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Abstract

Accurate and fast prediction of cutting forces is important in high-performance cutting in the
aerospace industry. Gamma titanium aluminide (y-TiAl) is a material of choice for aerospace and
automotive applications due to its superior thermo-mechanical properties. Nevertheless, it is a
difficult to machine material. This article presents the prediction of cutting forces for Ti-48Al-
2Cr-2Nb (48-2-2) y-TiAl in milling process using orthogonal to oblique transformation
technique. The novelty of this paper lies in reporting the orthogonal database of 48-2-2 y-TiAl.
Fundamental cutting parameters such as shear stress, friction angle and shear angle are calculated
based on experimental measurements. Friction coefficients are identified for two different
coating conditions which are AITiN, and AICrN on carbide tools. Predicted results are validated

with the experimental cutting forces during end milling and ball-end milling operations for



different cutting conditions. The simulated results showed good agreement with the experimental

results, which confirms the validity of the force model.
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1. Introduction

The use of advanced lightweight structural materials is a key point for aerospace and automotive
applications to improve engine performances and efficiency, as well as to satisfy the increasingly
restrictive environmental regulations, aimed at reaching a decisive lessening of CO2 emissions
[1]. In this context, intermetallic aero-engine materials, such as y-TiAl, have been identified as
strategically critical materials to be used in both non-rotating and rotating components, e.g. blade
manufacturing. They provide a remarkable strength-to-weight ratio, approximately half the
density of nickel-based superalloys, high stiffness, high elastic modulus, strength retention at
elevated temperatures, oxidation resistance, and good creep properties [2,3].

However, the attractive mechanical and thermal properties, become a drawback when dealing
with machining, as it occurs with many other materials. As it has been shown in several
conventional machining publications, machinability of y-TiAl is poor because of its low ductility
combined with high hardness and brittleness at room temperature, low thermal expansion, low
fracture toughness and chemical reactivity with many tool materials [4,5]. In consequence, the
machining cost is high, which can restrict the widespread use of these materials in the industry.

Several research studies have been carried out in the last years dealing with the machinability
properties of y-TiAl. Mantle et al. [6] investigated the surface integrity of y-TiAl, Ti-45Al-2Nb-
2Mn-0.8 vol.% TiB2XD by performing high-speed milling operations. Experiments were carried

out using coated tungsten carbide ball-end mill in up milling and down milling directions.



Priarone et al. [7] studied the effect of cutting tool angles and cutting-edge preparation in
machinability of Ti-48Al-2Cr-2Nb EBM sintered y-TiAl. All the milling operations were
performed in down milling mode with coated and uncoated carbide end mills. Beranoagirre et
al. [8] provided the specific cutting force coefficients obtained from the mechanistic calibration
method for three different types of y-TiAl alloys: the MoCusSi type in ingot and extruded form,
and the TNB type in ingot form. They performed milling experiments and studied the tool wear
for different cutting conditions and found that the cutting velocity is the determining factor in
tool life. Settineri et al. [9] performed turning and milling experiments on three different y-TiAl
alloys: Ti—48Al-2Cr- 2Nb, Ti-43.5AI-4Nb-1Mo0-0.1B, and Ti-45AI-2Nb-2Mn - 0.8 vol.%
TiB2 XD, focusing on machinability and material characterization. The experimental results were
extremely dissimilar due to the different alloying elements which affected the mechanical and
thermal material properties. Hood et al. [10] investigated the surface integrity by performing slot
milling on Ti-45Al-2Nb-2Mn-0.8 vol.%, TiB2 using AITiN coated WC ball nose end mills.

Although machining of y-TiAl alloys has been previously researched in the literature, no studies
have been carried out to develop an orthogonal cutting database for the prediction of cutting
forces for y-TiAl in oblique and 3D processes such as flat and ball-end milling. The creation of
such a database is crucial for accurate and fast predictions of cutting forces employed in high-
performance machining of aeronautic components such as blades. This implies that industrial
parameters such as surface roughness, the possibility of chatter or dimensional tolerances can be
accurately predicted.

A fundamental cutting parameter database independent of cutter geometry is required to
calculate the cutting forces in a machining operation. This database is then used to calculate the

specific cutting coefficients by applying an analytical orthogonal to oblique transformation



model [11]. In addition, this model allows the prediction of cutting forces of complex operations
such as ball-end milling [12]. This approach can also be implemented to investigate the effects
of cutting parameters on machining performance [13].

High-performance coatings have become a successful standard for increasing the efficiency of
machining tools in the industry over the last decade [14,15]. The current study focuses on
establishing an orthogonal cutting database for 48-2-2 y-TiAl for different tool coatings; AITIN
and AICrN coatings. For cutting force predictions, an analytical force model and the orthogonal
to oblique transformation method is employed. The model is then validated for end milling and
ball-end milling operations for different cutting conditions, demonstrating good agreement

between experimental and modeled results.

2. Mechanics of milling operation

Milling operation is one of the most fundamental metal cutting operations that is extensively
used in the manufacturing of complex components in high-tech fields such as aerospace,
automotive and biomedical industries. Unlike turning, which is a continuous cutting operation,
milling is an interrupted machining operation. During milling operation, the cutting edges
repeatedly enter and exit the engagement domain. Therefore, the cutting forces are harmonic and
the simulation of cutting forces is more complicated. The geometry of the milling tool and the

mechanics of the process are illustrated in Fig.1(a).
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Fig. 1. Geometry of (a) milling, and (b) orthogonal turning operation.

Elemental cutting forces in end milling operation can be analytically modeled using Eq. (1). In
this set of equations dF;, dF. and dF, are the differential cutting forces in tangential, radial and
axial directions, respectively. Moreover, h(¢) and dz denote the uncut chip thickness and
elemental length of the cutting edge in the axial direction. K., K., K¢, Kte, K- and K, are the
specific cutting and edge coefficients that are associated with the cutting and ploughing
phenomena in the metal cutting process.
dFy = [Kich(@) + Keeldz,
dF, = [Kych($) + Keeldz, 1)
dFy = [Kach(9) + Kgeldz,

The accuracy of the analytical model is highly dependent upon the accurate prediction of the
cutting force coefficients and edge coefficients. Different approaches have been suggested in the
literature to predict the cutting coefficients [16—20]. The advantage of using orthogonal to oblique
transformation technique over other methods is that the cutting coefficients can be predicted
before the manufacturing of the tool. This method is independent of cutter geometry and can be
used to simulate the cutting forces for any metal cutting process alike. Orthogonal to oblique
transformation technique is based on the measurement of chip thicknesses and the cutting forces

in the tangential and feed directions in an orthogonal turning test. The measurements are used to

calculate the fundamental cutting parameters, including shear stress, shear angle and friction



angle. Transformation of these parameters are then utilized to model oblique cutting processes
such as the milling operation. In this paper, using the orthogonal cutting forces, the cutting force
coefficients and edge coefficients in Eq. (1) are estimated [21]. The geometry of the orthogonal
cutting is illustrated in Fig.1(b). The fundamental parameters for orthogonal to oblique

transformation can be predicted from Eq. (2-6):

Ba= a,+ tan‘l% 2
p = tan(Bq) ©)
O @

= Fcos(@.+ ﬁ;}: ar)sin@. )
r, = tan(@.) (6)

cos(ay)((tan(ay)tan(®.)+1)

Where B, ay, Frc, Feeo b, e, Ts, F, b, h and 7, are friction angle, rake angle, average feed cutting
force, average tangential cutting force, the coefficient of friction, shear angle, shear stress,
average resultant force, the width of cut, uncut chip thickness, and chip thickness ratio in
orthogonal turning, respectively. Due to the low machinability of y-TiAl, the produced chips
during the machining process are expected to be discontinuous, making the deformed chip
thickness measurement and empirical calculation of chip ratio challenging. To tackle this
problem, the minimum energy principle is employed to estimate the shear angle as given in Eq.
(4). This model assumes that the shear stress on the shear plane is equivalent to the yield shear

stress of the material and that the shear plane is thin [22].



3. Cutter-Workpiece Engagement Model for Ball-end Milling

The ball-end milling process is widely used in the machining of free form surfaces especially
in the automobile, aerospace, and die and mold industries. Owing to the geometry of the ball-end
milling tool, the engagement area doesn’t remain constant and the complete cutting-edge length
IS not in contact with the workpiece during the freeform surface machining. In this study, the
cutting forces for freeform ball-end milling are predicted by employing a solid modeler-based
engagement model to predict the contact region between the tool and the workpiece. First, the
contact surface between the tool and the workpiece is calculated at each cutter location, then the
swept volume of the cutting tool is calculated from the cutter location (CL) file. The entrance
and exit angles of each discrete cutting disc are calculated after subtracting the swept volume
from a blank workpiece. These angles are used as an input for the force model. A detailed
explanation of the employed engagement model is provided in [23]. A sample contact region for

a given cutter location on a freeform milling surface is shown in Fig. 2.

Fig. 2. (&) CAD model of the freeform surface; (b) CAM simulation and tool-workpiece contact region.

4. Experimental setup

The experimental stage of this work consisted of both orthogonal turning and milling of 48-2-2

y-TiAl, a difficult to cut material. The obtained as-cast workpiece specimen is reported to have



24+2 HRC with 326 MPa yield strength, 422 MPa ultimate tensile strength and %1.7 elastic
strain at 23° and 384 MPa yield strength, 474 MPa ultimate tensile strength and %5.1 elastic
strain at 650° [26,27]. Orthogonal turning tests were performed to establish the orthogonal
database, whereas the milling tests were conducted to validate the predicted cutting forces

obtained from the developed database.

4.1 Orthogonal turning setup

Orthogonal cutting tests were performed on a Mazak Quick Turn Nexus 150 turning center as
shown in Fig. 3(a). A grooved 48-2-2 y-TiAl workpiece with 55 mm diameter and 2 mm width
of cut was used during tests. The inclination angle was set to zero degrees to have an orthogonal
cutting condition. All experimental tests were performed for 40 m/min cutting velocity and
0.06,0.08 and 0.100 mm/rev feedrates. Cutting operations were conducted with a 4° rake angle
and tungsten carbide inserts with two different coatings: AICrN and AITIN coatings. With
scanning electron microscope measurements, the edge radii of the turning inserts were identified
as 15 um for the AICrN coated tool and 16 pm for the AITiN coated tool. No coolant was used
during the machining and cutting forces were measured using Kistler 9257B table type

dynamometer.



Fig. 3. (a) Orthogonal turning setup and (b) milling test setup and for 48-2-2 y-TiAl machining. (DAQ: Data
acquisition)

4.2 Milling setup

A set of experimental tests consisting of flat and ball-end milling were performed on a 5-axis
Mori Seiki NMV5000 DCG machining center as shown in Fig. 3(b). Once again, all the milling
tests were conducted at dry conditions and a Kistler 9257B table type dynamometer was utilized
for cutting force data collection.

Flat end milling tests were conducted with a 36.5° helix angle, 8° rake angle, 12 mm diameter,
four fluted tungsten carbide end mills having two different coating conditions: AICrN and AITiIN
coating. The thicknesses of the coatings were measured using a scanning electron microscope
(SEM) shown in Fig. 4. Cutting force data was acquired during down milling operation for the

tool path shown in Fig 5. The cutting conditions are tabulated in Table 1.
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Fig. 4. Flat end mill coating thicknesses for (a) AICrN coating, and (b) AITiN coating.
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Fig.5.Toolpath for flat end milling.

Table 1
Flat end milling cutting conditions for 48 2-2 y-TiAl.
Cutting velocity  Depth of cut Width of cut Feedrate
[m/min] [mm] [mm] [mm/tooth]
15 2 0.5 0.04, 0.05, 0.07,0.08

The estimated cutting forces for ball-end milling were validated by performing down end
milling and freeform surface milling using AICrN coated, four fluted, tungsten carbide ball-end
mill with 30° nominal helix angle, 8 mm nominal diameter, and 5° rake angle. The cutting
conditions are tabulated in Table 2 and Table 3. The cutting tools used in the study are shown in

Fig.6
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Fig. 6. Cutting tools used in the study; (a) coated turning inserts, (b) coated end mills and ball-end mill.

Table 2
Ball-end milling cutting conditions for 48 2-2 y-TiAl in down end milling.
Cutting velocity Depth of cut Width of cut Feedrate
[m/min] [mm] [mm] [mm/tooth]
48 3 0.5 0.04, 0.06, 0.08
Table 3
Ball-end milling cutting conditions for 48 2-2 y-TiAl in freeform milling.
Cutting velocity Stepover Feedrate
[m/min] [mm] [mm/tooth]
40 1 0.06

5. Results and Discussions

5.1. Orthogonal cutting of 48-2-2 y-TiAl

The measured tangential and feed forces from orthogonal turning for different feedrates are
shown in Fig.7. These cutting forces were used to calculate the fundamental cutting parameters
such as shear stress, shear angle, friction angle and chip ratio. The calculated orthogonal cutting
parameters for different coatings are tabulated in Table 4 for the 4° rake angle insert. Results
showed that the AICrN coating has a smaller shear angle as compared to the AITIN coating. In

the cutting process, the chip thickness, shear angle and shear plane are interrelated to each other.



A smaller shear angle is associated with a longer shear plane and a relatively large chip thickness.
On the other hand, a large shear angle indicates a small shear plane and during the cutting process,
produced chips are relatively thinner [24]. This results in less force needed to shear off the chips,

implying that a lower friction coefficient dictates the process.

Table 4
Orthogonal to oblique database for 48 2-2 y-TiAl.
Parameters AITIN AICrN
Chip ratio (rc) 0.54 +0.01 0.46 +0.01
Friction angle (5.) 35.6°+£0.9 42.6°+£0.8
Friction coefficient (L) 0.72+0.02 0.92 +0.02
Shear angle () 29.2°+0.3 25.7°+£0.2
Shear stress (zs) 289.1+142MPa  311.5+6.7 MPa
Kie 78 71
Kye 70 66
4007} | AlITiN coating
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Fig. 7. Cutting forces measured during orthogonal turning of 48 2-2 y-TiAl for 4° rake angle and different coatings.



The friction coefficient plays an important role in the tool life and workpiece integrity [25].
The friction coefficient identified from the orthogonal turning showed that the AICrN coating
had the highest friction coefficient as compared to the AITiIN coating. No significant change in

shear stress is observed by changing the coatings.

5.2. Flat End Milling of 48-2-2 »-TiAl.

The cutting coefficients for milling operation were determined from orthogonal to oblique
transformation technique, and employing the analytical model shown in Eq. (1) the cutting forces
were simulated. The calculated edge cutting coefficients from orthogonal force data are shown
in Table 4. The estimated and measured cutting forces component for flat end milling for different
coatings and feedrates are compared in Fig.8 and Fig.9. It can be inferred from Fig. 8 that the
suggested force model is able to predict the cutting forces within a 20% error band for AITIN
coated tools. However, while the recorded tangential forces were found to be in close agreement
with the force estimation model for the AICrN coated tool, there is a mismatch for the radial force
comparison. This sub-optimal match can be attributed to the potential errors during the machining
operation that caused the radial cutting forces to be lower than expected. Regardless, our
estimation was successful in predicting the resultant forces (tangential and radial combine) with

minimal errors.
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Fig. 8. Measured and estimated cutting forces for the AITiN coated tool for flat end down-milling: Cutting forces in
(a) tangential and (b) radial directions with a feedrate of 64 mm/min; cutting forces in (c) tangential and (d) radial

directions with a feedrate of 88 mm/min.
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Fig. 9. Measured and estimated cutting forces for the AICrN coated tool for flat end down-milling: Cutting forces in
(a) tangential and (b) radial directions with a feedrate of 64 mm/min; cutting forces in (c) tangential and (d) radial

directions with a feedrate of 88 mm/min.



5.3. Ball-End Milling of 48-2-2 »-TiAl.

Down-end milling operations were performed using two different engagement conditions as
shown in Fig.10. A comparison between the simulation and the experimental data for these
engagement conditions are shown in Fig.11 and Fig.12; validation tests showed that the simulated

and measured cutting forces match well within a 15% error band.
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Fig. 10. Ball-end milling engagement area; (a) 4™ pass, and (b) 6™ pass down milling.
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Fig. 11. Comparison between the measured and estimated cutting forces for 4" pass down-milling with the feedrate
of 480 [mm/min]: Cutting forces in (a) the X direction, and (b) the Y direction.
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Fig. 12. Comparison between the measured and estimated cutting forces for 6™ pass down-milling with the feedrate
of 480 [mm/min]: Cutting forces in (a) the X direction, and (b) the Y direction.

NACA 2429 airfoil profile was machined to validate the accuracy of orthogonal parameters for
48-2-2 y-TiAl on freeform surfaces as shown in Fig 13. The machining was performed in 4 layers
with 6 paths in each layer. Estimated and measured cutting forces in the X and Y directions for
the third path in the fourth layer are shown in Fig 14. It can be inferred that the trend and the
magnitude of the simulated and experimental cutting forces are in good agreement. The deviation

in the cutting forces can be attributed to the instabilities that occur during machining operations.

Fig. 13. (a) Cutting tool path for an airfoil geometry; (b) machined part.
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Fig. 14. Comparison between the measured and estimated cutting forces of the 4™ layer, 3" tool pass with 576
[mm/min] feedrate; close-up view for cutting forces in (a) the X direction and (b) the Y direction.

5.4. Chip morphology of 48-2-2 y-TiAl.

The chip morphology observation during the turning and milling operation confirmed a
serrated, discontinuous and segmented chip geometry for all the cutting conditions. This
phenomenon is due to the brittleness and low fracture toughness of y-TiAl. Fig.15 illustrates the

chip morphology in the orthogonal turning and milling processes.



Fig. 15. Chip morphology of 48-2-2 y-TiAl; in orthogonal turning at (a) 0.08 mm feedrate, (b) 0.100 mm feedrate,
and in ball-end milling at (c) 336 mm/min feedrate, (d) 480 mm/min feedrate.

6. Conclusion

The article presents the formation of an orthogonal database to predict the fundamental cutting
parameters of 48-2-2 y-TiAl for the first time in literature. The effect of coating on friction
coefficient, shear stress, shear angle and cutting forces are also investigated. The shear angle for
AICrN coated tool was found to be less than the AITiIN coated tool, and the friction coefficient
for the AICrN coated tool was observed to be greater than the AITIN coated tool. The developed
database is employed to predict the cutting forces of 48-2-2 y-TiAl for milling operation. An
analytical force model was used to simulate the cutting forces for end milling and ball-end milling
for different coatings and cutting conditions. Estimated cutting forces, validated via end milling
experiments, were found within 13% and 20% error band for AICrN and AITiN coatings, whereas
cutting forces validated via ball-end milling experiments matched well within 15% error band
for AICrN coating. This study aims to be an important guide for machining of 48 2-2 y-TiAl
alloys and facilitating the transition from processing traditional materials to advanced materials

for manufacturing industries.
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