
The Effect of Machining on Surface
Integrity of Gamma Titanium
Aluminides Using Different Cemented
Carbide Tools

S. D. Castellanos, J. Lino Alves, R. Neto and A. Cavaleiro

Abstract Gamma titanium aluminides are a new generation of light materials that
compete with nickel or cobalt superalloys, when it comes to the manufacture of very
high resistance requirement components such as low and high-pressure compres-
sor blades, in the case of aeronautical applications. Machining is a process used to
manufacture such components. However, in available literature, the specific infor-
mation regarding machining performance of gamma titanium aluminides is scarce.
The present research focused on the comparative study of the performance of coated
tungsten carbide (WC-Co) inserts with round geometry in face milling operation of
a gamma titanium aluminide alloy (Ti-48Al-2Nb-0.7Cr-0.3Si). Six different cutting-
inserts in a combination of three different compositions ofWC-Co substrates and two
edge-geometries (XL and XM) recommended for conventional titanium alloys were
tested. Milling experiments were carried out for different cutting speed, depth of cut
and chip thickness. The results are discussed in terms of the correlation between cut-
ting parameters with cutting force, surface roughness andwork-hardening. The study
showed that chip thickness, significantly affected the machined surface integrity in
related with the tool insert geometry. Insert type C-XL showed better performance
for cutting speed to 45 m/min, while inserts types A-XL and B-XM showed better
behavior for cutting speed to 70 m/min.
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1 Introduction

Machining of titanium aluminide-based alloys is considered by several authors [1–5]
as a challenge. This is due to their mechanical properties (ductility, specific strength,
low thermal conductivity and mechanical resistance at elevated temperatures) which
leads to an unusual response pattern to the cutting process causing surface and sub-
surface defects. Themain drawbacks on theworkpiece surface (feedmarks, smearing,
tearing surface, surface cracks, lay patterns) are mainly due to the uncertain selection
of machining parameters (cutting parameters, tool material, tool geometry, cutting
environment) [6–9]. Several authors [8, 10–14] agree that the lack of studies on the
machining performance of titanium aluminides-based alloys (cutting parameters,
optimization of tool geometry and material) is still one of the main factors limiting
the growth of their industrial application.

Cutting tools and cutting parameters are the most important factor affecting the
machining operation. The machining of titanium aluminides induced thermal and
mechanical effects on the cutting tool that can affect its working life [15–17]. The
combination of high cutting force and high temperature in the cutting area during the
machining of these materials causes the tool edges to plastically deform or break by
chipping. Also, it has been shown that from the perspective of surface integrity and
productivity in the machining of titanium aluminides it is more difficult to optimize
the performance of cutting tools [18, 19].

In the machining of titanium aluminides, cemented tungsten carbide tools are the
most studied by researchers. Several types of tool wear mechanisms were reported
during the cutting process [13, 20–22]. However, coated or uncoated WC cutting
tools are the primary choice for machining titanium aluminides, carbide tools use
single or multi layers coating of Aluminum Oxide (Al2O3), Titanium Nitride (TiN),
Titanium Carbide (TiC), Titanium Carbo-Nitride (TICN) or Titanium Aluminum
Nitride (TiAlN) in order to protect the tool fromwear and improve tool performance.

There are several defects that affect the quality of surface integrity in titanium alu-
minides, the main ones being cracks, lamellar deformation, work-hardening, smear-
ing between other. These types of defects have been observed by different researchers
[3, 18, 23–25] and are affected by the characteristics of the cutting tool and the cutting
parameters. Surfaces cracking showed proportional to the flank wear on the cutting
tool and influenced by the low ductility of these alloys [5]. Low thermal conductivity
leads to increase temperatures on the cutting edge and promote the flank wear on the
tool’s cutting edge.

On the other hand, several studies on the integrity of the machined surface have
been carried out using cemented tungsten carbide (WC) tools with and without coat-
ing [15, 18, 19, 22, 25, 26]. Based on these investigations it is observed that surfaces
producedwithWC tools show a greater tendency to surface cracking compared to the
use of other tools such as polycrystalline cubic boron nitride (PCBN), polycrystalline
diamond (PCD) and cubic boron nitride (CBN) [1].

The main disadvantages of the microstructure by the machining process in tita-
nium aluminides is the plastic lamellar deformation. This behavior is indicative of
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the ability of this material to keep the mechanical strength at high temperatures and
low ductility [1, 27]. Researchers such asMantle, Aspinwall and their research teams
[5, 19, 23, 24] have studied these effects and demonstrated that several factors such
as cutting parameters (cutting speed, feed rate and cutting depth), tool parameters
(geometry, material, coating, wear) and part parameters (material composition, grain
size) influence the tendency of plastic lamellar deformation in these materials.

On the other hand, in the machining of titanium aluminides reduction in tool wear
decrease the depth of surface alterations (from 30 to 10 μm) [3]. This indicates that
the cutting conditions are important factors and that high temperatures and tool wear
are also important factors for lamellar plastic deformation.

The work-hardening tendency is strongly influenced by the low deformation
capacity of titanium aluminides alloys. This surface hardness can increase up to
65% of its initial hardness (bulk material), with a depth of up to 50 μm after the first
cutting pass [24]. Based on the results analysed in most of the conducted research
[15, 24, 28, 29], it is possible to conclude that there is no evidence hardened layers
greater than 250 μm, and peak values reached at a maximum depth of 50 μm and it
is observed that the thermal softening effect is less than the work-hardening effect
in these alloys. It is for this that the effect of the surface hardening is improving by
the cutting tool.

Machinability of titanium aluminides can be researched frommultiple approaches
and cutting forces values are one of the main data that provide comprehensive infor-
mation about the machining process, thus contributing to better understanding of the
machinability of these alloys. It has been reported by some publications [21, 30] that
the cutting forces in machining titanium aluminide-based alloys are considerably
higher than in other titanium-based alloys such as Ti-6Al-4V (Fa�+200%, Fr�+
200%, and Ft�+130%) or Ti-6Al-2Zr-1Mo-1V (Fa�+200%, Fr�190% and Ft�
180%). The experimental results show that the energy used for machining titanium
aluminides based alloys is approximate ~5 times higher than that of conventional
titanium alloys [11, 16, 31].

For the improvement of the surface integrity of workpieces, an analysis of the
material cutting process is the starting point for an adequate study of cutting tools
and cutting parameters to obtain the expected results.

In order to study the machinability of gamma titanium aluminide alloys, the aims
of this paper were to investigate the performance of six coated cemented carbide tools
with round geometry under a range of cutting parameters (cutting speed, depth of cut
and chip thickness) for face milling operations. Milling experiments are presented
and discussed in terms of cutting forces, work-hardening, and roughness.
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Fig. 1 Cutted EDWM and machined sample

2 Experimental Procedure

2.1 Workpiece Material

The material used in this work is a γ-titanium aluminide (Ti-48Al-2Nb-0.7Cr-0.3Si
at.%) produced by GfE Metalle und Materialien GmbH (Nuremberg, Germany) via
VAR skull melting. Samples were cut out of a 55 mm diameter bar using a (machine
name) electrical discharge wire machine (EDWN). Also, axial and radial speci-
mens of the machined samples were cut to perform the metallographic analysis. The
machined and non-machined sample is illustrated in Fig. 1.

The metallographic test samples were hot mounted in bakelite in a Struers
Prontopress-2 mounting press, ground and polished in a semiautomatic polishing
machine at 150 rpm (Struers Planopol-3). The process began with sandpaper num-
bers 80, 320, 600, 1000 and 1200, and polished in a cloth with 0.01 μm alumina and
a solution of hydrogen peroxide (H2O2). Polished samples were chemically etched
with Kroll reagent (1 ml of hydrofluoric acid, 3 ml of nitric acid and 500ml of water).

The microstructural analysis was performed using an optical microscope Zeiss
Axiophot. Characteristic images taken at 150Xand23X (Fig. 2) reveals a near gamma
lamellar microstructure consisting of γ (TiAl) and α2 (Ti3Al)-γ (TiAl) phases with
a different orientation of lamellae. No significant alterations of the microstructure
were detected both in the axial than in the radial direction of the samples.

The chemical composition of the alloy is listed in Fig. 3, while the main properties
at room temperature are reported inTable 1. Furthermore, a tensile testwas performed
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Fig. 2 Microstructure of γ-titanium aluminide (Ti-48Al-2Nb-2Cr-0.3Si at.%)

Element Ti Al Nb Cr Si
Value 60.63 32.7 5.37 1.03 0.27

Fig. 3 Chemical composition of workpiece material (wt%)

in accordancewith the EN10002-1 standard, bymeans of aMTS810 testingmachine
and the elongation was measured with a mechanical extensometer MTS 634.25F-24.
Specimens of 3 mm in thickness were cut out from a material bar. The tests were
conducted at a test speed of 0.25 mm/min until a tensile failure occurred. Workpiece
hardness was measured before machining test, by aWolpert Dia Testor 2Rc universal
hardness tester, according to HV40 test condition, the hardness showed an average
hardness of 275 HV40 (with a standard deviation of 5 HV40).
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Table 1 Mechanical properties of tested titanium aluminide [32]

Mechanical properties Value

Density (g/cm3) 3.95

Hardness (HV10) 285

Young Modulus at RT (GPa) 155

Young Modulus at 800 °C (GPa) 102

Ultimate tensile strength (MPa) 530

0, 2 Yield strength (MPa) 464

Melting temperature (°C) 1605

Fig. 4 Cutting insert and edge geometries

2.2 Cutting Tool Material

In order to investigate the influence of the cutting tool on the workpiece surface
on γ-TiAl, comparative trials were carried out with a fine grain (grain size<1 μm)
carbide insert. Tool selection was based on the previous researches [24, 29, 33, 34]
and the recommendations of the tool manufacturers for titanium alloys. An indexable
milling cutter for face milling operation with double positive geometry and ∅35 mm
for round cutting inserts were used in this study. Round cutting inserts with ∅8mm of
two different cutting-edge geometries (Fig. 4) and three substrate cemented carbide
compositions are analyzed in the present study. Carbide insert characteristics are
shown in Table 2.

2.3 Machining Tests

Machining tests were performed on a five-axis CNC milling machine DeckelMaho
Mori Seiki DMU 60 eVo, with a Heidenhain iTNC530 controller with a maximum
spindle speed of 18.000 RPM, drive power of 25 HP and 50 m/min of maximum
feed rate. The experimental trial uses finishing cutting parameters and high-pressure
coolant (HPC) lubrication conditions with 6% emulsion of AVILUB METACOOL
BFH oil miscible in water supplied at a 70 bar of pressure through spindle coolant
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Table 2 Cutting insert specifications (Tool geometry and materials)

Designation A-XL A-XM B-XL B-XM C-XL C-XM

Substrate characteristics

Hardness
(HV)

~1900 ~1900 ~1650 ~1650 ~1550 ~1550

Coating PVD (Ti, Al) N2

Geometry characteristics

Rake angle 5° 0° 5° 0° 5° 0°

Rake land
angle

15° 0° 15° 0° 15° 0°

Clearance
angle

15°

Table 3 Cutting parameters for the experimental work

Taguchi orthogonal array L4

Test Cutting speed (m/min) Axial depth (mm) Hex (mm)

Trial 1 70 0.3 0.03

Trial 2 70 0.5 0.04

Trial 3 45 0.3 0.04

Trial 4 45 0.5 0.03

supply. These cutting conditions were chosen according to previous research studies
and recommendations of the tool’s manufacturers [3, 9, 11, 16, 19, 35, 36].

Taguchi’ DOE approach was adopted to reduce the number of trials. The experi-
mentation was based on Taguchi’s L4 orthogonal array and was performed by each
cutting insert type. Test matrix with three factors and two levels of cutting param-
eters with four trials by cutting inserts are being considered. Three repetitions of
each experimental trial have been performed, and the tests were executed following
a random order. The specific cutting parameters and orthogonal array are given in
Table 3. The radial depth of cut was kept constant (full engagement arc). Collected
data were statistically evaluated using the analysis of means which was performed
using Minitab software.

2.4 Cutting Force and Surface Integrity Testing

Cutting force tests were carried out by a four-component piezo-electric dynamometer
Kistler 9272 mounted on the worktable and connected to a charge amplifier Kistler
5070A. The amplified cutting forces signal was acquired in a computer with an
Advantech USB 4750A data acquisition card capable of the testing rate at 800 Hz.
Figure 5 shows the machining setup of the experiment.
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Fig. 5 Experimental setup

Fig. 6 Machining
workpiece cutting section
used for the analysis

The surface roughness was measured by A 3D digital MICROSCOPE Bruker
Nplex, with a standard lens of 10X, with an optical resolution of 0.9 μm. Sampling
surface area of measuring was 250 μm×250 μm. Three zones 130 mm from each
other along the milling direction on the surface were selected to obtain the roughness
average (Points A, B, and C in Fig. 6). Surface hardness was measured by the same
hardness tester used to measure the bulk material, according to HV40 test condition.
Indentations were performed next to roughness measurement area. Surface hardness
values showed an average of these three points.

3 Results and Discussions

The results and discussion are focused on the workpiece surface integrity on the
finishing procedures when milling Ti-48Al-2Nb-2Cr-0.3Si with six different cut-
ting tools. The results obtained by each insert are cutting forces, work-hardening,
roughness and surface defects.
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3.1 Cutting Forces and Surface Integrity Analysis

The discussion in this study is focused on the effect of cutting parameters (Cutting
speed, depth of cut and chip thickness) in the cutting forces and the surface integrity
when milling titanium aluminides. The test was performed on a workpiece with no
surface discontinuities to avoid the correlation of the cutting forces with the depth
of cut variation. Moreover, these tests have been carried out by full engagement
operation in order to obtain a complete cutting force waves and continuous cutting-
edge contact for analysis purposes. In all trials, a full new insert was used.

The tests are conducted using a single cutting insert to avoid the effect of runout.
The feed rate per revolution to reflect the single insert cutting was adapted in the
NC program. Also, toolpath trajectory to prevent higher cutting forces at the cutting
entrance tool wear and vibration have been programmed. The comparative analysis
of the cutting forces was conducted at a zone on 40 mm from the start cutting point
(Fig. 7). The results indicate that in general terms the Fz force (axial force) is the
dominant force component, being approximate ~1.5 and ~1.7 times that of the Fx
and Fy, respectively. since the variation between Fz, Fx and Fy follow the similar
trend in all the tests. The discussion about cutting forces was focused on resultant
cutting force (Fr).

3.1.1 Influence of the Cutting Speed

Cutting speed is the main cutting parameter. Considering the low ductility and brittle
nature of titanium aluminides, was expectable that the cutting inserts with neutral
XM geometry would produce higher cutting forces than the XL geometry. However,

Fig. 7 Cutting forces profile on machining of RNT 650 at Vc�70 m/min, ap�0.5 mm and hex�
0.04 mm with A-XL cutting insert
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Table 4 Increase of the cutting forces according to the depth of cut variation

Cutting
inserts

Hardness of
cutting insert
(HV40)

Cutting forces
with Vc�
45 m/min

Cutting forces
with Vc�
70 m/min

Cutting force variation

(N) (N) (N) (%)

A-XL 1900 355.00 354.00 −1.00 0.3

A-XM 1900 381.00 392.00 11.00 2.9

B-XL 1650 364.00 409.00 45.00 12.4

B-XM 1650 351.00 350.00 −1.00 0.3

C-XL 1550 318.00 564.00 246.00 77.4

C-XM 1550 384.00 845.00 461.00 120.1

Fig. 8 Effect of the cutting speed in the resultant cutting force

a non-significant difference was found between both geometries mainly for A and B
insert types (Table 4).

The effect of variation of the cutting speed on the cutting forces for each individual
insert is shown in Fig. 8. As can be seen for cutting inserts B, cutting forces for XL
geometry are 6.3% higher than XM, while that with A inserts, the cutting forces were
1.6% lower for the XL geometry. This behavior is attributed to the combination of the
substrate properties (composition, hardness) and the cutting-edge geometries. Also,
C cutting inserts show a similar performance to A insert. This allows us to determine
a tendency of the XL geometry to present lower cutting forces. For B cutting inserts,
it is not possible to define a similar trend than for A and C inserts.

The considerable difference showed for C cutting inserts at cutting speed of
70 m/min was caused by early wear under this cutting condition. It has been demon-
strated that for C-XMinsert use of cutting speed of 70m/minwas catastrophic regard-
less of the depth of cut or chip thickness selected. However, for C-XL insert, wear
was only observed after 40 s of cutting using cutting conditions of Vc�70 m/min,
ap of 0.5 mm and hex�0.04 mm, (Fig. 9).

On the other hand, cutting speed of 45 m/min regardless of the depth of cut or
chip thickness was the best performance for all the inserts in terms of cutting forces.
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Fig. 9 Cutting forces profiles for cutting insert C-XL and C-XM

Fig. 10 Cutting inserts. a C-XL geometry and b C-XM geometry

On the other hand, wear on the cutting edge of C cutting inserts demonstrate
the characteristic abrasive wear caused when machining titanium aluminides [13].
Cutting forces profile for C-XMcutting insert has a constant growth (Fig. 9) indicates
the progressive tool wear, which leading the cutting-edge fracture (Fig. 10b). While
for XL geometry at Vc�70 m/min, ap�0.5 and hex 0.04 mm the flank wear after
35 s was of 50 μm (Fig. 10a). On A and B cutting inserts with both geometries, no
significant wear (less than 10 μm) was observed.

In terms of surface integrity, all machined surface showed a hardened layer
in response to the chip cutting process, demonstrating work hardening tendency.
Figure 11 shows the hardness increment according to the cutting forces. A hardness
increment between 29 to 39 HV40 are present for cutting forces from 300 to 400 N.
Likewise, it can be observed that work hardening is sensitive to the variation of
cutting forces.
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Fig. 11 Surface hardness increment according to cutting forces and cutting speed on TiAl alloy

Where the sensitivity of the material by the fracture of the cutting edge of the C-
XM insert is highlighted, which causes a greater increase in surface hardness. This is
probably due to the greater deformation that would occur in the cutting area caused
by the notches on the cutting edge. However, an unexpected result was caused by
the C-XL insert, which showed a lower increase in hardness, even in the presence
of cutting-edge wear. This behavior could be indicated by the decrease in the depth
of cut caused by the cutting-edge wear that affects the depth of the surface work
hardening.

With regard to the geometries, there are no significant differences that allow us
to conclude an effect of these geometries for work hardening in this range of cutting
conditions.

For surface roughness, the results are presented in Fig. 12.Adecrease of ~17.5% in
the surface roughness was observedwhen the cutting speed increase 55%.All surface
roughness values measured for the experimental trials were less than 0.450 μm,
including those obtained with worn inserts (C-XL and C-XM) at cutting speed of
70 m/min. Demonstrating surface roughness values suitable for applications with
demanding surface specifications [1].

Use of round geometry (nose radius 4 mm) shows that it has advantages for
machined surface of titanium aluminides thanks to the larger contact area. With
reference to the effect of both cutting speed and nose radius, it is important to note
that the values obtained by cutting inserts A-XL and B-XM are similar to those
obtained by authors such as [3, 22, 30], which reports average roughness values of
0.250 μm at cutting speeds of 120 m/min in milling and turning operations for some
cases also with cryogenic cooling conditions. Considering the performance of these
two inserts, it would be expected that at cutting speeds higher than 70 m/min lower
roughness values could be obtained.

On the other hand, XL and XM cutting edge geometries improve surface rough-
ness by 20% and 15% respectively, when cutting speed increases from 40 m/min to
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Fig. 12 Effect of cutting speed in surface roughness (in feed directions)

Fig. 13 Effect of depth of cut in the resultant cutting forces

70 m/min. Based on this difference, it can be concluded that cutting inserts with XL
geometry provide slightly better performance than XM.

3.1.2 Influence of the Depth of Cut

The depth of cut is usually the most influential factor for machining of any material.
This is due to the effect it has on the removal rate of material. For cutters with
round cutting inserts, the variation of the cutting depth has a different performance
than straight-edged inserts. This is due to the orientation of the cutting forces. A
deeper depth of cut for these inserts increases the angle of entry (Kr), orienting the
cutting forces towards the spindle and improving the stability of the cutting process.
In addition, the cutting depth in this round geometry varies the effective cutting
diameter (Dcap) that modifies the material removal rate. Figure 13 shows the results
for depth of cut.

The data obtained indicate an expected reaction, where the greater cutting depth
increases the cutting forces. For this case, as well as in the analysis of cutting speeds,
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Table 5 Increase of the cutting forces according to the depth of cut variation

Cutting
inserts

Hardness of
cutting insert
(HV40)

Cutting forces
with DOC
0.3 mm

Cutting forces
with DOC
0.5 mm

Cutting force increase

(N) (N) (N) (%)

AXL 1900 322.62 386.46 63.83 19.8

AXM 1900 332.36 440.94 108.58 32.7

BXL 1650 348.73 424.35 75.63 21.7

BXM 1650 320.52 379.93 59.41 18.5

CXL 1550 303.48 578.41 274.93 90.6

CXM 1550 461.78 766.61 304.84 66.0

the inserts with substrates A and C indicate lower cutting forces with XL geometry.
Whereas for XM geometry the B substrate caused the lowest resultant cutting force.
Table 5 shows the increases in cutting force in response to the increase in the depth
of cut (60%).

As can be appreciated, the C cutting inserts were more sensitive to this variation
as a result of their hardness (1550 HV). However, an increase of 100 HV and 350
HV in hardness for the B and A cutting insert respectively, substantially improved
the performance of the cutting tools. This response of the material to the hardness
of the inserts suggests that the connection between the cutting-edge geometry and
the material has a strong influence on cutting forces [37]. As can be seen from the
behavior of the A-XL and B-XM inserts.

Nevertheless, the higher hardness of the A cutting inserts does not exhibit the best
performance of the experimentation. It was the A-XL and B-XM inserts that showed
the best performance in this range of cutting conditions.

With regard to the work hardening of the surface, a deeper cutting depth generally
results in a thinner hardened layer of the machined surface. This behavior is observed
in Fig. 14. In terms of hardness variation, all inserts have a homogeneous performance
with a maximum variation of 5 HV. However, for the tendency to surface hardening,
theC-XLcutting insert has the lowest value but not too far from the other cutting tools.
This indicates that the depth of cut for finishing operations with toroidal geometry
tools would not have a significant impact on the hardening tendency of TiAl. In
addition, the use of a low DOC, contrary to expectations, leads to a higher surface
hardening effect andprobably a thicker hardening layer. This conceptwill be analyzed
in greater detail in future studieswith varying cutting conditions and insert diameters.

With reference to surface roughness, Fig. 15 shows the results obtained. As
expected the variation in depth of cut does not cause any noticeable response in
surface roughness. The variations observed between cutting depths for each insert
are very slight, with exception of A-XL insert which reduces roughness by 25% at a
depth of 0.5 mm.
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Fig. 14 Surface hardness increment according to cutting forces for DOC of 0.3 and 0.5 on TiAl
alloy

Fig. 15 Effect of depth of cut in surface roughness (in feed directions)

3.1.3 Influence of the Chip Thickness

As for the cutting forces, it is normal for them to increase in proportion to the amount
of cutting material. Therefore, depth of cut and feed rate are the parameters that most
affect this variation.

On the other hand, the feed rate of the cutting tool is strongly related to the
geometry and thickness of the chip that is formed in the cutting process. In the case
of insertswith roundgeometry, the chip thickness (hex) varies according to the cutting
depth and the angle entered, which allows increasing the feed rate. Consequently,
this variable was selected as the reason for the study instead of the advance.

The effect of chip thickness on cutting forces was higher to presented at the
depth of cut. A considerable increase in cutting forces occurred with an increase of
only 0.01 mm in chip thickness demonstrating more sensitivity to this variable. As
shown in Fig. 16, cutting insert BXM presents the best combination of variation and
magnitude of cutting forces. In addition, the cutting forces caused by XL geometry
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Fig. 16 Chip thickness effect in the resultant cutting forces

Fig. 17 Surface hardness increment according to cutting forces and chip thickness on TiAl alloy

cutting inserts tend to vary less than those of XM geometry due to chip thickness
variation.

For work hardening, a homogeneous variation between the cutting forces and
the increase of the surface hardness is achieved, especially with a chip thickness of
0.03 mm. Variation in hardening has the opposite behavior to that of the depth of cut,
in this case, a greater amount of material removed (hex�0.04) promotes growth in
surface hardness (Fig. 17).

As expected, chip thickness is the main factor affecting surface roughness. As
shown in Fig. 18 the results obtained in terms of arithmetic mean roughness Ra for
each tested cutting inserts. The A and B cutting inserts with both geometries cause
roughness values that do not exceed 350 m, while for C inserts the values reach
~450 m. With regard to the performance of the C-XL geometry, this indicates that
initial wear of the cutting edge does not strongly affect the surface finish due to
the increased radius of the cutting edge. With the C-XM insert, the breakage of the
cutting edge affects the surface roughness to a greater extent. This is also compatible
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Fig. 18 Effect of chip thickness in surface roughness (in feed directions)

Table 6 Increase of the surface roughness according to the chip thickness variation

Cutting
inserts

Hardness of
cutting insert
(HV40)

Roughness
with hex
0.03 mm

Roughness
with hex
0.04 mm

Roughness increase

(μm) (μm) (μm) (%)

AXL 1900 0.173 0.240 0.067 38.7

AXM 1900 0.202 0.268 0.066 32.7

BXL 1650 0.220 0.284 0.064 29.1

BXM 1650 0.191 0.229 0.038 19.9

CXL 1550 0.286 0.307 0.021 7.3

CXM 1550 0.198 0.326 0.128 64.6

with the results obtained by [18]. However, the roughness values of the C-XL insert
are higher than those of the other inserts.

The results in terms of roughness variation listed in Table 6 highlight that a
0.01 mm difference in chip thickness causes a 20–60% increase in surface roughness
for almost all cutting inserts. An exception was the C-XL insert which varies by 7%
for the reasons explained above. In terms of geometries, there is a slight tendency
of XL geometry to affect roughness in response to the increase in chip thickness.
As a result, the surface roughness is more affected by the 0.01 mm variation in chip
thickness than by the 25 m/min cutting speed or the 2 mm cutting depth.

3.1.4 Surface Defects

As has been previously commented, themachining of titanium aluminide alloys leads
to an unusual response pattern to the cutting process causing surface and sub-surface
defects such as feed marks, smearing, surface cavities and cracks [1, 6–9, 33]. The
surface integrity defects confirmed are strongly linked to cutting speed, feed rate,
depth of cut, tool geometry, rake angle, nose radius among other. Optical and SEM
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Surface Crack

Surface Cavity

Feed Marks Smearing Material

Fig. 19 Surface defect feed marks, smearing, surface cracks and cavities on machined surfaces

(a) (b)

Fig. 20 Machined surfaceswith C-XL cutting insert at Vc�70m/min. aDOC�0.5mmand hex�
0.04 mm, b DOC�0.3 mm and hex�0.03 mm

observation on the machined surfaces around the hardness and roughness analyzed
areawas conducted. The surface observation of themachined samples showed several
defects that confirmed the results presented in the surface integrity analyses (Fig. 19).

All specimens showed some defect. Considering the analyzed range of machining
parameters for all inserts, the combination of cutting speed of 70 m/min, depth of cut
of 0.5 mm and chip thickness of 0.04 mm, exhibited a tendency to cause feed marks,
surface cracks, andmaterial smearing. In contrast to this trend, the surfacesmachined
with the same cutting speed but with the depth of cut of 0.3 and a chip thickness
of 0.03 showed a lower number of defects. This behavior would demonstrate that
the effect of cutting speed on the surface defect formation is less than the material
removal rate (Fig. 20).
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(a) (b)

Fig. 21 Machined surfaces at Vc�70 m/min, DOC�0.3 mm and hex�0.03 mm with a worn
cutting insert C-XL and b broken cutting-edge C-XM

It was also evident that the fracture of the cutting edge of the C-XM insert gener-
ated the worst quality surface. On the other hand, the C-XL insert has a more homo-
geneous and smooth surface. Caused by cutting edge wear of the insert (Fig. 21).

Regarding the performance of the cutting inserts in relation to surface defects.
The A-XL cutting insert showed the best overall quality of the machined surfaces
with all combinations of cutting parameters, followed by the B-XM. In contrast, the

 

 

Cutting Insert = A-XL 
Vc=70m/min, DOC=0.3, Hex=0.03 

Cutting Insert = C-XM 
Vc=70m/min, DOC=0.3, Hex=0.03 

Cutting Insert = A-XL 
Vc=45m/min, DOC=0.5, Hex=0.03 

Cutting Insert = C-XM 
Vc=45m/min, DOC=0.5, Hex=0.03 

Fig. 22 Machined surface obtained with of A-XL and C-XM at different cutting parameters
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surfaces that showed the greatest number of defects were those obtained with the
C-XM insert. In Fig. 22 it is possible to compare the surfaces obtained with the A-XL
and C-XM inserts. The performance of these inserts confirms the previous analysis
of cutting forces, surfaces roughness and work-hardening tendency.

4 Conclusions

The results of milling experiments conducted on a gamma TiAl alloy for finishing
cutting conditions show that for cutting forces increase of the cutting speed has
a slight effect, while the depth of cut and mainly chip thickness caused a stronger
impact. This trend was identified without considering the effect of cutting-edge wear.

The surface roughness Ra shows an expected dependence on cutting speed and
chip thickness mainly. It was found that wear on the cutting edge improves surface
roughness due to the increased contact area.

For surface hardness tendency chip thickness was revealed as the most influential
parameter. An unusual trend occurred with the depth of cut. The surface work hard-
ening tendency diminished when the depth of cut was increased from 0.3 to 0.5 mm.
This improvement is probably due to the thermal softening caused by the higher
DOC. Cutting speed does not cause significant differences in the explored range.

In terms of surface defects, it was not possible to obtain defect-free surfaces, but
at cutting speeds of 70 m/min there is a tendency to exhibit fewer defects. This leads
to the conclusion that the surface integrity can be improved by increasing cutting
speed. All cutting inserts showed surfaces with higher or fewer defects according to
the cutting parameters used in these trials. Consequently, a diminished the surface
defects would be possible. A suitable combination of cutting parameters and cutting-
edge geometry must be selected for improved milling on γ-TiA.

Summarizing, chip thickness had the greatest effect on the surface integrity vari-
ables analyzed in this research, at least in the range studied. In terms of performance,
the 1010 EPL and S30T cutting inserts were the ones that provided the best surface
integrity and demonstrated the potential for increased productivity.
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