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Testing of machinability of the UMCo50 superalloy was catried out within the project following the actual
production of the semi-finished product by casting. Turning was chosen as the machining method to
minimize the effect of an interrupted cut. Considering the machinability of a hard-to-machine alloy, the
cutting material with the fine-grained WC-Co carbide with the TiN/TiAIN gradient PVD coating was
selected. The progression of cutting forces, chip formation and tool wear were evaluated. Images of the
material structure of the semi-finished product and the resulting chips were taken. From the measured
values, graphs of the dependence of the chip thickness ratio on the cutting speed and the Taylor’s
dependence of the tool durability on the cutting speed were obtained. The aim of the experiment was
selection and verification of suitable cutting conditions for efficient machining of this superalloy,
especially the appropriate value of the cutting speed. The recommended value of the cutting speed was
50-70 m.min"!, while the tangential component of the cutting force was in the values usual for corrosion-

resistant steels.
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1 Introduction

UMCo50 material belongs to the hard-to-machine
cobalt-based superalloys [1-5] as is evident from its
chemical composition. The main advantage of this al-
loy is its high wear and high temperature resistance. It
also exhibits high creep resistance at higher tempera-
tures and resistance to acids, mainly sulfuric and nitric
acid. This alloy can also be found under the designa-
tion Cobalt 50, GCoCr28 or W.Nr 2.4778.

The tested cobalt alloy UMCo50 contains the sta-
ble hexagonal close-packed structure a-Co at a room
temperature and it transforms into a face-centered cu-
bic structure e-Co at temperatures above 417 °C. Dutr-
ing cooling from higher temperatures, a non-diffusion
phase of martensitic transformation occurs. The con-
tained chromium then leads to an increase in the tran-
sition temperature and stabilization of e-Co [2,0,7].

When machining the UMCo50 material, signifi-
cantly degraded machinability can be expected, requir-
ing lower cutting speeds, high temperatures at the cut-
ting point, and possible build-up edge and hardening
of the material at the cutting point [1,8-14].

Superalloys are used, due to their properties,
mainly in areas requiring extreme resistance both in
terms of mechanical stress and extreme temperatures
of the working environment [10,15-17]. Nickel and
Cobalt based alloys are also used in the aerospace in-
dustry for thermally stressed parts [3,11,18]. An inter-
esting application of cobalt alloys is in biomedicine

[19,20]. Typical examples are protective layers in com-
bustion heat exchangers [3,21,22]. The, the UmCO50
alloy itself is applied, for example, as a contact-stressed
component in furnaces. This is due to its resistance to
thermal shock and wear. The alloy also resists the in-
fluence of sulphur and vanadium impurities [17]. An-
other feature is its higher melting point compared to
other cobalt base or nickel base heat-resistant alloys.
The high melting point (1380~1395 °C) allows us to
use it in furnaces, where other alloys usually cannot
withstand, due to the fact that it has suitable mechan-
ical properties even at extremely high temperatures
[23].

In addition to the cast semi-finished products used
in this experiment, the semi-finished products such as
flat-rolled plates, forgings, welding wires, welded pipes
and tubes, and seamless pipes and tubes are also avail-

able.

2 Materials and methods

The tested semi-finished product was produced by
casting from a vacuum furnace into a block at the tap-
ping temperature of 1600 °C and subsequently modi-
fied to a rotational shape by removing sprues on a
band saw and turning to the diameter of 60 mm and
the length of 400 mm. The chemical composition
matched the required values, which can be seen in Ta-
ble 1.
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Tab. 1 Chemical composition of UMCo-50 /20]

Col%4] Cr[%] Fe[%] Ni[%)]

Mo|[%]

Mnl[%] Si[%)] C[%] S,P[%4]

48-52 27-29 21 2-2.5

0.5-1 0.5-1 0.05-0.12 <0.02

Turning was chosen as a machining method. The
parameters tested included cutting edge wear, cutting
forces and the resulting surface finish and chip for-
mation. The chemical composition of the sample, its
microstructure and hardness were also checked and
corresponded to the assumption of [20]. The cutting
material with a fine-grained carbide substrate (< 1 yum)
with a PVD made TiN/TiAIN gradient coating,
mainly due to the expected better resistance to built-
up edge (BUE) [11]. The reference material (grade
14b) was also machined for comparison. The TOS SU
50 A 1500 lathe with additional automatic speed con-
trol was used. The Zwick Roell ZHR hardness tester
allows to measure the hardness according to Rockwell.
The hardness was measured using the HRA method
at the load of 60 kgf with the Brale indenter. The
Kistler type 9257B apparatus was used to measure the
cutting forces and for verification of the chemical
composition the X-MET 8000 X-ray analyser was
used. Wear measurements on the flank were per-
formed using the Zeiss Stemi 2000-C microscope with
the Axiocam 105 color camera attached. The TR 100
Surface 100 Roughness Tester was used to measure
the surface roughness Ra.

The value of cutting speed was tested from
40 m.min! to 110 m.min?!. No active cooling was

Dynamometer plate Kistler 92578

l{ Fx. Fy, Fz)

PC with DynoWare SW

used. The cutting tool ISO DCLNR 2525 M12 with
the insert CNMG 120404E-NF T8330 was used. All
cutting inserts were visually inspected before use. The
feed rate was f = 0.2 mm.rev! and the depth of cut
was ap = 1 mm. The main controlled parameter was
the flank wear VB with the limit value of 0.25 mm and
it was used to find the basic Taylot's formula coeffi-
cients.

C

v, = —=[m- v 1)

Tm

Where:

cvt...Constant [-],

m... Taylor exponent [-].

T...Durability [min].

vc...Cutting speed [m.min!].

As additional values, the resulting shape, chips de-
formation, their structure and the course of cutting
forces were also evaluated. The roughness of the ma-
chined sutrface was checked, which was intended to
provide a better overview of the investigated process
[8]. The resulting chip thickness was measured with
the Mitutoyo digital caliper. For each cutting speed
tested, 2 minimum of 20 measurements were taken
and the mean value calculated.

Fig. 1 Measurement scheme using a Kistler dynamometer
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3 Results and discussion

Figure 2 shows the structure of the machined semi-
finished product at 200x, respectively 1000x magnifi-
cation. The surface was etched using the Marble mix-
ture (~25 ml HCI, ~25 ml ethanol, ~5g CuSO4). This
was the structure of the cast semi-finished product [9],
which was subsequently modified to a rotational shape
by removing sprues and turning to a diameter of
60 mm and a length of 400 mm.

—

Fig. 2 Microstructure of tested UMCo-50, cast semi-finished
product

The resulting hardness of the machined sample
reached 58 — 61 HRA, which corresponds to
220 — 250 HV, in contrast to the expected hardness of
320 HV according to [3].

Precise evaluation of the flank wear with the help

ve=50mmin’
t=780s

vc=50mmin’
t=600s

0.162 mm
0.320 mm

vc=90mmin’
vc=90mmin' t=240s

t=160s

of a digital workshop microscope was carried out at
regular time intervals (10 s for higher than 90 m.min-
1,20 s for lower cutting speeds), so that it was possible
to complete the given time interval per cut on several
different cutting edges. Then, in the resulting graph
the mean values were used. The end of life of the cut-
ting insert is usually caused by chipping of the cutting
edge or tip or by melting due to high temperature in
the cutting zone [24]. Based on this, a VB wear thresh-
old was also determined, beyond which critical dam-
age to the insert would occur, making a stable cut im-
possible. Any instability or intermittent cutting also
greatly contributes to the initiation of brittle failure of
the cutting insert [24, 25]. The monitored surface
roughness reached Ra =24 um for a feed rate of
0.2mm.rev!, Ra=08um for a feed rate of
0.1 mm.rev! and Ra=4.8 um for f = 0.3 mm.rev-.
There were no significant deviations with the change
in cutting speed. From the dependence of tool wear
on the time in cut, the resulting durability times were
then subtracted for the selected critical wear value of
0.25 mm. Their logarithmic value was used to con-
struct the resulting Taylor’s graph.

Figure 3 clearly shows the wear pattern of the cut-
ting inserts for the speeds 50 and 90 m.min"!, which
were typical in the tested range of cutting speeds. At
the 90 m.min’!, the part of the build-up due to the
composition of the machined material and the cutting
insert is most noticeable.

t=40s

Fig. 3 Flank wear VB for 50 and 90 m.min’

The value of the cutting speed significantly influ-
ences the amount of energy delivered to the cutting
point. It is largely converted into thermal energy and
then, it has a negative effect on both the workpiece
material and the tool.

At speeds above 80 m.min"!, overheating occurred
in the cutting-edge area, which had a significant effect
on tool durability in turn. Therefore, the application
of cooling is appropriate to ensure greater durability.

The flank wear progression is shown for different
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cutting speeds in Figure 3. As expected, the wear pro-
gression is divided into three phases. At first, there is
a sharp increase in VB, it is followed by a relatively
stable phase and then, it is concluded by a renewed
sharp increase in wear and eventual destruction of the
cutting insert edge. The graph clearly shows the in-
crease in the value of cutting insert durability with de-
creasing cutting speed value. Therefore, the steepest
dependence corresponds to 110 m.min! and the least

Tab. 2 Measured wear values of VB depending on time ¢t

steep to 40 m.min"'. The deviations in the progress are
given due to the number of inserts tested and, in par-
ticular, for the curve representing 40 m.min’, to
premature damage to one of the inserts. This could
have been caused by both a defect in the particular
cutting insert or a possible error in the testing material.
The values represent the mean value of three different
cutting edges.

VB [mm]
t[min] ve [m.min]
40 50 60 70 70 90 100 110
0.30 0.05 0.06 0.05 0.06 0.05 0.05 0.05 0.05
0.50 0.10 0.11 0.08 0.12 0.08 0.10 0.13 0.10
1.00 0.12 0.12 0.14 0.15 0.10 0.11 0.17 0.20
1.50 0.15 0.13 0.14 0.16 0.11 0.13 0.25 0.30
2.00 0.16 0.14 0.14 0.17 0.12 0.15 0.35 -
2.50 0.16 0.14 0.15 0.18 0.14 0.26 - -
3.00 0.16 0.15 0.15 0.19 0.17 0.35 - -
3.50 0.16 0.15 0.15 0.20 0.30 - - -
4.00 0.16 0.16 0.16 0.20 - - . -
4.50 0.16 0.16 0.16 0.21 - - . -
5.00 0.17 0.16 0.16 0.22 - - . -
5.50 0.17 0.16 0.16 0.23 - - - -
6.00 0.17 0.17 0.17 0.24 - - - -
6.50 0.17 0.17 0.17 0.25 - - . -
7.00 0.18 0.17 0.17 0.27 - - . -
7.50 0.18 0.17 0.17 0.30 - - - -
8.00 0.18 0.17 0.18 - - . -
8.50 0.18 0.18 0.18 - - . -
9.00 0.19 0.18 0.18 - - . -
9.50 0.19 0.19 0.20 - - . -
10.00 0.19 0.20 0.25 - - . -
10.50 0.20 0.21 0.35 - - . -
11.00 0.20 0.23 - - - - -
11.50 0.21 0.25 - - - - -
12.00 0.21 0.28 - - - - -
12.50 0.22 0.30 - - - - -
13.00 0.22 - - - . - -
16.00 0.23 - - - . - -
20.00 0.24 - - - . - -
27.00 0.30 - - - . - -
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Graph 1 Dependence of tool flank wear 1B on time

The read values from Graph 1 were entered into
Graph 2 of the Taylot’s dependence after logarithmi-
zation (see Table 2 and 3). Then, the plotted values
were fitted with a straight line using the least squares
method, i.e. linear regression. The equation of such a
straight line of the form y = ax+b or in this case y = -

Tab. 3 Durability readings for different cutting speeds

ax+b actually represents the Taylor’s dependence it-
self, where "y" corresponds to the logarithm of the
durability, "a" to the exponent "m", "x" to the loga-
rithm of the cutting speed and "b" to the CT constant
from the equation 1.

The value of the coefficient of determination

R2 = 0.977 indicates a high rate of result agreement.

vc[m.min-1] 40 50 60 70 80 90 100 110
T|[min] 25.6 11.5 10 6.5 3.2 2.3 1.46 1.2
Log (vc) 1.602 1.699 1.778 1.845 1.903 1.954 2 2.041
Log (T) 1.408 1.060 1 0.813 0.505 0.362 0.164 0.079
UMCo50 basic components were measured, i.e. a tangential Fc,

i(x) = - 3,05979654 715164 x + 6,34345512087637
R?=0,877459580647317

log T

log v
Graph 2 The resulting Taylor's formula
In order to ensure the adequate tool life and the

quality of the machined surface, it is also advisable to
measure the cutting force components [§]. Three

passive Fp and feed Ff. Their assighment and orienta-
tion can be seen in Figure 1.

LS
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zon] .1
. 80m.min
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00

— Fc[N]

tls]

Fig. 4 Cutting force for different cutting speeds Fe [N]

953

indexced on biip:/ | www.webofscience.com and btip:/ | www.scopus.com



December 2023, 170l 23, No. 6

ISSN 1213-2489
e-ISSN 2787-9402

MANUFACTURING TECHNOLOGY

The cutting force value ranged from 450 N to
600 N, with the value of over 700 N for the worn tool,
which corresponded to the specific cutting force of
2750 MPa, without feed correction. Using feed cor-
rection and the Kienzle model. The resulting value is
kell = 1800 MPa for the Kienzle exponent
mc = 0.26 [20].

Figure 4 shows the progress of the tangential

component Fc of the cutting force, which corre-
sponded to the value of the direction Fz in the expet-
iment, for 4 different cutting speeds. The higher den-
sity of variation of the measured value corresponds to
higher revolutions of the workpiece for higher cutting
speeds and at the same time a decreasing diameter of
the machined sample.

Fig. 5 Chip shape for cutting speeds of 40 — 90 m.min1

50mmin’

- ERANE

60mmin’' % ZO0mmin'

110mmin’

Fig. 6 Chip structure for cutting speeds of 40—110 mr.min
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In terms of a stable cut, a continuous chip is usually
considered ideal. However, this is inappropriate in the
context of automated machining and the need to en-
sure that the chip can easily move away from the cut-
ting point. Therefore, the cutting conditions are pref-
erably set so that the chip is divided into smaller seg-
ments [27]. Both the working geometry of the tool and
other cutting conditions, especially the cutting speed,
influence the chip shape [28-31].

The angle of the shear plane and thus the chip re-
duction coefficient is influenced, besides the working
geometry of the tool, by the coefficient of friction in
the chip material and therefore by the properties of
the material to be machined under the given condi-
tions [33]. As the cutting speed increases, the temper-
ature at the cutting point also increases, especially in
the shear plane, and affects both the tool durability
and the contoured shape of the chip [34].

In Figure 6, the areas in which plastic deformation
of the chip material and the formation of individual
cells occurred are visible for all cutting speeds. The
width of the individual shear segments varied between
10 and 100 wm. In the area of the chip in contact with
the tool face, a homogeneous structure is evident.

The shape of the chip, from long coma chips to
spiral chips, was consistent throughout the range of
tested cutting speeds (see Fig. 5). The chip reduction
coefficient, defined as the ratio of the thickness of the
resulting chip to the uncut chip thickness given by the
feed and the angle of the main blade, reached its low-
est value at 80 m.min"! approximately Ks = 1.32.

ks [-]

30 40 50 ] 70 80 90 100 110 120

Ve [m.min'l]

Graph 3 Chip reduction coefficient on cutting speed

At higher values of cutting speeds there were also
larger deviations of the measured values, which can be
seen at the end of Graph 3, especially at 110 m.min-.

4 Conclusions

The verified parameters apply to ranges corre-
sponding to feeds around f = 0.2 mm.rev-! and ap = 1
mm.

A suitable cutting speed value corresponds to 50
m.min! and can be increased up to 70 m.min"!' using
suitable cooling of the cutting point.

The material has a significantly worse machinabil-
ity compared to the standard steels, corresponding to
the machinability coefficient Kv =0.167, which
would correspond to the machinability class 6b, when
compared to a steel standard.

The Taylot's formula coefficients are m = 3.06,
CT = 6.343 and Cv = 2.073. It is advisable to provide
suitable cooling during machining and to select a re-
sistant coating to prevent build-up edge. At cutting
speeds above 80 m.min’!, the durability of the blade
was already highly unstable, which was also mani-
fested by larger variations in the cutting force values.

The value of the specific cutting force corre-
sponded to Kc = 2750MPa. Without correction of the
effect of feed on the specific cutting force [26]. When
choosing the cutting material, it is also necessary to
take the high cobalt content of the alloy into account,
which can lead to growth on the sintered carbide cut-
ting inserts, especially after coating damage.
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