

Figure 49: Specification of Cutting Conditions
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Save the simulation file We wi I I now start Stalbe fgiomult datei cCrut Py
When the simulation is finished, w#ongustbesigelthet t h
results tap. The Analytical Stability Lobes are currently calculated for spindle speeds of300@0rpm.
Using the simulation mode AStability Lobes in T
calculated, but this method requires a lot more @iRl¢. The resulting stability lobes are shown in

Figure 4.D. The stability lobes are shown faflexible tool and rigid workpiece model

Stability Lobes (Analytical)

6300 [

5040

3780 |

Depth of Cut [mm]

2520

1.260

0.000
0 6,000 12,000 18,000 24,000 30,000

Spindle Speed [rev/min]

Figure 4.10: Stability lobes determined for regular four fluted 19.05mm cutter in AL7080shrinkfit
holder, Mori Seiki NMV5000 DC@illing machine; Flexiblemachine &tool structure and rigid workpiece

Including the workpiece dynamiaoes change theffectof stability lobesHowever, if we include the
workpiece dynamics in th specificcalculationthe result difference between a rigid assumption and
dynamic assumption will be close to zero

Using our judgmen we choose whether or not to assume a rigid workpiece. My workpiece was simply a
solid block of aluminum, bolted down into a dynamometer, and various slot cut tests were performed. A
more complex fixture, along with a more flexible workpiece could imptattility lobes significantly.

4.3 Experimental verification of stability lobes

When the stability lobes have been determiiiteid important tdnvestigate how well the simulated lobes
match the stability in practice. In order to verify the stability fobeperimentally, we will take a series of

test cuts during which we will record the sound pressure. From the sound pressure we can deduct some
useful information on what is happening in the cutting process. It is also possible to use a dynamometer c
accéeration sensors on the machine to get similar information on the cutting process. Fifjsteodvd

the stability lobes witla rigid workpieceand the measured cuts, which will be discussed.
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Stability Lobes (Analytical)

6.300
CUTTEST | D.O.C. S c F Condition
# mm pm mm/flute mm/min | good/bad
o 25 11100 0.2 8880 Stable
o 3.7 11100 0.2 8880 Stable
Spe (3] 25 13200 0.2 10560 Chatter
o 2.5 15200 0.2 12160 Stable

3780

Depth of Cut [mm]

2520

1.260

0.000
0 6,000 12,000 18,000 24,000 30,000
Spindle Speed [rev/min]

Figure 4.11: Full slot cutting test$o be performed on AL 7050T7451

The following resultshown inFigure 4.12were obtained from the four cutting tests perforniéidtures
of the floor surface finish are shown:

KL Yiv ¥
)6"‘) 2 IR OSSN ¥ ST RN RS

WM#WMM&MMLMWW; Attt

luhl 4

)

Figure 4.12: Results of full slot cutting tests performed on AL 7060451

It is now clear that the simulaticesults of stability lobeshown inFigure 4.11 dandeedcorrectly
predictwith the expected resultahich areshown inFigure 4.12.
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During cutting, MALDAQ was used to record the frequencies during cutting.
The following faur Figures represernheserecordings along with hand calculations:

304

Everything else which isn’t a harmonic = Chatter
1404

1204

1004 SPINDLE FREQ. (A) 13,200 rom / 60seconds =
20 220.00 Hz
TOOTH PASSING FREQ. (B) 220.00 Hz x 4flutes =
“1 880.00 Hz
201 B |
‘AJIJ_,‘JMHLJ‘ [

0 2000 4000 6000 8000 10000

12000 14000

0 2000

24 TEST 1-S11100 TEST 2 - $11100
. 2]

B
::
W SPINDLE FREQ. (A) 11,100 rom / 60seconds = SPINDLE FREQ. (A) 11,100 rpm / 60seconds =
12 185.00 Hz 151 185.00 Hz
10 TOOTH PASSING FREQ. (B) 185.00 Hz x 4flutes = TOOTH PASSING FREQ. (B) 185.00 Hz x 4flutes =
e 740.00 Hz ] 740.00 Hz
4 i
A 51 !M
2 ‘ | L

_.h ! AJM._ oM bk bk

0 2000 4000 6000 5(;00 10‘500 12;700 lll;ﬂD 0 2000 4000 60‘00 30‘00 101‘100 124‘700 14;700

160] TEST 3 - $13200 241 TEST 4 -S15300

SPINDLE FREQ. (A) 15,200 rom / 60seconds =
253.33 Hz

TOOTH PASSING FREQ:. (B) 253.33 Hz x 4flutes =

1,013.33 Hz

b b, ki

4000 6000 8000 10000

12000 14000

Figure 4.13: MALDAQ recordings along with hand calculations

The third cutting test which had chatter shows a large peak at BZ288h a magnitude reaching up to
703; around 25 times the amplitude experienced by the other tests.

5 Chatter free milling of titanium and nickel alloys

Titanium and nickel alloys are materials that are very hard to machine, because of high thermal and
mechaical loading. These materials can only be machined at low cutting speeds, and thus we are not fre
to choose any spindle speed, that is, to use the stable pockets in the stability lobe charts. This chapter fir:

discusses face milling of titanium alloykenimpellermachining is discussed, where variable pitch

cutters are used to create stable pockets at desired cutting speeds. Machining of nickel alloys is similar tc

titanium machining.

5.1 Face milling of titanium alloys

There are four important choicegtimeed to be made in the process planning of face milling operations

of titanium alloys such as Ti6Al4V material:

f
f
f
1

!\m,,

@,

e

i
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Choice of a cutter and insert geometry for optimal shearing and reduced force
Choice of chipload (feed per tooth) without overloading theraiidshank mechanically
Choice of an optimal surface speed without overloading the tool edge thermally
Choice of chatter free axial and radial depth of cuts
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Titanium is always machined with tools having high positive rake angles, which lead todtigher

angle, creating thinner chips. The cutting forces are also reduced, and high tensile stresses close to the
cutting edge are avoided with these positive tools, which have longeradtgigace contact length.

However, the higher the positive rakettse weaker the cutting edge becomes. Under the thermal and
mechanical stresses, the weakness of the cutting edge may easily lead to chipping and caution is necess
in using these tools. The thermal loading on the tool is dependent on the combinatitimgfspeed,

width of cut, chip load, and depth of cut. It is recommended thasglect a cutting speed range of
50-70m/min for slot milling/roughing first, and increase the chip load until chipping or breakage is
observed. A chip load just under thapping limit should then be selected. CutPro can then predict the
temperature on the tool for the given rake angle, speed, width (radial depth) of cut, and feed per tooth.

The cutting speed must be selected primarily based on the thermal loading of thieei milling

titanium. High cutting speeds are possible only when the radial depth of cut is very small, so that the tool
does not remain in the cut long enough to soften the tool thermally. If we consider slotting, the cutter
remains in cut significaty, and chipssofteneasily at high speeds. Hence, it is more practical to increase
the material removal rate by increasing the axial depth of cut and feed per tooth. With Cimco lubricant for
example, the recommended cutting speed for slot milling afitita is about 60m/min (180ft/min). The

cutting speed may be reduced or increased by 10% depending on the chatter stability of the
machine/fixture assembly.

The chatter stability is dependent on tlymamic stiffnesef the machine and workpiece reflecegdhe

cutting zone (the part of the tool in cut). If the inserts have zero helix/nose radius/inclination angle, chattel
vibrations may be dominated only by modes in the plane of cut (plane perpendicular to the spindle axis, X
and Y direction). However, the inserts have a high helix, inclination or circular/bull nose shape, then the
structural rigidity in the third (spindle axis, theaXis) is alsamportant.

Although CUTPRO uses highly sophisticated and very accurate mathematical model of chalitgr stabi
the following approximate, manual calculation of Tlusty camsed topredict the approximate absolute
depth of cut in milling:

1
&y = ,where

N b
ZKSEEU X I:\)e(Gmin )

1
Re(G,;, )= m/[ mm/ N] : Minimumreal part of thetransfer function

K. = 2000[N/mm?] for Ti6AI4V alloys
b= radial width of cut;d = cutter diameter;N = numberof teethonthe cutter
u =0.34 for slotting; a,,, = limit depthof cut without chatter vibrations

The stiffness k and damping raticare measured at the structural mode which has the minimum value for
Re(Gqin). A sample measurement is showrkigure 5.1.

wy,
@E‘
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Measurement #1
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Figure 5.1: Real part of transfer function

It is recommended that the measurements be done on both the cutter and fixture. It can be seen that the
maximum depth of cut depends on the stiffness k and the dampinfpe machine. The higher they are,

the higher the material removal rate is that loamsed without chatter vibrations for the machine. In
addition, the machine tool must be able to deliver sufficient torque and power for heavy cuts at low
speeds.

Example:

Titanium material has to be slot milled at 0.5inch (12.5mm) depth of cut udigca (101.6mm)

diameter face milling cutter with 4 inserts. The recommended cutting speed is 60 m/min, and the chip loas
is ¢c=0.1 mm/rev/tooth. The dynamic stiffness, torque, and power required from the machine tool are then
calculated as follows:

1
ReG,,, )= %[ mm/ N] (Minimum real part of the transfer function)

K, =2000[ N/ mnf] (Specificcutting stifness for TiBAI4V alloys)
b=1016mm, d=1016mm, N=4, u=0.34 for slotting

8,,=1254 mm (The desired depth of cut without chatter vibrations)

The minimum value of kcan be determined as follows:

12

=00015%g=1254mm kg=8360[ N/ mn

m— K
d s

@ CUTPRO: Fundamentals of MachiniiigStart to Finish Guide
=/  Copyright © 20B Manufacturing Automation Laboratories Inc. Page36 of 83



In spindles, the damping ratia)(is usually about 5%z£0.05). Thus, the spindle must have at least
167,000N/mm to slot mill titanium at these cutting conditions without chatter.

m d 4
T= 3 Ksxaxcx E: 3 x2000%1254%x0.1x508=170000NmMmmM=170Nm is the torque

required from the spindle for this type of cut, which is high for this spindle speed (190rpm).

= c0 =191[rev/ min]
pxD 3140101

V=60m/min=1m/s Y n=
V[m/s] 1[m/s]

m= 170[Nm] XWZ 34KkW is the power required from the

Power=Torgqiex

spindle.

However, these formulas avery approximate to give feeling about the procedures to the reaader,
CUTPROshould be usetbr more accurate evaluationt.we useaccuratechatter theory for milling1]
instead, which is 3D and more complex to explain, the above values fortidéesgiaracteristics give
only 4.1mm (~0.16inch) chatter free axial depth of cut. This is verified experimentally and with time
domain simulations.

Thus, if we keep the damping at 5%, and use the same cutting conditions (except that the static stiffness
increased from 167Nim (specified as a minimum above) to 5080/ or the stiffness is increased by a

factor 0.50/0.16=3.1), the chatter free axial depth of cut limit increases to 12.4mm (~0.50inch). Hence the
dynamic stiffness required would be abkxt 25N/mm. These calculations are made using straight edge
inserts with zero helix and inclination angles. If you use circular inserts, you need less dynamic stiffness
in XY -plane (about 20% less), which is perpendicular to the spindle axis. However, ydo neadider

the axial dynamic stiffness in the direction of spindle axis in this case. The approximate torque and powel
calculations can be accepted as shown in the example.

5.2 Variable pitch cutter design for difficult to machine materials at
low speeds

In titanium machining of impedts, long, tapered ballend mills are used to reach between the blades. The
slenderness of these tools makes the milling operations susceptible to chatter. If we want to increase the
productivity, we cannot freely choose argfie speed, as the cutting speed is limited by the thermal
durability of the tool. Fortunately, there is another method to increase the productivity in milling
operations. The teeth of a regular cutter are always equally spaced (constant pitch), andfighigtion

makes the milling process periodic. If we change the spacing so that the pitches between the teeth vary,
we get a variable pitch cutter. This variable pitch distorts the periodicity, but at the same time it distorts
the development of chatter.
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Therefore, if our spindle speed is limited because we are machining titanium or another material that
limits the cutting speed, we can use a variable pitch cutter instead of a regular one and influence the
stability at that speific spindle speed. Figar5.2and 53 show a typical machining condition fonpeller
machining, and details will be discussed on the following pages.

Demonstration Demonstration

r=3.000 mm

Figure: Cutter Geometry
Figure: Cutting conditions (not drawn to scale)

Figure 5.2 Downmilling scenario used Figure 53: Ballendmill geometry

CutPro offers a simulation mode which allows you to design variable pitch cutters.

In order to design a variable pitch cutter, you have to measure the transfer functioeguwér cutter
mounted in the spindle in the applicable toolholder. These nexasuts will then be used in CutPro to
design the variable pitch cutter which Mibve the same basic geomefriae only differences between

the regular and the variable pitcttter,will be the# of teeth (can stay theame), and the pitch angles.
Variale pitch cuttes will only perform well at the specific spindle speibey aredesigned for. Due to the
variable pitch angles, the performance at other spindle speeds deteriorates. In the sjitigedissumed
that the transfer functions do not chamgeause of the change in pitch angles, as only the tool is slightly
modified. A simulation determisghe optimal variable pitch for a cutter by selecting the simulation mode
AOpti mi ze Var i abCutter Propertiadh 0fthethbhgdoenetrysttheralefified

variable_pitch: Optimunm Vanable Pitch v X |Simulation Summary
Optimum Variable Pitch

+ Simulation
Name

W Depth of Cut

Figure 54: Cutting conditions and results for a variable pitch cutter used impeller milling

!uu,,
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The only different settingsithe simulation are the fixegpindle speedsettings fotthe desired pitch
distribution,and pitchangle increments for the simulation. These increments determine the resolution of
the simulation result (pitch angle increment, determines the specifications of the angles to be grinded on
the cutter) and the speed/accuracy of the simulafiba result othe simulation is a graph with the

maximum stable depth of cut as a function of the pitch angle, for the specified tool, machine tool
dynamics, workpiece material and dynamics, spindle speed and width of cut. An example is shown in
Figure 54, we can se¢hat the highest depths of cut can be achieved if the first pitch angle is about 55
degrees (the information is shown by clicking in the graph). If 55 degrees is selected for the first pitch
angle, the second pitch angle will be 125 degrees and the tiifdarth will be 55 and 125 respectively,

as the pitch distribution type selected is ATwc
iLinear angleso and fAiSinusoidal angl eso.

Similar to the selection of cutting speed, it is not posdiblfreely choose a pitch angle distribution. In

this example, a four fluted cutter is used and the regular pitch distribution has 90 degrees between the
teeth. Choosin§5 and 25 degrees means there will be either very little space for the cutting teeth
resulting in weak teeth, or very little space to evacuate the chips which will result in clogging of the tool.
The new pitch angles in the variable pitch design should therefore not deviate toéronuthe regular
distribution; to providegood cutting ¢ol strength and chip evacuation. One should take into account that
the higher depth of cut possible with an optimized variable pitch design, will make the chip evacuation
more critical.

6 Machining Strategies for Thin Gauge Aircraft Parts

6.1 Aluminum Machining : Fixturing strategy

1 Conventional fixturing: When using conventional
mechanical fixturing, the part is held down with tg
and/or side or toe clamps in the first (several)
setup(s) and as much excess as possible is
machined away. When the part nears completion|i
becomes veryidéxible, and then the best way to
hold is by resting the part with flat finished faces ¢
vacuum tooling and sucking it down (example
shown inFigure). Mechanical ad vacuum fixtures
are part specific and costly, as they need to be
stored and maintained. Vacuum fixtures can be
used at any stage of machining, provided the par
has flat areas to apply vacuum to, and with additipn Figure 6.1: Vacuum fixture example
of mechanical clamps the part is secuxed (http://www.lunarind.com)
withstand cutting forces.
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1 Picture frame fixturing (Example in Figure 6\2hen parts are A
machined from plate, the plate can be bolted or toe clahipectly to
the machine &d (excess is used as tooling). Tabs are machined alon¢+ = -
the external and/or internal edges of the part to hold the part in the k j
material; the tabs are removed when machining is complete. When tlékm

second side of the part is machined, suitable programmiziggies oot
need to be used, as the part is only going to be supported at the tgbs! | / E f «,

SECTAA

6.2 Aluminum Machining: Machine tools -

rthe-
ge)
orto

Todayébés aluminum machining teehnoll ﬂigg,r)éegub,dtu}el zes

100m/min rapid traverse) with high acceleration (up to 3.0G depending on| frame machining

machine size) and high speed spindles with significant power (33,000 rpm|a ﬁhttp [www.invert
-a-bolt.com)

120kW, or higher speed with lower power). These machines are designed lfor

High Speed Machining of light alloys such as aluminum. Although these machines have high power, it

can rormally only be used for a limited number of tools, and often chatter vibrations and poor surface

finish caused by dynamic fléility of spindle, tool holder

and tool , Il imit the machinebds productivity.

6.3 Aluminum Machining: Machining steps

Some aircrafparts can be machined in a single setup, but the majority requires multiple setups to control
distortion of the part and/or to access all sides of the part to remove the excess material. The number of
steps also depends on the machine kinematics (3, 4dspand the fixturing method.

6.3.1 Roughing

1 Use large enough tools to use maximum spindle power where possible (utilizing stability lobes to
optimize productivity)

T Use solid carbide endmills for small dderamet
(maximum34 6 with reduced spindle speeds for i ns

1 The tool sizes used in roughing determine the amount of material that needs to be removed in
semifinishing to create a consistent stock for the finishing step

I Tools/inserts should be vesharp and can be coated for prolonged tool life

1 Solid carbide tools should be necked to avoid rubbing and have 2 or 3 flutes, flute length 1.0
1.2x diameter; the flutes need to be feattlended into the neck to avoid steps in wall finishing;
small diaméer (16mm and less) as well as longer tools (L/D>5) should have 2 flutes, unless there
is very little material to remove

1 Tip radius: Small tip radii (1.0mm) can be used, but larger radii provide a stronger tooth with is
good for roughing and larger chipads, and you can also rough closer to the net shape of the
part. Large radii tools can also be used to finish walls and floor fillets in one operation

1 Feed rates: A good starting chip load is 1% of cutter diameter, this can be increased until surface
finish degrades or power limits are reached

6.3.2 Semi-finishing

1 Remove excess material left by large diameter roughing tools to create even amount of stock for
finishing
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6.3.3  Finishing

6.3.3.1 Thin pocket walls (ribs)

In order to machine thin pocket walls without vibrationkgems, the fouto-one rule (4:1) can be used to
devise your machining plan. This approach, specific to aluminum parts, ensures the part is always stiff
enough to machine, avoiding part vibrations. Aircraft structural parts have complex shapes, hence work
piece chatter is difficult to eliminate as natural frequencies change constantly during machining. Using the
4:1 rule makes the part #fArigiddéd, allowing you t
achieve the cuts resulting from the methodalen cuts can be taken but will slow down machining).

The application of the rule is done in reverse order:

1 The result of roughing and semi finishing needs to result in a ratio of wall height and wall
thickness of 4:1 (no more); Example: for a 36.0mmi whé thickness after roughing and semi
finishing should be 9.0mm or more.

1 When taking the final finishing pass, thgial depth of cutcannot be larger than 4 times the
finished wall thickness; Example: for a 1.50mm thick wall, the maximum cutting deftémm

91 Finishing is typically done in two radial passepg
(depending on wall height), the last one — 90

. . . FYy
removing 80% of final wall thickness, hence 2 1

theradial depth of cutis 220mm in this case;
The wall will be 1.50+2x1.20=3.9mm thick
before final finishing.

1 As the wall measures 9.0mm thick after
rough/semifinish, there is 5.1mm to remove
before final finishing to obtain a thickness of
3.9mm, which is done by a pfimish cut
Repeated application of the 4:1 rule allows to
take us 4x3.9=15.6mm axial depth of cut. In
this case itdés practil )mm d
which will then be followed by finishing in
two axial passes.

1 Hence, the application of the 4:1 rule on this
wall results in 18 passes to complete finish Figure 6.3: Thin pocket wall machining
machining, se&igure; The first level has pre strategy for aluminum using 4:1 rule [3]
finish cuts 1 & 2, and finish cuts 3, 4,5 & 6.

6.0x1.20

0'9¢

This method is called waterfaéchnique due to the shapes formed while machining (righigiare).
One of the great benefits of this method is that the part thickness will be constant amamwébceptable
tolerance, as both work piece and tool deflection are kept in check with the limited pass depths.

i
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6.3.3.2 Thin pocket floors (webs)
If a thin pocket floor is fully supported by
fixturing (one sided web, sdggure), T —

radial stepover and feed are adjusted to ! ! gﬁuprgg: Lol
obtain the required surface finish, by

pocketing from the center to the walls. If

you have a twesided web that is not 1 ! !ﬂ
supported Eigure when the second side is

R nesoiced VY ety GLULU TG AP Proach

being finished, you have to leave a thicker
floor on the last side to finish. The first sid
can be finished as if it was supported. The
last side is stepped down in small axial
passes until the finished floor before you Figure 6.4: Floor finishing strategy for part with one
step out radially (Lidown andS9adywab'3

technique). This method will take longerrtachine but has the advantage of simple and cheap fixturing.
For very large production runs, vacuum tooling maybe moreeftesttive.

1%

Vec e NATG=SICE RSV VY E I G AP Proacti

Small /g Thick Material
Thickn Adds
Yariations for < o Stiffness to
lﬂl'ge Pockets Cutting Area

Entire

Figure 6.5: Floor finishing strategy for two sided web without fixturing support [3]

6.3.3.3 Small pocket corner radii
When small pocket corner radii and large flange heights require the use of high L/D ratio tools, there are
two approaches to take:

1 Use a larger diameter cutter to machine the part (smaller L/D); Come back in with the smaller
diameter cutter to clean tithe corners
1 First finish the corners with the smaller diameter cutter, then finish the flanges
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6.3.3.4 5-axis features

Minimize axis movement during finishing ofdxis features, as rotary axes are typically much slower than
linear axes, leading to longer cgdime and worse surface finish. The best method to use is fixed axis
kellering/scanning (3+2 axis control). The preferred machining mode is down milling, but in some cases
down milling can be alternated with up milling to reduce cycle time if the suiiféish is acceptable.

6.3.3.5 Part vibration counter measures

Some parts have extremely flexible features. Normally you can successfully machine these by leaving
sufficient excess, if that is not possible due to part geometry, you can partially comabti@ing, then

add silly putty, wax, rubber or fast patch paste to strengthen and/or dampen the part again and complete
machining.

6.4 Demo part High Speed Machining in Aluminum

Material: AL7075-T7451
Stock: 155 x 107 x 50 mm
Wall height = 36.0 mm
Wall thickness = 1.50 mm
Corner radius = 6.5 mm
Raw material = 2.340 kg
Finished part = 0.772 kg

Cycle time = 210 seconds

Effective MRR = 26.9 kg/hr

Figure 6.6: Demo part aluminum machining; Part modeled in Unigraphics NX7.5

6.4.1  Aluminum d emo part design

Thealuminumdemo part includes the typical aerospace component chéstcter

thin wall 36.0mm high, 1.5mm thickdtio of height to thickess= 24)

one wall end is frestanding

smallest closedngleis 17°

the fillet radius between wall and base depemdthe cutter usetl a typical value for aerospace
is 5.0mm or 4.0mm; for the project we tested 1.0, 3.2 and 5.0mm radii

= =4 —a =4
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6.4.2 Machine & cutter selection

The machine tool used is a fraxis Mori Seiki NMV5000DCG vertical machine with trunnion table,
with 20,000RPM/18,5kW HSK63A spindle, and external flood coolant. Two tools are used for machining
this part from block material:

§ 2-flute SeceJabro JH42@® 16mm cutter with 1.3mm corner radius mounted in 20mm Sandvik
Corogrip holder withA 20 toA 16mm sleeve;

2-flute Dataflute HYMagA 12mm cutter with 1.0/3.2/5.0mm corner radius mounted in 12mm
SeceEPB 5800 shrink fit holder;

1 Both tool assemblies have been fine balanced to G2.5 @ 20,000RPM

The frequency response functions (FRFs) are providedyure andFigure. The FRFs are later used to
calculate the stability charts for each tawoid to establish the most productive cutting conditions.

[um/N] Real

0.25 +
02

015 141
0.1

0.05 -
0
-0.05 4
0.1 A
-0.15
-0.2

Real [um/N]

500 1000 1500 2000 2500 3000 3500 4000 4500
Frequency [Hz] [Hz]

Figure 6.7: Frequency Response Function #66mm 2flute cutter with 1.3mm corner radius (blue =
XX, red = YY); Tap test performed using MALTF module of CutPro, graph generated using CutPrqg
Milling module

[um/N] Real
04 - . . ‘ 1

Real [um/N]

0.2

-0.3

500 1000 1500 2000 2500 3000 3500 4000 4500
Frequency [Hz] Hz

Figure 6.8: Frequency Response Function #§62mm 2-flute cutter with 1.0mm corner radius (blue =
XX, red = YY); Tap test performed using MALTF module of CutPro, graph generated using CutPrg
Milling module

!uu,,
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6.4.3 Machining strategy

We ug theA 12mm cutteto semifinish and finish the walls using the strategy showRigure, hence

we need to rough the part down to 9.0mm wall thickness first (+3ri78tock on each side). Roughing is
done with thef 16mm cutterin full slotting/pocketing operation, followed by tel2mm cutter

removing excess from the corners, also in full slot, and locally leaving only 0.10mm in the corners (due to
the sharp angles).

6.4.4 CutPro: Selection of cutting conditions

CutPro is used to establish the chatter stability lobes for each cutter and select the best spindle speed/de
of cut combination to achieve the highest productivity. Details on the stability lobe calculation can be
found in[4]. TheA 16mm cuttermachines away the bulk of the raw material, up to 36.0mm deep. The
stability lobes established Figure indicate that at 20,000RPM we can achieve 7.0mm deptht dfutat
17,500RPM the maximum achievable depth is close to 10.0mm.

Cutting tests were performed with 0.10mm feed per tooth, and are shé&iguie. Slotting at
20,000RPM was stable up to 8.0mm depth of cut and became unstable at 9.0mm depth of cut. At

10 i

Depth of

1

) ' '
10000 11000 12000 13000 14000 15000 16000 17000 18000 19000

Spindle Speed [rev/min

Figure 6.9: Stability lobes fod16mm 2-flute cutter with 1.3mm corner radius, slotting in AL7050;
Lobing diagram created using CutPro V9 milling module

17,500RPM we could cut stable up to 9.0mm depth, and chatter was severe at 10mm depth of cut. These
results yield the following productivity per cut:

20,000 x 2 flute 0.20mm chip load x 7.2mm depth of cut x 16.0mm width = 461 cm3/min
17,500 x 2 flutes x 0.10mm chip load x 9.0mm depth of cut x 16.0mm width = 504 cm3/min

At 20,000RPM we require 5 axial depths to rough 36.0mm deep (hence 7.2mm), but at 17,500RPM we
needonly 4 passes. So at 17,500RPM we have the best productivity, which is (5034%41)=37%
higher than at 20,000RPM.

W
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CHATTER

CHATTER

Figure 6.10: Photos of slot cutting tests witd 16mm cutter in
AL7050, RPM and depth of cut in mm marked in slot

Finally, we need to establish the feed rate to b
used, which depends on the available spindle
power. We took four additional tests cuts at
17,500RPM slotting 9.0mm deep, as shown in
Figure, steadily increasing chip load. We
decided to use a chip load of 0.33mm per tooth,
which results in 93% power consumption
reading on the machine contiiothis is with a
used cutter.

T ———

TheA 12mm cutteris used to rough machine therigure 6.11: Power tests fod16mm cutter in AL705(

corners removing the excess left by gémm
cutter. After that, theA 12mm cutteris used for serdiinish and finish using the thin wall strategy. The
stability lobes shown ifrigure indicate that at 20,000RPM we can achieve 3.5mm depth of tat bu

Depth of Cut [mm

0
10000 11000 12000 13000 14000 15000 16000 17000 18000 18000
Spindle Speed [rev/min]

Figure 6.12: Stability lobes fod12mm 2flute cutter with 1.0mm corner radius, slotting in AL7050;
Lobing diagram created using CutPro V9 milling module
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18,000RPM the maximum achievable depth is close to 8.0mm.

Cutting tests were performed with 0.10mm
feed per tooth, and are showrFigure.
Slotting at 20,000RPM was actually stable
up to 16.0mm depth (full flute length of the
cutter), much higher than the stability lobe
prediction indicates. Téntool has a special
geometry that creates additional damping in
the cutting process to make it suitable for
finishing thin walls.

Based on these results, we rough machine theFigure 6.13: Photos of slot cutting tests witd12mm

corners slotting 12.0mm deep, as we need 3 cutter in AL7050, RPM and depth of cut in mm marke
! in slot

passes to get 36.0mm deep.

6.4.5 Thin Wal | Machining Experiments

The samd\ 12mm cutteris used for semiinish and finish
using the thin wall strategy explainedrigure. The
method has been tested on AL60KA plate specimens,
101.6x76.2x12.7mm (LxHXxW) which were clamped in a
vise. Up to 36.0mm depth, the wall is first machined to
9.0mm thickness, resultirig the step at the right side just
above the vise jaw, s&égure. The top part of the
specimen shows the first two 12.0mm deep dimsh
passes completed (ste@P) - this portion of the wall
measures 3.9mm thick, the 24.0mm wall portion below tha
is 9.0mm thick. The top portion will be finished with axial
passes of 6.0mm deep to 1.5mm thickness alternatingly
between left and right (steps63.

We have machinespecimens with three fillet radii
(between wall and floor; 1.0, 3.2 and 5.0mm), by using
A 12mm cutters with that corner radiusigure shows the
cutter/work piece eragement at the various stages of semi
finishing and finishing the thin wall for each work piece
fillet/cutter corner radius. The 1.0mm cutter radius result
in the most flexible work piece while performing the final finishing operation. When using actanmer
radius, the difference in material removal between the first level finishing and second level finishing is
largest (for R5.0, see finish passes 1 and 3, as well as finish passes 10 and 11).

Figure 6.14: Thin wall specimen in visg

)
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fillet =1.0mm
D12 x R1.0

semi-finish pass 1 of 6: ap=12.0, ae=2.55mm

.
L )

finish passes 1 and 3 of 12: ap=6.0, ae=1.20mm

semi-finish pass 5 of 6

finish passes 10 and 11 of 12
(same as 3 thru 9)

fillet = 3.2mm

D12 x R3.2 /

\

semi-finish pass 1 of 6: ap=12.0, ae=2.55mm

W,

\

finish passes 1 and 3 of 12: ap=6.0, ae=1.20mm

,5//

\

semi-finish pass 5 of 6

finish passes 10 and 11 of 12

(10 same as 5 & 6)
(11sameas 3,4, 7&8)

fillet = 5.0mm

D12 x R5.0 /

N

semi-finish pass 1 of 6: ap=12.0, ae=2.55mm

\

I
finish passes 1 and 3 of 12: ap=6.0, ae=1.20mm

N

semi-finish pass 5 of 6

finish passes 10 and 11 of 12
(10 same as 5 & 6)

Figure 6.15: Effect of fillet radius/cutter radius f12mm semifinish/finish cutter) on the cutter/work

piece engagement

il
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An example finished specimen with R1.0 is showRigure, which was machined with afRite cuter.

At each level, the front side of the plate is finished first, followed by the backFglee shows the
backside of three specimens with fillets 1.0, 3.2 Bufdnm, all finished with Zlute Dataflute tools.
Specimen Xl (R1.0) was machined with a special siamsh strategy, leaving 0.6mm stock on the left of
the back side over a 10mm length, this is to avoid exit marks as the work piece is most flexdieeBpe
XIII (R3.2) has the best surface finish. Specimen XV (R5.0) shows some exit marks, as skayunan
the material removal between finishing levels varies significantly, this variation could be reduced by using
6.5mm depth for the first pass, then 5.5mm for the second pass, but that would complicate NC
programming. It should be noted that a completadg tanding flangethe test specimeinrarely occurs,
typically only one side is frestanding, and the marks do not occur on the right for any of the cases in
Figure.

Figure 6.16: Left: front side of thin wall specimen VI; Right: back side of specimen (finished last);
flute cutter at 17,500RPM; Serfinish 9000mm/min; Finish 9000mm/min; the back shows light chatte
(top right) and exit marks (left)

Figure 6.17: Left=back side X| (Radius 1.0); Center=back side XlIIl (Radius 3.2); Right=back side
(Radius 5.0)

Especially the specimens with a fillet radius of 1.0mm are sensitive to vibration/exit marks, and we did
several experiments varyinige stock removed in the finishing operation:

1 0.60mm: surface finish is even, but feed marks become very apparent as the wall is more flexible
during finishing as a result of the smaller excess

1 0.90mm: slightly smaller exit marks than with 1.20mm excess

1.50mm: exit marks increase due to exit from a larger cut

1 3.75mm (no serdiinish at all): exit marks become worse due to exit from the larger radial depth
of cut. Due to the increased radial depth of cut, the finishing chip load is smaller to obtain the
sane maximum chip load, and the resulting surface finish on the rest of the wall is very good

=

Conclusion: the thin wall machining method illustratedrigure works wel with a 2flute cutter for radii
3.2mm and 5.0mm. For radius 1.0mm, some tool path modification is need at the end -atafilew
wall (such as the plate specimen).
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6.4.6 NC Program Methods

The NC program for the demo part has been created in UnigraphicEhéXool path settings as well as
speed and feed, simulated tool path and Vericut simulation result are shBigara (roughing),Figure
(corner roughing) angligure (semifinish & finish of the thin wall).

In rough milling,the pockets entered by ramping a triangle due to the space limitation, and then roughed
inside-out, level by levelA radiusis added orthe corners to smooth the tool pdafie excess left of the

part is 3.75mmThe excess left in the corners by th&émm cutteris roughed with thé 12mm cutter,

leaving only0.05mm0.10mmfor the finish milling This has been done to avoid cutter chatter when it
arrives in the closed angle.

Usingthe 4:1 rule ér thin wall machining, there are three levels of séinmish 120mm deep leaving
1.2mm excess on the wall. Once a séimish level is completed, it is directly following by 2 finishing
levels 6.0mm deephe machining steps and cutting conditions are summariZeahle 6.1 The part
utilizes the high spindles speeds, feadd power available on the machine.

< = < >} B\ [reeds and speeds |= | X BIEEN
Engage| | Retract|[ Start/Dril Points | Transfer/Rapid | Avoidance More | | [Strategy|[ Stock| Comers | Connections | C More) Automatic Settings v
| indle Speed v
Closed Area A | | Path shape in comers A Seindle Spee
k e | il { Feed Rates A
Engage Type Helical ™ Convex Comers  [Extend ™ r
Bl i = cut 7000. 000|[mmpnfw) [
Diameter 50.0000|[%Tool ) | ¢ smoothing Al Passes ~ . 53]
] . o More A~
Ramp Angle 4.5000 =S Radius 10000 CaI) ( )
Height 2.0000|(mm %) Stepover Limit 150.0000 Rapwd 9..0000|(mmprrw] fc5]
Height from Previous Level 2 Feed Ad) Approach 20000.00 mmnn(q[?
~ jjustment on Arcs A
Minimum Clearance 1.0000|[mm %) P o engage 4000.000][mmpnfe] 5]
o
Minimum Ramp Length [ 70.0000|[*Tool ¥) First Cut 7000. 000|[mmonfw) 5]
— — e Feed Slowdown in Comers A Step Over 7000.. 000|[mmpriw) [c5)
pen Area ]
r - 1 Slowdown Distance [None ~ Traversal 7000. 000|(mmpniwd[c5]
Engage Type Same as Closed Arelw) = =
95 Retract 4000 000|(mmpniwl 5]
Initial Closed Area v Deparns (20000 00)[mmpr B[]
Initial Open Area v
Units 2

["]optimize Feed Rate When Generating

vericut result

Figure 6.18: NC program settings for roughing pocket & triangle usidiglémm cutter; NC program
created in Unigraphics NX7.5; Cut stock model generated using Vericut tool path simulation softw

Table6.1: Cycle Time Summary Aluminum Demo Part

Machining Step Cutting Tool Machine Stock Cutting Conditions Performance
Diameter Teeth| RadiugSpeed B Axial| Radial ADOGRDOC fz |hmax| Vc MRR |Machine]| Vericut;
[mm] [-]1 | [mm] |[RPM]|[mm/min] {[mm]{ [mm] | [mm] | [mm]|[mm]|[mm]|[m/min] |[cm3/min]| [mm:ss]|[mm:SS
Roughing pockets | S10[ 16.000 | 2 | 1.30 [17500{ 11550 | 0.00| 3.75| 9.00 | 16.00/0.330/0.330| 879 1663 | 0:01:05( 0:00:44
Roughing corners | S20| 12.000 [ 2 | 3.20 |20000] 8000 | 0.00| 0.10 | 12.00| 12.00{0.200{0.200] 754 1152 | 0:00:21 | 0:00:16
Semi-finishwall  |S30A 12.000 | 2 | 3.20 [20000] 14000 | 0.00| 1.20 |12.00| 2.55|0.350/0.286| 754 428
Finish wall S308 12.000 | 2 | 3.20 | 20000| 10000 | 0.00| 0.00| 6.00 | 1.20]0.250{0.150] 754 72.0
Total 0:03:30 0:02:21

0:02:04( 0:01:21
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['Swategy| Stock | Comers | Connections Containment | More | Type A || Automatic Settings v
Stock A “User Defined [5] || Spindle Speed v
. Feed Rates A
part Stock 0.0500][c§] — | Gm— Depth Per Cut Y
Y Cut $500.000 mmma@
Final Floor Stock [ 0.0200] Common = L

Blank Stock 0.0000 = || Minim 0.0000)

. [ o.0000] & um Rapid [ 0. 0000|[mmonkel [&]
Checkstock [ 0.0000] Top of Cut Levels A [20000. 00)[mmon e (5]
AR 5s000] : 20000 .. 00|{mmonw) (5]

* [DuummeToo [__0.0000] Engage 4000.000|[mmpnfwl 5]

Tolerance A GResira oy Al ]| First cur 5500 000|mmpnfy) 5]

intol 0.0800|(&)] [mm‘mm [ o.0000] ||| | Stepover 5500.000|[mmpnfw) 5]

outtol 0.0800 - EmE——— || || Traversal [12000. 00|[mmonie) [5)

l —— - Retract 4000. 000|{mmpnfw) 5]

Departure [20000. 00|[mmpnwl (5]

Critical Depths A
[groponomw Depths

Units v
[ Optimize Feed Rate When Generating

tool path vericut result

Figure 6.19: NC program settings for corner roughing usingl2mm cutter; NC program created in
Unigraphics NX7.5; Cut stock model generated using Vericut software

[t ik [comes oo Conamn s ot sevins vl A —— v
S = spindle Speed i, ™ spindle Speed v
Feed Rates All Feed Rates A
rantstock [ ERERTES [5) e e ool Panstock [ 0.0000/3) —| |
Final Floor Stock [ 0.0100 o:“' 14000- 00 lmmoe B Ef Final Floor Stock [ 0.0100] ‘L;_Mﬂ“__ Er‘?
slank Stock 0.0000) Blank Stock 0.0000 L o
Checkstock [ 0.0000] Lo 0.9000][mmprie)[&] Checkstock [ 0.0000] | |[Bree 0. 9000][mmprw (]
T Stoek. [ o.0000) * Approach 20000. 00| [mmpnfw) (5] Trim Stock Im * Approach 20000. 00| [mmpnfw] 5]
Engage 4000.000|[ mmoni¥) [5] i Engage 4000..000|[ mmonv] [5]
First Cut 14000 00| [mmeniwl (65 CleEnee Fistcut 70000, 00 [mmpr B[]
Step Over 14000. 00|[ mmpniv] [5) o . Step Over 10000. 00|[ mmonfwg [c5)]
Traversal 14000. 00|( mmpnfw [c5] i < ||| Traversal 10000. 00|(mmpnfw) [c§]
&

Retract 4000. 000} mmpriw) Retract 4000.000|(mmpnw) 5]
Departure 20000. 00| [mmork) 5] Departure 20000. 00| [mmorkedfc51]
= = =

wits v

units

tool path . ["IOptimize Feed Rate When Generating
>

[)Optimize Feed Rate When Generating

Figure 620: NC program settings for serfinish and finish usingd12mm cutter (thin wall strategy,
seeFigure ); NC program created in Unigraphics NX7.5; Cut stock model gated using Vericut tool
path simulation software
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6.4.7 Part Machining

The left ofFigure shows the part after roughing with thd6mm cutter has been completed. The roughed
walls are then 9.0mm thick. The rightEifure shows the part after all corners have been roughed using
the A 12mm cutter. In the corners, we leave only 0.10mm material to remove. The final machining step
semifinishes and finishes the wall using the saki2mm cutter.

Figure 6.21: Left=rough machining wittd16mm cutter completed; Rightxough machining with
A12mm cutter completed

6.4.8 MACHpro Optimization

Figure shows the chip lad history of the roughing operation, which has been programmed with 0.330mm
chip load. In 4 places in the program, the tool ramps down into the pocket, and a reduced chip load of
0.150mm is used. The graph shows that along the tool path, the chip &bed$$ constant at 0.330mm,

and when we apply feed optimization as explaindélimnd[7] with 0.330mm chip load as sole

constraint, the productivity improvement is only 0.88%. When roughing in aluminum, radial engagement
is often larger than 0.50xD, wdfi is the case for the NC program under consideration.

Chip Load

Chip Load [um]

-1 1,999 3,998 5,999
Engagement Maps Number

Figure 6.22: Chip load history for roughing witlf 16mm cutter generated in MACHprodvanced
Process simulation and NC Programp@mization System [2]
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Titanium is a strong light alloycreasingly used in aerospace due to its compatibility with Carbon Fiber
Reinforced Plastic (CFRP). Titanium has poor thermal conductivity, is sensitive to work hardening and
has a Youngés modulus of 114GPa, wéhpropdanieshavetheh o ut
following implications for machining:

1 Cutting speed is limited as heat generated in the cut needs to be absorbed by the cutting tool anc
cutting fluid; depending on radial engagement, typical cutting speedli2@/min

1 Sharp cuttig tools and sufficient chip load have to be used to avoid ploughing/rubbing that
results in work hardening

1 Fixturing and/or stock left on the part have to be chosen in a way that keeps the part from
deflecting away during machining

6.5 Titanium Machining: Mac hining steps

As in aluminum, aircraft parts in titanium can sometimes be machined in a single setup, but the majority
requires multiple setups to control distortion of the part and/or to access all sides of the part to remove th
excess material. The numbef steps required depends on the machine kinematics (3,-d&as)sand the
fixturing method. Titanium parts are often roughed on rigid gantry machines with multiple spindles (3 or
5-axis) and then finished on single spindle palletized machining centers

6.5.1 Roughing

As cutting speed in titanium is limited, the only way to obtain good productivity is large cuts or fast cuts
or combinations of these. Typically the largest cuts can be taken while machining the sides of the part
with helical solid or indexableutters, which can be run at relatively high cutting speed due to partial
radial engagement. Large cuts are also made with face mills, which require significant torque at low
spindle speeds. Both applications require strong and stable fixturing to adv@tion of part and clamps.

Fast cuts can be made with solid carbide tools and high feed mills. Solid carbide tools are expensive but
can be very suitable for shallow pockets where small diameters are needed. High feed mills maybe
productive there too, dke use of helical cutters maybe inefficient due to limited axial engagement. For
long tool stick outs, high feed milling is very suitable. Face milling can also be done with high feed mills,
which is an example of a large and fast cut, which could uswaifable torque.

1 Large diameter helical cutters (cobalt, M42, high speed steel) are usually reground several times;
serrated cutter geometries are more difficult to regrind. Brazed helical cutters, which can be
reground and rebrazed, are used less often.

1 Large, thick inserts provide the best security on indexable cutters but yield lower flute counts;
small inserts can be used with care and sufficient chip evacuation and have better cutting angles
and higher flute counts to their advantage.

1 High feed millscome in indexable form for large diameters and solid carbide tools for small
diameters. Medium size cuttes 10-25mm) are available as solid scrawcarbide heads.

Recutting titanium chips should be avoided to prolong tool life by employing plentiflartcand
periodic removal of chips from the work piece. High speed steel/cobalt cutters are most forgiving in
recutting, but carbide tools chip easily.
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6.5.2 Semi finishing

Semi finishing in titanium is typically done with smaller diameter indexable and solglttoremove the
steps left by the large roughing cuts. Larger ball nose cutters (also solid and indexable) are used to kelle
curved surfaces closer to their final shape.

6.5.3  Finishing

Finishing in titanium is typically done with solid tools for walls aillgtfs, and with indexable round
insert tools for pocket floors.

6.5.3.1 Thin pocket walls
In order to machine thin pocket walls in titanium without vibration problemsgitite-to-one rule (8:1)
can be used to devise the machining plan. This approach, ensures the part is always stiff enough to
machine, avoiding part vibrations. Aircraft structural parts
have complex shapes, hence work piece chatter is difficult tp LﬂJ
eliminateas natural frequencies change constantly during

machining. Using the 8:1 I’L|m\2 1 ttani u
120020 |\ £

allowing you to focus on only optimizing your cutters to be
able to achieve the cuts resulting from the method (smaller L .

can be taken but Wislow down machining). Hence, titanium 3
behaves as a stiffer material than aluminum where the ratiolis m ml
4:1.

09t

The application of the rule is done in reverse order
(Figure):

1 The result of roughing and semi finishing needs to result
in a ratio of wall height and wall thickness of 8:1 (no
more); Example: for a 36.0mm wall, the thickness after
roughing and servfinishing should be 4.5mm or more.

1 When taking the final finising pass, the axial depth of cut v
cannot be larger than 8 times the finished wall thickness;
Example: for a 1.50mm thick wall, the maximum cutting
depth is 12.0mm

9 Finishing is typically done in two radial passes (depending
on wall height), the last one rewing 0.20mm; this wall will measure 1.50+2x0.20=1.9mm thick
before final finishing.

1 As the wall measures 4.5mm thick after rough/sénigh, there is 1.30mm to remove before final
finishing to obtain a 1.9mm thick wall, which is done by afimesh cut.Repeated application of the
8:1 rule allows to take us 8x1.9=15.2mm axi al
depth, which will then be followed by finishing at the same depth.

Figure 6.23 Thin pocket wall
machining strategy fortitanium
using 8:1 rule [5]

W
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6.6 Demo part High Performance / High Speed Machining in  Titanium

Material: Tl -6Al-4V
Stock: 100 x 100 x 50 mm
Wall height = 36.0 mm
Wall thickness = 1.50 mm
Fillet radius = 3.0 mm
Corner radius = 6.5 mm

Raw material = 2.170 kg

Finished part = 0.756 kg
Material removal = 1.414 kg

Cycle time = 56 minutes

Effective MRR = 1.52 ka/h

Figure 6.24 Demo parttitanium machining; 1@0x100mm, 36mm high walls Part modeled in
Unigraphics NX7.5

6.6.1 Titanium d emo part design

Thetitaniumdemo part includes the typical aerospace component chasticter

T thin wall 36.0mm high, 1.5mm thickdtio of height to thickess= 24)

smallest pocket cornengleis 26°

one wall has a 10° tilt, creating three closed angle areas

one wall end is frestanding

the fillet radius between wall and base depends on the cutter asgical value for aerospace
is 3.0mm to 5.0mm; for this project we used 3.0mm

= =4 =4 =4

6.6.2 Machine & cutter selection

The machine tool used is a frais Mori Seiki NMV5006DCG vertical machine with trunnion table,
with 20,000RPM/18,5kW HSK63A spindle. The followitapls are used for machining the part from
forged block material:

T24)  2-flute A21mm Udrill in Weldon holder (Sandvik);

T25) 5fluteA5/ 80 endmill with 2.3mm corner radius
withA20t0A5/ 80 sl eeve,;

T26) 4-fluteA1/ 2 o illemithdd.8mm corner radius (Sandvik RA216.24 type)

T27)  5-flute A 10mm endmill with 3.0mm corner radius and 8®lix (Dataflute TiW type) mounted
in Hydrogrip holder withA 20 toA 10mm sleeve

T28) 4-flute SandvikA 6mm tapered ballnose endmill mounted in Hydrogofdiar withA 20 to
A10mm sleeve
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The FRF of T25 and T26 have been measured and are shéiguie andFigure.
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Figure 6.25: Frequency Response Function T24,5.875mm 5flute cutter with 2.3mm corner radius
(blue = XX,green = YYljap test performed using MALTF module of CutPro, graph generated using
CutPro V10 Milling module
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Figure 6.26: Frequency Response Function T28,0mm 5flute cutter with 3.0mm corner radius (blue
= XX = YY); Tap test performed using MALTF module of CutPro, graph generated using CutPro \
Milling module

6.6.3 Machining strategy

We use theéd 10mm cutte to semifinish and finish the walls using the strategy showRigure, hence
we need to rough the part down to 4.5mm wall thickness first (+1.5mm stock on egcf & complete
machining strategy can be summarized as follows:

S10) Closed pocket: Drill a starter hole fortB& / 80 end mi | |

S20) Part periphery: Roughusingthes / 80 end mi | |

S30) Open pocket: Throchoidal millusingtdes / 806 end mi | | i n small

S40) Closed pocket: Mill out the pocketusingth® / 86 end mi | | i n snal |
combination of pocketing and throchoidal milling;

S50) Finish the floor usingthA5/ 80 end mi | |

S60) Closedangle areas (under I6lanted walls): Rough-&xis with tteA5 / 8 6 end mi | |

S70) Plunge all pocket cornerswithtdel / 20 end mi | |

S80) Semifinish and finish all walls using stepethod Figure) up to 32.4mm deep

S90) Rough closedingle aras (under 10slanted walls) using th& 10mm endmill, and finish the root
of the wall in a single pass.

S100) Scan closedngle areas (under 16lanted walls)

i
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6.6.4 CutPro: Selection of cutting conditions

CutPro is used to establish the chatter stability lobes for cutter T24 to select the best spindle speed/depth
of cut combination to achieve the highest productivity. T24Atbe/ Butiermachines away the bulk of

the raw material, up to 36.0mm deep. Ttabiity lobes established iRigure take the variable pitch

geometry of the cutter into account, and are valid for 2.0mm radial depth of cuabEhedints originee

from the 900Hz ¥Ymode, which is the spindbnd indicate thadeptts of cutup to18mmare stablg

Stability lobes have also been calculated while ignoring the variable pitch geometry, shtgurén

and the narroviobes originate from the 900HzMode T h ey a r lgy thd T0HZ structeral

mode in the 1000800RPMspeedange {llustrated by thedashed red line)The minimum stable depth of
cutis 11.4mmAs expected, variable pitch geometry increases the stability border. Sample cutting test
results are provided ihable6.2, which were all stable. In the tests, théahdepth of cut was kept

constant at 36.0mm while the radial depth of cut was increased. At three speeds (1200/1550/1800RPM)
cutting is stable in both X and Y direction up to 2.50mm wide and 36.0mm deep, which is deeper than the
lobes predict. The resutan be attributed to process damping which occurs at relatively low cutting
speeds. For the N@rogram, we have selected to cut with maximum 35.5mm axial depth of cut and
1.50mm radial depth of cut.

70000

56.000

42,000

Depth of Cut [mm]

28.000

14000

0.000
1,032 1,201 1,549 1,807 2,065

Spindle Speed [rev/min]

Figure 6.27:Stability lobes(variable pitch geometry) for T24,2.0mm radial depth of cut, Xdirection
in Ti-6Al-4V; Lobing diagram created using CutPro V10 milling module

W
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Figure 6.28:Stability lobes(regular pitch geometry)for T24,2.0mm radial depth of cut, Xdirection
in Ti-6Al-4V; Lobingdiagram created using CutPro V10 milling module

Table 6.2: Cutting tests performed using 24, A15.875mm 5flute cutter with 2.3mm corner radius

Test Cutting Tool Machine Cutting Conditions Performancgd Tool impact
Diametel Teeth| Radiug Speed F ADOCRDOC fz |hmax] Vc MRR Engagement angl
[mm] [-] [ [mm] |[RPM][mm/min] [[mm]|[mm]|[mm]{[mm]|[m/min] | [cm3/min] [
X1 | 15.875 5 2.3 | 1200 991 36.0| 1.00|0.1650.080] 59.8 35.7 29.1
X8 | 15875| 5 2.3 | 1200 533 36.0 [ 4.50(0.0890.080 59.8 86.4 64.4
X12 | 15875 5 2.3 | 1550 850 36.0| 2.50|0.1100.080] 77.3 76.5 46.8
X15| 15.875 5 2.3 | 1800 983 36.0| 2.50(0.1090.080[ 89.7 88.5 46.8
Y3 | 15875| 5 2.3 | 1800 983 36.0| 2.50|0.1090.080] 89.7 88.5 46.8
Y6 | 15.875 5 2.3 | 1550 850 36.0| 2.50)0.110 0.080] 77.3 76.5 46.8
Y9 | 15875 5 2.3 | 1200 663 36.0 [ 2.50(0.110 0.080] 59.8 59.7 46.8

For T25, aA 10mm endmill with 3.0mm corner radius, cutting tests have been pedowith a 4flute
Sandvik tool (R216.24 type) and the stable cutting results are tabulatatlet.3, the stability lobes

with process damping are showrFigure for 1.3mm radial depth of cut and kigure for 0.20mm radial
depth of cut. In serdinishing we need to be able to take a 12.0mm deep cut 1.3mm wide at 1941RPM,
while for finishing we need to be able to take a 12.0mm deep cut 0.20deratv3883RPM. As can be
seen from the table, we can cut at least 4 times wider infegshi and 10 times wider in finish. Hence

the actual process damping is still stronger than the lobes with process damping iRitjosteshows a
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maximum 4.0mm depth of cut for sefimish, 1.30mm wideFigure shows a maximum 10mm depth of
cut for finishing, 0.20mm wide.

Later in this guide we also usédd 0mm 5flute Dataflute tool (TiW type), which can be run at the exact
same spindle speed and feed rate. The Sandvik tool hashalbOangle but the Dataflute has a 3lix

angle. As aesult, the maximum uncut chip thickness at a given feed rate is the same whether you use a
50 helix angle & 4 flutes or 35helix angle and 5 flutes. The Dataflute tool also has variable pitch
geometry, which increases stability over the Sandvik to@ttwhas a regular pitch distribution.

Table6.3: Cutting tests performed usifg@5,410.000mm 4lute cutter with 3.0mm corner radius

Test Cutting Tool Machine Cutting Conditions Performancg  Tool impact
Diametel Teeth|Radiug Speed F ADOCRDOC fz |hmax] Vc MRR Engagement angl
[mm] [-] | [mm] | [RPM][mm/min] [ [mm] [ [mm]|[mm]|[mm]|[m/min] | [cm3/min] [
1941 596 12.0( 1.30/0.077/0.052] 61.0 9.3 42.3
1941 508 12.0] 2.00)0.0650.052] 61.0 12.2 53.2
1941 443 12.0| 3.00/0.057/0.052] 61.0 16.0 66.5
1941 411 12.0| 4.00(0.053 0.052| 61.0 19.7 78.5
1941 402 12.0] 5.00]0.05210.052] 61.0 90.0

12018

9.689

Depth of Cut [mm]

6,458

3.230

0.000
1,065 1,597 2,130 2,662 3194 3727

Spindle Speed [rev/min]

Figure 6.29:Stability lobeswith Process Dampindor SandvikA10.0mm 4flute cutter, 1.3mm radial
depth of cut; Lobing diagram created using CutPro V10 milling module

% CUTPRO: Fundamentals of MachiniigStart to Finish Guide
S Copyright © 208 Manufacturing Automation Laboratories Inc. Page59 of 83



43708

32781

21.854

10927

0000
1,136 1,704 2272 2840 3,408 3,976

Spindle Speed [rev/min]

Figure 6.30:Stability lobeswith Process Dampindor SandvikA10.0mm 4flute cutter, 0.20mm radial
depth of cut; Lobing diagram created using CutPro V10 milling module

6.6.5 Thin Wall Machining Experiments

In order to validate the machining steps determined with-#feel8ule inFigure, we have tested the

method on T6AI-4V specimens75.0x50.0x10.5mm (LxHxW) which were clamped in a vise. The
machining steps are illustratedRigure. The wall is roughed using tife5 / 8utier, taking 1.5mm wide

and 36.0mm deep passes from either side, roughing the plate to 4.5mm thickness4st&extl the

A 10mmcutteris used to serinish level A taking 1.3mm wide and 12.0mm deep passes from either side
(step 5&6), followed by finish passes 0.20mm widd 48.0mm deep (step 7&8). Levels B (stepE2y

and C (steps 126) are completed the same way as level A.

A first plate specimen was machined following these steps, and the work piece was measured using the
machine probe (Renishaw OMP60) after steps 8, 8, 10, 12, 14 and 16. The results are shown in

Figure (on the left). After roughing the wall is too thick by 0.486891mm, after serfinish the wall is

too thick by 0.3040.602mm, and after machining is complete, the wall is out of tolerance in 5 out of 9
places. From this we can conclude that either catid/or work piece do not behave rigid enough to
machine the part within tolerance.

We have analyzed both tool and work piece flexibility for all machining steps. We assumed that the
cutting process is static, hence we can use the static stiffness ahtbabrk piece, and apply the average
normal and axial cutting forces to the work piece. The static tool flexibilities for the tools were obtained
from the FRFs as T24=10m/N and T259.27nm/N. The roughing, serfinishing and finishing cuts

were simulatd in CutPro milling engine (assuming no deflection), and the average normal and axial force
on the work piece were obtained. Solid models of the work piece were created in Unigraphics, and as
shown inFigure, we analyze the part deflection in the middle of the plate.
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The Finite Element package integrated in Unigraphics (Nastran) was used to mesh the work piece and
apply the axial and normal cutting forces as disteduoads along the cutting depth, and calculate the
resulting work piece deflection. This approach is illustrated for step 5-s@shiing cut) inFigure.

The resits from our Finite Element analysis on work piece deflection and tool deflection, and their
combined effect are tabulatedTiable6.4. Based on the simulation resjltve decided to compensate the

NC program for the plate with the values shown in the table, each time we chose a round number close t
the worst result for each machining step per level. For the finishing cut we always used the same value, t
ensure a gabblend between the axial steps. Note that compensation at the finishing stage is somewhat
dangerous in case the cutter has very little to remove, the part may become under nominal. We do stay
within the tolerance band (programmed@O50mm, tolerance bd £0.120mm).

As can be seen in the rightkigure, the plate machined with NC program compensation is now within
tolerance, and we also achieve the target thickness much better at each level of machining (roughing,
semifinish and finish). The compensation values can be optimized further to achieve a more uniform
thickness. Reviewing the resultskigure, the finish machied plate #2 is thickest on the left, where the
cutter enters and leaves the work piece. Some aircraft components require completely freestanding walls
but often they are supported on one side, as in our demo part, and this situation correspondgto the ri
side of the plate.

Figure 6.31: Titanium plate machining steps;-4 roughing; 5,6 semifinish; 7,8 finish; Images of the
partially machined work pieces were generated using Unigraphics NX7.5
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