MODEL
DEVELOPMENT
FOR CUTTING
OPTIMIZATION
IN HIGH-
PERFORMANCE

TITANIUM
MACHINING

o MAKINO



DR. ZHIGANG WANG

SENIOR PROCESS DEVELOPMENT ENGINEER, MAKINO INC.

Zhigang Wang is a lead engineer within the Global Titanium
Research & Development center at Makino (Mason, Ohio).
He has extensive experience as a researcher and published
author. Wang’s works have been published in the CIRP
Annals, the International Journal of Machine Tools and
Manufacture and the International Journal of Advanced
Manufacturing Technology and include “A Hybrid Cutting
Force Model for Machining of Titanium Alloys,” “High Speed
Milling of Titanium Alloys Using Binderless CBN Tools”

and “Study on Orthogonal Turning of Titanium Alloys with
Different Coolant Supply Strategies.” Wang earned his PhD
from the National University of Singapore and also holds a
master’s degree from the Nanjing University of Aeronautics
and Astronautics in China and a Bachelor of Science degree
from the Nanjing Forestry University in Nanjing, China.

MARK LARSON
MANAGER OF TITANIUM PROCESS DEVELOPMENT,
MAKINO INC,

Mark Larson currently leads Makino’s Global Titanium
Research & Development center, where he is responsible
for titanium milling process research and development on
horizontal and vertical machining centers. With over 20
years of technical experience at Makino, Mark has formerly
held positions as an applications engineering manager and
turnkey engineering manager. He has vast metal-cutting
experience that includes multiple years of developing
specific turnkey engineered part solutions for various
industries such as automotive, medical and aerospace. Mark
is a graduate of Miami University with a Bachelor of Science
degree in manufacturing engineering.



DESIGN APPLICATIONS OF TITANIUM ALLOYS

Titanium alloys have been widely used in the aerospace, The benefits of titanium come at a price, however. Where
biomedical and petroleum industries due to their good aluminum can be cut at rotational speeds exceeding 30,000
strength-to-weight ratio and superior corrosion resistance. rpm with high feed rates and significant depth of cut, the
Critical applications requiring the ultimate in weight- inherent strength of titanium alloys causes increased cutting
optimized designs or applications that see the most extreme  forces and poor machinability. Its low thermal conductivity
environmental conditions are ideal for the use of titanium. creates elevated cutting temperatures concentrated at the
As designers look to further improve their designs and as tool/chip interface. Coupled with the fact that titanium has
modeling technologies advance, industries are turning to high chemical reactivity at elevated temperatures, the result

titanium more often than ever.

magnitude lower than other structural metals.

is significant tool wear and cutting speeds on an order of
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The increasing use of titanium magnifies the need
for understanding and optimizing high-performance
titanium machining.
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CUTTING TEMPERATURE IS CRITICAL

As an example of the complications that arise in machining
titanium alloys, the following simulated cutting temperatures
were captured during dry cutting Ti-6A1-4V and AISI 4340
with the same cutter, with a cutting speed of 60 m/min and
0.2 mm axial depth of cut.

CUTTING TEMPERATURE COMPARISON: TIGAL4V VS. AISI 4340

TEMP TEMP

(Avg: 75%) (Avg: 75%)
+6.473e+02 +6.473e+02
+5.934e+02 +5.934e+02
+5.395e+02 +5.395e+02
+4.855e+02 +4.855e+02
+4.316e+02 +4.316e+02
+3.776e+02 +3.776e+02
+3.237e+02 +3.237e+02
+2.697e+02 +2.697e+02
+2.158e+02 +2.158e+02
+1.618e+02 +1.618e+02
+1.079e+02 +1.079e+02
+5.395e+01 +5.395e+01

-4.312e-09 -4.312e-09

Ti-6Al-4V AlSI 4340

The thermal conductivity of Ti64 is 15 percent of that for

Maximum cutting temperature in titanium

was 200°C (392°F) higher than that of steel AIST 4340, resulting in dramatically increased heat
under the same cutting conditions. concentration. For Ti64, the temperature at the tool/

chip interface reaches more than 600°C (1112°F);
however, for 4340, the highest cutting temperature
is 200°C (392°F) lower.

Compounding the thermal issue, the increased strength of the
titanium alloy also results in a thinner chip and shorter tool/
chip contact length. The net result is more thermal energy

to be dissipated in a smaller volume of material that is in-
herently less able to conduct heat. This observation clearly
highlights why controlling cutting temperature is the most
challenging problem in high-performance titanium machining.

4 © 2013 Makino, Inc. Model Development for Cutting Optimization
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YIELD STRENGTH OF TOOL AND WORK MATERIALS

The importance of cutting temperatures
can be seen by looking at the charac-
teristic plots of material yield strength
against temperature for both the
cutting tool and workpiece.

Clearly, a material’s yield strength is
reduced as temperature increases. In
terms of the workpiece, this is useful
information in that increased tempera-
ture makes it easier to remove material.
The critical factor, however, is the
impact on the mechanical strength of
the cutting tool material.

As seen in the graph, once tungsten
carbide (WC) reaches 800°C (1472°F),
its mechanical strength is sharply
reduced. This temperature is called
the reaction temperature and it differs
by material. This reduction in strength
limits the cutting temperature of WC
to about 800°C, whereas cubic boron
nitride (CBN), by comparison, can
handle 1200°C (2192°F). Thus, an
ideal temperature exists for maximiz-
ing productivity that softens the work
material while maintaining mechanical
strength of the tool.

Determining this critical temperature
is key to high-performance titanium
machining.

YIELD STRENGTH OF MATERIALS VS. TEMPERATURE
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The key factor in titanium machining is keeping

temperatures where the material is easier to
remove while maintaining tool integrity.
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THE CONVENTIONAL METHOD FOR SELECTING CUTTING CONDITIONS

Tap testing is widely used in aluminum machining to determine the cutting conditions to be used for a particular machine/
holder/tool combination.

TYPICAL PROCESS FOR TAP-TEST DETERMINATION OF OPTIMAL CUTTING CONDITIONS

MACHINE TOOL SELECT OPTIMAL CUTTING CONDITIONS
AND SPINDLE Cuting sped
-Depth of cut and feed rate
STRIKE

— MACHINING DYNAMICS SIMULATIONS
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ooy | FETIITITE

CURVE FITTING TO OBTAIN K. M AND C

AN S (-
H(EEchE“SE POWER CABLE -Solve for ¢ and § 2\/km
k — stiffness
FREQUENCY RESPONSE r: meg concn
FUNCTIONS AND PLOTS

Tap-test data is used to generate frequency response plots for the system and the calculation of cutting forces that

allows selection of the optimal cutting speed, depth of cut and feed rate.

An accelerometer is mounted to the tool in the machine, The frequency response is used in curve fitting to obtain
and an instrumented hammer is used to tap the tool. constants k, m, ¢ and 8 that are used in a machining
The hammer provides the excitation input while the dynamics simulation that calculates the corresponding
accelerometer records the resulting response of the cutting speed, depth of cut and feed rate.

machine/tool system. The data is analyzed with software
that determines the natural frequency response of the
entire cutting system.

6 © 2013 Makino, Inc. Model Development for Cutting Optimization
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STABILITY LOBES IN TITANIUM MACHINING

The frequency response and for
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Unstable combinations due to vibration are in the blue

area, whereas those in the gray area result in too much
heat in the part and/or tool.
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STABILITY LOBES FOR MACHINING OF ALUMINUM ALLOY WITH FIVE-FLUTE, 0.5-INCH CARBIDE TOOLS
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For example, a plot in aluminum would have a stable range
that might reach out to 30,000 rpm, providing a much wider
set of stability lobes and less precise requirements on spindle
speed throughout the cut. Titanium demands much finer
control to maintain the “sweet spot” at the peak of the
optimal stability lobe for maximum productivity.

OBJECTIVES AND APPROACHES

Makino undertook an effort to systematically study heat
generation in high-performance machining of titanium
alloys to develop a deep understanding of the interaction
of the influences involved. With that knowledge in hand,
processes and theoretical models were developed for
selecting optimized cutting conditions and efficient
cooling strategies.

Goals for this work:
e Maximum titanium machining productivity

e Longest tool life

e Best finished surface quality

8 © 2013 Makino, Inc.
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In order to achieve these objectives a process was developed
to estimate the cutting forces, shear angle, etc., involved in cut-
ting titanium. This process was then used to model the cutting
temperature distribution at the tool/chip interface, which could
be used for selection of optimal cutting conditions.

For verification, physical experiments were carried out for
comparison to the theoretical model. This procedure was
repeated and improved until the calculation error fell within
a suitable threshold value to consider the model proven.

MODELING SHEAR AND FRICTIONAL
FORCES IN THE DEFORMATION ZONES

During orthogonal cutting, as the tool moves through the

material to be removed, there are two regions where heat is
generated. The main component to the cutting temperature is
heat generated in the primary deformation zone due to plastic
work done by the shear force (F) in the shear plane. Also
significant is the heat generated in the secondary deformation
zone due to the friction force (F) at the tool/chip interface as
the tool pushes the chip away from the workpiece.

Model Development for Cutting Optimization
in High-Performance Titanium Machining



CUTTING MECHANICS AND CHIP FORMATION IN ORTHOGONAL CUTTING

—_ —_ Tm
cos(8—-¢) rcos(@-¢)
T cos@
Fy =F,cos = —"———
rcos(f — @)
. T sin A
F,=FpsinA=—"——
rcos(6 - @)
A=0-¢+a
I where ¢, is undeformed chip thickness, £, is chip thickness, /is the length of the shear
\ ZND DEFORMATI[]N plane, [ is the tool-chip contact length, o is the rake angle, @ is the shear angle, A is
ZUNE the friction angle at the tool-chip interface, 0 is the angle made by the resultant cutting
PRIMARY force and shear plane, F, is the force component in the cutting direction, £ is the force
DEFORMA‘”UN ZUNE component vertical to the cutting direction, F,and F, are the frictional force and the normal

force at tool-chip interface, £, is the force normal to the shear plane, £, is the shear force
on the shear plane, £, and F, are force components in radial and tangential directions, F, is
the resultant cutting force, T is the cutting torque, V, is the cutting speed, VM and V are
the chip velocity and shear velocity, respectively.

The forces generated in the two deformation zones must be calculated in order to determine the power needed to

complete the cut.

In order to determine the power involved in the cut and
thereby be able to estimate the cutting heat generated, it
is necessary to know the shear force along the shear plane
and friction force at the tool/chip interface.

MODELING OF FLOW STRESSES

Flow stress is defined as the yield stress under uniaxial

conditions at which materials start to deform plastically.
Many researchers have developed techniques to determine
the flow stress of metals. The most widely used is the
Johnson-Cook (JC) strength model that represents the
flow stress of a material as the product of strain, strain-
rate and temperature:

& =[A+ B@Y ][I+ Cln )][1 (T 7;,)]

This model shows where A, B, n, C and m are fitted
based on existing Hopkinson bar experimental test data
with Levenberg-Marquardt modifications for the global
convergence method.

9 © 2013 Makino, Inc. Model Development for Cutting Optimization
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Previously published JC data provides FLOW STRESS MODELS FOR TI64 AT 20°C (68°F) AND 700°C (1292°F)

the following model of flow stress

for Ti64 under 20°C (68°F) and 700°C 20" FLOW STRESS 700°FLow STRESS
(1292°F) across a range of strain rates. 1578 532
Clearly and as expected, with the
. 1423 480
increase of the temperature, the flow
stress is reduced. Similarly, as the
strain rate is decreased, so is the flow 1268 .
stress. Thus, it is easier to remove the ¢ 8
w w
material as the work material tempera- 2 3
ture increases. e / o /
3 957 323
Considerably lower flow stresses / /
are seen inTiB4 at 700°C (1292°F) /
and at lower strain rates. w01 0
0.000 0.105 0210 0315 0.420 0.525 0.000 0.105 0210 0315 0.420 0.525
Strain Strain
— Strain Rate: 0.001 — Strain Rate: 0.100 — Strain Rate: 10.00 — Strain Rate: 1000.000
—— Strain Rate: 0.010 Strain Rate: 1.000 —— Strain Rate: 100.000

MODEL FOR ESTIMATION OF CUTTING FORCES IN TITANIUM MACHINING

Given: cutting conditions and material properties Caleulation
of strain &
! strain rate
D= —
]
Assume the initial value of C {say C=5)
{ ]
Assume ¢ (say § = 5%
]
Estimate new C Calculate | = ty/sing ; Vs, €4 andvag: Calculation of
} the mean
Calculate the temperature at shear plane temperature .
| attool/chip $=¢ +0.1
nterface
| Calculate @ ; A; R=F.fcosB, F, N and F_
Calculaticn of the
tempefature at !
sheaf plane Caleulate the flow stress 1, at tosl/chip interface
- No
I . .
Calculate the mean tempethure at tool/chip interface -—_-_‘_'_'______ $=45°7 i
L Yes
Calculate the tool/chip interface shear flow stress Kpip —
zasmall givenvalue  ——— = Plot T, and k,, versus ¢ and select
— ———Compare 'y &gy —— solution point ¢ where T, =k,
S=dmin | Is a small given value ]
T Mo ,-"ﬁ-'&.
< = = = b=h_ F -
T e ™ _~7 No
Yes Fnel
Yes

Print the final results,
such as ¢, forces, etc.

Plot F, versus & and determine
=i, for minimum F_

Strain, strain rate and cutting temperature at the shear plane and tool/chip interface are calculated, and then flow stress and cutting forces

are determined. Equilibrium conditions are checked to ensure compliance before defining the final cutting forces.

10 © 2013 Makino, Inc. Model Development for Cutting Optimization
in High-Performance Titanium Machining



MODELING OF CUTTING FORCES

Based on the JC strength model, an analytical cutting force
model could be developed. This flowchart shows the cut-
ting force model used in this study.

Four main procedures are involved in the model:
1. Strain and strain rate are calculated.

2. Temperature along the shear plane and the mean tem-
perature at the tool/chip interface are calculated.

3. The JC strength model is used to calculate the flow stress
and cutting forces.

4. The equilibrium conditions at the tool/chip interface are
checked.

The whole procedure is repeated until all of the equilibri-
um conditions at the tool/chip interface are met. Once they
are, the shear force and frictional force can be obtained.

ESTIMATION OF CUTTING FORCES

In order to estimate the cutting forces involved and
eliminate the physical test otherwise used to determine
the coefficient, specific cutting pressure (K) can be
estimated with the following equation:

Ko - k 45 cos(A —a)

sin ¢ cos &

The equation illustrates that k, , is the flow stress along the
shear plane, A is the friction angle, a. is the rake angle, ¢ is the
shear angle, and 0 is the angle made by the resultant force and
the shear plane.

Once K _is defined, the friction forces at the tool/chip interface
can be estimated, and the friction force multiplied by the cut-
ting speed allows the calculation of the cutting power involved.

_ Kc-tyw
4 cos(A-a)

) kptiw .
sinA=—481" snA

sin ¢cos

Tool chip contact length is shown as 1, where C_ is the strain
rate constant and n is the strain hardening index.

/- t,sin @ {1

+ Cnnl
¢ cosAsing N+2(x/4-¢)-C,ny]

1 © 2013 Makino, Inc.

Once the shear and friction forces are known, the shearing
power and friction power can be calculated with the two equa-
tions above. The shear plane temperature can be calculated
based on the assumption that all shearing power is converted
into heat.

_ Ky,  Kccosf  cosa 1
bhvpc  cos(d - ¢) cos(¢p — ) pc

S r

In the above equation, ¢ and p are the specific heat and density
of the work material, respectively. From this equation, we can
see that the shear plane temperature (T) does not depend on
the chip dimensions such as width of cut and undeformed chip
thickness, nor is it directly contingent on the cutting speed.
Shear temperature is determined by the mechanical and ther-
mal properties of work materials, rake angle and shear angle,
which indirectly depends on cutting speed and undeformed
chip thickness.

CUTTING-TEMPERATURE CALCULATION

Using the following friction model, the friction power at the

interface can be estimated.

MODEL FOR CALCULATING FRICTION POWER

- Tab
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Using this model, the friction power at the tool/chip

interface can be calculated for use in determining the
cutting temperature.

Model Development for Cutting Optimization
in High-Performance Titanium Machining



Temperature in the chip is calculated using a finite difference
computation approach.

The entire field of the chip is divided into incremental slices
in both X and Y directions. Assuming that the temperature

is constant across each element and changes discretely from
one element to the next, the method of finite differences can
be applied to the field.

Tj—l,k B Tj,k _ Tj,k B Tj+l,k Axbk
Ay Ay
T.. . -T.
_ bA)CA J.k+1 .k
\V0C T A

In the computation, both mass transfer and heat conduction
are considered in the X direction, and heat conduction is
considered in the Y direction. Over the contact length, from
1 to KK, heat input p, is obtained at its lower end, and the
heat spreads in the slice in the Y direction by conduction as
well as being conducted away through the tool.

Using this computation, the average temperature (T, ) at the
tool/chip interface can be determined, and, with T, as an
input, the power passing through the tool can be found as
well. The power passing through the tool is then corrected
for the next iteration.

IN-PROCESS CUTTING-CONDITION
OPTIMIZATION

After developing the model for the cutting forces and cutting
heat generation, the outputs can be used to evaluate the
cutting conditions in the process. Based on the input data,
such as cutting parameters and tool geometries, along with
the in-process monitoring of spindle load and cutting power,
the cutting forces and temperatures are continuously
calculated using the developed model.

For each calculation, if the resulting error is within the given
threshold value, the calculated temperature at the tool/chip
interface is checked against the tool material reaction
temperature (800°C/1472°F for WO).

If the error is not within the threshold, the cutting condi-
tions are updated until the highest temperature is less than
the reaction temperature for WC-Co materials. Afterward,
the cutting process is optimized to achieve minimum cutting
power/forces.

12 © 2013 Makino, Inc.

VERIFICATION AND CUTTING-
FORCE TESTING

In order to test the model results, a series of tests were

performed on a titanium workpiece using a cutting path with
concave, convex and straight features. This toolpath enabled
comparison using three different cutting loads in one pass to
truly test accuracy of the model.

EXPERIMENTAL SETUP AND CUTTING-PATH DETAIL

v 60 "-

/ o
&

|
V

7

Using a cutting path with concave, convex and straight portions

allowed more rigorous verification of the model in one setup
with varying cutting conditions.

The concave portion of the path has more radial tool
engagement and thicker chips, while the convex portion has
thinner chips with less engagement, and the straight portion
obviously falls between these. A five-flute, 0.5-inch end mill
was chosen as the tool for all of the testing.

Model Development for Cutting Optimization
in High-Performance Titanium Machining



Cutting conditions for the test cuts: MEASURED VS. ESTIMATED CUTTING FORCES

* Feed rate — f = 0.1 mm/r-z

FILTERING ON CONVENTIONAL PATH & CUTTER SPEED
e Cutting speed — V_= 58. m/min 600
* Radial depth of cut —a_, = 0.6 mm Ch1[N] Fx
Ch2 [N] Fy
e Axial depth of cut — a =127 mm 400
Excellent correlation was seen in all = ly
&3 2001
phases of the cut. 2
2
=
E oy : : : o .
3 2338 2066 25.94 /M 21.22 2850
2004 \ MW
N\« ”P[Mﬁ'm
400 0 15.53 31.06 4659 62.12 77.65
MACHINING LENGTH (MM)
SIMULATED CUTTING FORECES UNDER PARALLEL CONTOUR & CUTTER CENTER
614.126
e Cutting force Fx
493.278 = Cutting force FY
372.430
251582
=
£ 130733
S
= 9885 [
E
S -110960
-23181
-352.660
_473508 1 1 1 1 1 1 1 i}

0 9.647 19.294 28.941 38.588 48.234 57.881 67.528 77.175
MACHINING LENGTH (MM)

Excellent correlation was seen between the measured cutting forces for the test

path. From left to right, the path was straight, concave, straight and convex.

VERIFICATION AND CUTTING-TEMPERATURE TESTING

In order to verify the cutting-temperature model, an instrumented test setup was created to secure a workpiece for running

repeated test cuts while measuring temperature in the work zone.

Eight 0.5-mm-diameter thermocouples were placed in the workpiece inside holes drilled 0.4 mm below and parallel to the
cutting plane to measure temperature in the work zone throughout the entire length of the test cuts. The same five-flute,
0.5-inch end mill was used in the temperature testing.

Cutting forces were measured via an instrumented mount, and all data was fed to a PC for comparison against the estimated
values developed in the model.

13 © 2013 Makino, Inc. Model Development for Cutting Optimization
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INSTRUMENTED TESTING SETUP FOR TEMPERATURE MEASUREMENT

WORKPIECE

INSERT

THERMOCOUPLE

As discussed previously, in practical 700 ............................... ............................... ............................... ...............................

ANIT H3LN3D HILLND

% ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Jl

experience, the most significant factor 0 | = EXPERIMENT RESULTS
in the cutting temperature of titanium —&— SIMULATION RESULTS
is the cutting speed; therefore, the 600 :

first and most important comparison

performed to evaluate the model % 550
against the experimental data was cut- £ 500
ting temperature versus cutting speed. §
@
Cutting conditions for the test cuts: 450 : : :
e Feed rate — f = 0.1 mm/r-z 400 f,=0.1 mm/r -zanda, = 1. 0 mm, D =12 mm SO|Id carbide
’ : : end mill, dry cutting condmon :
e Radial depth of cut —a_ = 1.0 mm 200 :
As can be seen here, the proposed 30 50 70 %0 1o 130
cutting temperature calculation Cutting Speed (m/min)

model predicts cutting temperature .
with good accuracy. The modeled cutting temperatures closely matched the actual test data.

14 © 2013 Makino, Inc. Model Development for Cutting Optimization
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PHYSICAL TAP-TEST RESULT

Once the temperature predictions were
seen to be accurately tracking the
physical test-cut data, physical tests
were performed to optimize the cutting
process.

For the test setup used in the tempera-
ture measurement experiment, tap tests
were performed to identify the stable
rotational speeds that were indicated as
the most productive, with the greatest
possible depth of cut.

In these results, the highest speeds that
remained in the stable cutting range
and under the characteristic tempera-
ture of WC were 1,030 and 1,174 rpm.
These speeds were used to verify

the results and optimization process
through physical experimentation.

AXIAL DEPTH OF CUT, AP (mm)

STABILITY LOBE PLOT OF DEPTH OF CUT VS. SPINDLE SPEED
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Using tap-test analysis, the highest stable spindle speeds were selected at 1030
and 1174 rpm, and then used to optimize the cutting process.

PHYSICAL EXPERIMENTAL VERIFICATION

EXPERIMENTAL RESULTS OF OPTIMIZED TEST CUTS

' STABLE CUTTING AT FZ =
0.168 MM/R-Z, 1174 RPM

Machined surface profile at 1174 rpm

15

Test cuts were conducted at 1,174

rpm to check surface finish and tool

wear under actual cutting conditions
CUTTING EDGE to ensure that the cutting process

remained stable and the temperatures

. were below the critical temperature for

extended tool life in the WC cutter.

N

During testing, the average temperature

- 5 H'A_N_K FAGE Bl 5o at the tool/chip interface reached 650°C
: (1202°F), below the 800°C (1472°F)
critical temperature threshold, and the
flank tool wear was less than 0.1 mm
after 16 passes.

Tool flank after 16 passes
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CONCLUSIONS

e An analytical cutting-force model for milling
processes in Ti64 has been developed that provides
good accuracy in predicting the cutting forces when
compared to experimental cutting data.

e Numerical simulation was performed to estimate the
temperature distribution at the tool/chip interface.
Cutting speeds and radial depth of cut have more
dominant effects on cutting temperatures than do
feed rates.

e Average cutting temperature at the tool/chip
interface was measured in experimental testing and
was found to be controlled within the characteristic
temperature of WC material to maintain reasonable tool
life in a stable finishing operation optimized to achieve
high productivity as well as long tool life.

e Physical experimentation has verified that the proposed
theoretical modeling approach can achieve high-perfor-
mance machining of titanium alloys.
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