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Abstract Machinability is a measure of ease with which a
work material can be machined, and it is important in process
planning and machining operations. Experiments of face mill-
ing four kinds of wrought superalloys were conducted at
various cutting speeds from 30 to 90 m/min using coated
cemented carbide tools. The tool life and tool failure modes
were discussed, and two concepts of the cutting speed sensi-
tivity and the critical speed at which the tool failure mode
changes were presented. And then a new method to evaluate
the machinability of difficult-to-cut materials was proposed.
Based on this method, the machinability of the four kinds of
superalloys was evaluated, and they could be ranked in such
an order as GH605<GH4169<GH4033<GH2132.
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1 Introduction

Machinability is a measure of ease with which a work material
can be machined. It is related to all aspects of manufacturing
process, such as product design, quality control, and especially,
the process planning and machining operations [1, 2]. The
machinability is an important consideration for engineers in

materials selection, and it is the base of selecting cutting tools
and optimizing machining parameters.

Many criteria for the machinability evaluation of work
materials have been presented, for examples, tool life, cutting
force, machined surface integrity, and dimensional accuracy.
And it depends on manufacturer’s interests and product
requirements to choose the criteria. For instance, the tool
life is widely used to evaluate machinability, while the
surface integrity is a dominant criterion in finish machining.

In the past years, many researchers paid attention to the
machinability evaluation of different materials. Some of them
investigated the machinability of a specific material using a
specific kind of cutting tool. For example, the machined
surface quality has been used to evaluate machinability of
90MnCrV8 steel in high-speed milling using CVD-coated
carbide insert, and they investigated the effects of cutting
speed, tool diameter, and workpiece hardness on the rough-
ness [3]. Davim and Figueira evaluated the machinability in
hard turning of cold work tool steel (D2) with ceramic tools by
evaluating specific cutting pressure, surface roughness, and
flank wear [4]. Horng et al. conducted the machinability
evaluation of Hadfield steel (SCMnH11) in hard turning with
Al2O3/TiC ceramic tool on the basis of flank wear and surface
roughness [5]. The above investigations mainly focused on
the performance of a specific cutting tool on a specific mate-
rial, and it was an optimization of cutting parameter rather
than machinability evaluation of workpiece material. Some
other researchers compared the machinability of different
materials using direct comparison method or mathematical
analysis methods. Arrazola et al. evaluated the machinabilities
of Ti6Al4V and Ti555.3 by directly comparing their cutting
forces, chip geometry, and tool wear, and found that Ti555.3
had a poorer machinability [6]. Kikuchi and Okuno evaluated
the machinabilities of titanium, two titanium alloys (Ti-6Al-
4 V and Ti-6Al-7Nb), and free-cutting brass by direct com-
parison of the cutting force, chips, and spindle motor current,
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and ranked them on the three criteria separately [7, 8]. Liu and
Chen conducted an experimental study on the machinability
of six kinds of wrought nickel-based superalloys, and com-
pared them directly based on element contents, tool failure
mode, and wear mechanism [9]. Venkata Rao and Gandhi
used digraph and matrix methods to evaluate the machinability
considering several machinability attributes and their relative
importance, and proposed a universal machinability index [1].
Then, Rao proposed another global machinability index based
on a combined TOPSIS and AHP method [2]. In these two
papers, Rao used machining process output data from former
research results [10, 11], and drew the similar conclusions.
What is more, some researchers investigated the relationship
between the mechanical properties and the machinability. Chen
et al. investigated the influences of five workpiece mechanical
and thermal parameters on machinability (cutting speed and
cutting force) according to the analytical grey incidence pro-
cess, and found that the hardness and tensile strength were two
main factors [12]. Medvedeva et al. conducted a study on the
influence of nickel content on machinability of a hot-work tool
steel by evaluating tool life, cutting forces, and tool/chip inter-
face temperature, and found its positive effect [13]. Besides,
some researchers proposed some method especially for high-
speed cutting, for example, Thakur et al. used chip compression
ratio and shear angle to look into machinability of Inconel 718
in high-speed turning [14].

Although several machinability evaluation methods were
proposed, there was an obvious shortage that almost all the
evaluations were conducted at a specific cutting speed. How-
ever, the machinability is an inherent material performance,
and it should be evaluated at a wide cutting speed range. In
this paper, face milling experiments were conducted under
various cutting parameters to evaluate the machinability of
four kinds of wrought superalloys. The tool life and tool

failure modes were analyzed, and a new method to evaluate
the machinability was proposed.

2 Experimental procedures

The workpieces used in the face milling experiments were
four kinds of wrought superalloys with the size of 150 mm×
110 mm×110 mm, and the properties of the workpieces are
listed in Table 1.

The machining tests were carried out on DAEWOO ACE-
V500 vertical machining center, and the cutting fluid was not
used in this operation. A full factorial experimental design was
adopted, and the cutting parameters are shown in Table 2. DIJET
PVD TiAlN coated carbide inserts JC8015-ODHW606AEN
were used i, and the cutter was OTC-06100-32Rwith a diameter
of 100 mm. Only one insert was fixed on the cutter, and down
milling was adopted. During the experiment, the flank wear was
measured and recorded every 2 min with a digital microscope
until the value of flank wear reached 0.3 mm or the tool were
severely broken. Then, the tool wear or breakage morphology
was observed using KEYENCE VK-X200K microscope.

The low cutting speed and feed rate resulted in a very short
feed in 2 min, so the workpiece was pre-cut to eliminate the
influence of entry and exit of the cutter. The schematic dia-
gram of pre-cut workpiece is shown in Fig. 1. Section Awas
pre-cut and the experiment was conducted on section B, and
then the section C was cut.

Table 1 The mechanical properties of the four kinds of superalloys

Material grades Yield strength σ0.2 (MPa) Tensile strength σb (MPa) Elongation (%) Hardness (HRC) Average grain size (Grade)

GH4169 1,093 1,295 14 42 8

GH605 342 876 35.5 29 6

GH2132 775 1,050 31 30 8

GH4033 595 890 14 38 6

Table 2 The face milling cutting parameters

Parameter Value Parameter Value

V (m/min) 30, 45, 60, 75, 90 ap (mm) 0.3

f (mm/tooth) 0.05, 0.1, 0.15a ae (mm) 55

a Feed rate for GH605 are 0.1, 0.15, and 0.2, because the workpiece
roughness was bad and there was serious friction noise when the feed
was 0.05 mm/tooth Fig. 1 Schematic diagram of workpiece
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3 Results and discussion

The recorded flank wear value was plotted against the milling
time, and fitted as a cubic polynomial function of the time
using the least square method. For example, the flank wear
curve of the tool at 30 m/min and 0.05 mm/tooth when cutting

GH4169 is shown in Fig. 2. When the flank wear value
reached 0.3 mm or a serious breakage occurred at the cutting

Fig. 2 Tool flank wear curve when cutting GH4169 at 30 m/min and
0.05 mm/tooth

Fig. 3 Tool life at different cutting parameters when cutting. a GH4169. b GH605. c GH2132. d GH4033

Fig. 4 Tool workpiece surface morphology of GH4169 at different
feed when V=45 m/min. a f=0.05 mm/tooth. b f=0.10 mm/tooth.
c f=0.15 mm/tooth
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edge, the time was considered as the tool life. The tool life
when cutting the four kinds of superalloys at different
parameters is shown in Fig. 3.

It can be seen from Fig. 3 that the tool life when cutting
four kinds of superalloys was short, especially at the high
cutting speed. Based on traditional machinability evaluation
criterion, the cutting speed which obtains a tool life of 60 min
is used to compare with that of 1045 steel, or the tool life at a
specific cutting speed is compared, and all the four superalloys
are typically difficult-to-cut materials. Adopting these criteria,
there was little difference in the machinability between
GH4169 and GH605, and no difference between GH2132
and GH4033. But it can be seen from Fig. 3 that there are
obvious differences when comparing in a wide cutting speed
range. With the increase of the cutting speed, the tool life
decreased drastically, so it is unreasonable to evaluate the
machinability at a specific cutting speed or a specific tool life,
and it is necessary to evaluate the machinability at various
cutting speeds. For all the four superalloys, the tool life
decreased greatly with the increase of the cutting speed,
indicating that the tool life was very sensitive to the cutting
speed. This can be easily explained by that the high speed

resulted in a higher impact force and a higher temperature. To
mathematically describe the sensitivity of the tool life to the
cutting speed, the tool life of cutting four kinds of superalloys
should be fitted as a function of the cutting speed, and an
equation similar to the Taylor Formula was adopted, listed
as Eq (1). Considering the tool life and material removal
rate simultaneously, the feed was set at 0.10 mm/tooth.
Also, the workpiece surface roughness when the feed was
0.10 mm/tooth was acceptable, for example, the workpiece
surface morphology of GH4169 when the cutting speed
was 45 m/min is shown in Fig. 4. When V0 was set at 30,
the values of m and n were calculated using the least
square method, and are listed in Table 3.

T ¼ m•
V

V 0

� �−n

ð1Þ

It is obvious thatm is the tool life at the cutting speed of V0,
and m could be the machinability index when adopting the
traditional machinability evaluation criteria. A larger m indi-
cates a better machinability. But when V0 changed,m changed
a lot accordingly, and the rank of the four superalloys’ ma-
chinability changed at different cutting speeds. By contrast, n
stays the same at differentV0. What is more, n could reflect the
influence of the cutting speed on the tool life at a wide cutting
speed range. Because the tool life when cutting difficult-to-cut
material is sensitive to the cutting speed, n is named as the
cutting speed sensitivity index. A large n means that the tool
life is very sensitive to the cutting speed and it decreases

Table 3 Values of m and n when f=0.1 mm/tooth, V0=30 m/min

GH4169 GH605 GH2132 GH4033

m 66.2 136.0 118.6 173.4

n 2.098 3.055 1.196 1.959

Fig. 5 Tool failure morphology at different cutting speeds when f=0.1 mm/tooth. a GH4169. b GH605. c GH2132. d GH4033
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drastically when the cutting speed increases. In general, the
tool life when cutting difficult-to-cut materials is short, and it
decreases sharply with the increase of the cutting speed. So, it
is reasonable to take the cutting speed sensitivity index as a
new machinability evaluation index. In other words, a larger n
indicates a worse machinability, and a small n indicated that
the material could be machined at a wide range of cutting
speed. Adopting this new criterion, the machinability of the
four kinds of superalloys could be ranked in such an order as
GH605<GH4169≈GH4033<GH2132.

It is well known that the tool failure mode varied when the
cutting conditions changed. The tool failure morphology
when cutting the four kinds of superalloys at different cutting
speeds is shown in Fig. 5.

For GH4169, when the cutting speed was 30 m/min, the
tool failure mode was uniform flank wear. But when the
cutting speed increased, the tool breakage occurred, and the
breakage became the main mode when the cutting speed
reached 60 m/min. This was because the impact force during
the milling process increased with an increase of the cutting
speed, and the higher temperature resulting from the higher
speed weakened the tools. Usually the superalloys are used in
the extreme conditions, and the dimensional accuracy and
surface integrity are highly demanded, so the unpredictable
tool failure such as the serious breakage should be avoided.
Because the tool breakage is a random phenomenon, it is a
negative factor in machining difficult-to-cut materials. It can
be seen from Fig. 5 that the tool failure mode changed from
uniform flank wear to breakage when the cutting speed
reached a critical value, and the critical speed when the tool
failure mode changed was different for each workpiece mate-
rial. A high critical speed meant that the material could be
machined stably at a wide speed range. Taking into consider-
ation the dimensional accuracy and surface integrity, a high
critical speed implies a good machinability. So, the critical
speed when the tool failure mode changed could be another
machinability evaluation index. The critical speeds for
GH4169, GH605, GH2132, and GH4033 were 60, 45, 90+.
and 45 m/min, respectively. Adopting this evaluation cri-
terion, the machinability of the four kinds of superalloys
could be ranked in such an order as GH605≈GH4033<
GH4169<GH2132.

Adopting the above two different criteria, it can be seen that
GH605 was the most difficult to cut, and GH2132 was the
easiest to cut. There were some differences referring to
GH4169 and GH4033. The tool life was more sensitive to
the cutting speed when cutting GH4169, but the critical speed
when cutting GH2132 was higher. This contradiction could be
easily solved if the different tool failure mechanisms could be
understood.When cutting GH4169 at a high cutting speed, the
tool failed in a short time, and it was typically early stage
breakage. But it was fatigue breakage for GH4033 because it
underwent a long time flank wear. So, it was obvious that

GH4169 was more difficult to cut than GH4033. On the
whole, it was reasonable to evaluate the machinability based
on the variation of tool life and tool failure mode along with
the increasing cutting speed, and the machinability of the four
kinds of superalloys could be ranked in such an order as
GH605<GH4169<GH4033<GH2132.

4 Conclusions

In this paper, the experimental studies for facing milling of four
kinds of wrought superalloys with cemented carbide coated
tools were conducted. The conclusions can be summarized as
follows:

The tool life was short when machining superalloys, and it
was greatly sensitive to the cutting speed. The cutting speed
sensitivity index was proposed to evaluate the machinability,
and a higher n indicated a poorer machinability.

The tool failure mode changed from uniform tool flank
wear to tool breakage when the cutting speed increased. The
critical speed when the tool failure mode changed was also
suitable to evaluate the machinability. The higher the critical
speed, the better the machinability.

Based on the above two criteria, the machinability of the
four kinds of superalloys could be ranked in such an order as
GH605<GH4169<GH4033<GH2132.
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