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ABSTRACT

The paper deals with the design of a suitable cutting geometry of a tool for the ma-
chining of the Inconel 625 nickel alloy. This alloy is among the hard-to-machine re-
fractory alloys that cause very rapid wear on cutting tools. Therefore, SNMG and
RCMT indexable cutting insert were used to machine the alloy. The selected insert
geometry should prevent notch wear and extend tool life. The alloy was machined
under predetermined cutting conditions. The angle of the main edge and thus the size
and nature of the wear changed with the depth of the material layer being cut. The
criterion for determining a more suitable cutting geometry was the tool’s durability

and the roughness of the machined surface.
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INTRODUCTION

With the increasing demands on the work-
ing of special refractory and heat-resistant alloys,
there are growing demands on technology, cutting
tools, cutting conditions and the environment. In-
conel 625 alloy is a nickel alloy, which shows a
number of undesirable effects when subjected to
chip machining. Low thermal conductivity, me-
chanical hardening, high toughness and hard car-
bides in the material structure are the cause of the
negative environment affecting the cutting tool
edge. Intensive mechanical and thermal strain af-
fecting the cutting edge of the tool causes rapid
and uncontrollable wear leading to reduced dura-
bility of the cutting tool and reduced efficiency of
the machining process.

One of the most common forms of tool wear
in nickel alloy machining is notching. When the
tool is in contact with the hardened surface layer
of the machined material, the rake and especially
the flank of the cutting tool become subject to
notch wear occurring at a distance equivalent to
the maximum cutting depth. This form of wear is
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more likely to occur with tools that have been in
contact with the machined material for a longer
period of time, and are therefore exposed to high
temperature at the cutting point. It is assumed that
the wear in the form of a notch occurs as a result
of the machined material becoming glued to the
cutting edge, with the subsequent tearing of the
tool’s base material. The formation of a notch on
the cutting edge of the tool thus belongs to the
adhesive forms of wear, but can also be related to
oxidation wear. The most common causes of notch
wear include a change in chip formation, deterio-
ration in the quality of the machined surface and,
in some cases, a fracture of the cutting tool.

In order to prevent notch wear during the ma-
chining of nickel alloys, it is essential to design
a suitable machining strategy, choose the right
cutting tool and cutting geometry, and determine
suitable cutting conditions. By a suitable com-
bination of these parameters, materials such as
nickel alloys can be machined with high process
efficiency and tool wear characteristics which is
controlled and predictable [2, 7, 14].
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PROPOSED EXPERIMENTAL ACTIVITY

The experimental part of the paper aims to
verify the effect the angle of the main edge of
tool x_ has on the formation of notch wear of the
tool edge. The Inconel 625 Ni alloy was selected
as the machined material. Given its low thermal
conductivity and deformation hardening capacity,
this alloy meets the requirements for the occur-
rence of notch wear on the cutting edge of the tool.
RCMT 10T3MO — F2 and SNMG 120412 — MR3
indexable cutting inserts were designed as cutting
tools for longitudinal alloy machining, see Fig. 1.
In both cases, these are coated cutting inserts with
a thin layer of PVD coating (Ti, Al) N + TiN. The
type of coating applied and the hard fine-grain
structure of the base carbide of the cutting inserts
should allow effective machining of materials
such as nickel alloys. The geometry of cutting in-
serts has been designed to ensure maximum rela-
tive edge strength, wear resistance, the required
stability of the cutting process and the quality of
the machined surface.

For the machining of the alloy, the cutting
conditions were designed to allow the verifica-
tion of the effect of the cutting edge angle on the
occurrence, course and size of the notch wear.
With a constant cutting speed and displacement,
two depths of the removed layer of the machined
material are proposed, see tab. 1. The entering
angle of the cutting insert’s edge k_changed with
the selected cutting depth a,. Changes in entering
edge angle during machining resulted in changes
in the force distribution along the cutting tool
edge as well as in the notch wear intensity. The
entering angle of edge x was determined for the
selected cutting depth according to formula (1),
see table 2 [2, 3, 6, 12].

The formula for calculating the angle of the
main edge x, depending on the selected depth of
cut [11].

(0,51C-ap)
cosKr = gic

[’ €]
where: IC— insert radius [mm]
a,— depth of cut [mm]

DETERMINING THE EFFECT OF THE MAIN
EDGE ANGLE ON THE COURSE OF THE
MACHINING OF INCONEL 625

During the machining of Inconel 625, we as-
sessed the effect of the entering angle and geom-
etry of the cutting tool’s on the occurrence and in-
tensity of notch wear. Depending on the selected
cutting depth, the angle of the main edge changed
during the machining using the proposed cutting
inserts. This angle affected the direction and size
of the force load, the size of the notch wear, the
durability of the cutting inserts and the quality of
the machined surface in the machining process.

The durability of the cutting insert was select-
ed as the criterion for assessing the effect of the
angle of the main edge and the selected geometry

Table 1. Settings of cutting conditions

Cutting parameters 1. set 2. set
Cutting speed — v, [m.min"'] 40 40
Feed — f[mm] 0.3 0.3
Depth of cut — a, [mm] 0.5 1.5
Table 2. The values of entering angle k,
. ) Depth of Entering
Marking according ISO cut-a, [mm] | angle — K[
RCMT 10T3MO - F2 0.5 26
RCMT 10T3MO - F2 1.5 45
SNMG 120412 — MR3 0.5 35
SNMG 120412 — MR3 1.5 45

RCMT 10T3MO - F2 SNMG 120412 - MR3
D [mm] | s[mm] | h[mm] | r.[mm] | [mm] s[mm] | h[mm] | re [mm]
10 3.97 4.5 5 12.7 4.76 5.15 1.2
T
s @ v, —% ‘>
o T 7
¥ s e sl

Fig. 1. The geometry of the cutting inserts [13]
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of the cutting insert on Inconel 625 machining
process. For the determination of durability, se-
lected forms of wear were measured using a di-
rect microscopic method of measurement on the
rake and flank of the tool. The intensity of wear
was determined by direct measurement of the lin-
ear dimensions at the point where the tool was
subjected to the most intense wear. In relation to
the selected geometry of the cutting inserts, mea-
surements were made of the width of the groove
on the rake of the KB tool, the wear on the tip
of the VB tool, the wear of the maximum VB,
and, primarily, the occurrence of the VB, notch
wear was monitored [1, 15].

COURSE OF EXPERIMENTAL MACHINING
OF ALLOY 625

The wear measurement of the inserts was in
accordance with the international standard ISO
3685. For the machining alloy Inconel 625 was
determined the time interval after which the tool
was cut under the given cutting conditions. After
this ¢, = 2 min interval, the machining process
was stopped and the course and amount of wear
on the cutting tool was measured. Because dur-
ing the machining of Inconel 625 by the selected

cutting inserts, the wear increase was almost uni-
form, the value VB, = 0.2 mm was chosen as
the critical wear.

With the selected depth of the removed mate-
rial layer a, = 0.5 mm, the tool SNMG 120412
was used for machining only with the tip radius.
The machining conditions were therefore almost
comparable to machining with RCMT 10T3MO.
This is also evidenced by the wear pattern of the
cutting inserts, which was very similar in both
cases. A slight difference was seen in the case of
the cutting insert SNMG 120412, where higher
wear values than those of RCMT 10T3MO0 were
measured in the first phase, probably due to a
lower relative strength of the tip radius. Further
measurement showed that the wear pattern of
the cutting inserts was gradual without the oc-
currence of notch wear; therefore, the machining
process was terminated prematurely. Due to the
small wear of the tool cutting edge, only VB,
and VB _ wear values were measured. In this case,
abrasion and the formation of built-up edge on
the tool cutting edge contributed to the wear (see
Table 3) [5, 8, 9].

Machining of the Inconel 625 alloy under
the given cutting conditions and at cutting depth
a, = 1.5 mm resulted in more wear on tools. In
this case, the layer of the machined material was

Tool wear - VBg,,.x

= SNMG  ===fll== RCMT

Wear - VBpg, [um]

0 1 2 3 4

= m \Wear Criterium

5 6 7 8 9 10

Time - ts [min]

Fig. 2. Dependence of wear VB, | on time at cut depth a = 0.5 mm

Tool wear - VB,

=4=SNMG == RCMT

140
120
100
80 s
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40
20

Wear - VB [pm]

0 1 2 3 4

5 6 7 8 9 10

Time -ty [min]

Fig. 3. Dependence of wear VB_ on time at cut depth a = 0.5 mm
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Table 3. Course of cutting edge at a cutting depth a =0.5mm

SNMG 120412 - MR3

RCMT 10T3MO - F2

Face Ay Major flank Aa Face Ay Major flank Aa
i=0 Q=0cm? t,.= 0 min Q=0cm?
KF KB VB, VB,,.. KF KB VB, VB,...
[um] [um] [um] [um] (um] [um] [um] [um]
0 0 0 0 0 0 0 0

2

Q=12,45cm?

Q=12,84 cm®

72 60

53 42

Q=12,37 cm®

Q=12,76 cm®

78 71

N/A \ N/A 65 49

Q=12,29 cm?®

Q=12,68 cm?®

79 83

71 54

Q=12,21cm?

t,.= 8 min Q=12,61cm?

N/A

90 92

N/A N/A 95 83

Q=12,13cm?

t,.= 10 min Q=12,53 cm?®

92 92

N/A N/A 121 112
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already in contact with the straight part of the cut-
ting edge of SNMG 120412. As a result, the angle
of the main cutting edge increased to x, = 45° for
both cutting inserts. Theory says that this is the
threshold value for the occurrence of notch wear
on the tool cutting edge. For this reason, the cut-
ting edge of the cutting inserts did not show any
signs of notch wear when machining Inconel 625.
Even so, the machining of the alloy was stopped
prematurely. The reason was the critical value of
wear on the rake of the cutting tool. Because the
alloy structure consists of very hard abrasive par-
ticles and the machined material easily creates a
built-up edge (BUE), the wear on the rake face
was faster. Therefore, the VB, VB, VB, ., KF
and KB wear criteria were measured on the tool
using the optical method [1, 4, 10, 16].

CONCLUSION

Refractory and heat-resistant alloys are now
widely used and their use in industrial practice is
constantly increasing. However, during the ma-
chining of these alloys, a number of negative ef-
fects occur which affect their machinability. These
materials include, for example, nickel-based al-
loys, whose machinability is more difficult, lead-
ing to higher requirements for the machining pro-
cess. However, the present state of chip machin-
ing of nickel alloys is not entirely effective and
significantly lags behind the machining of other
construction materials.

One of the main reasons for the decreased ef-
ficiency of the nickel alloy machining process is
the low durability of the cutting tools. Intensive

Table 4. Course of cutting edge at a cutting depth a =15mm

SNMG 120412 - MR3

RCMT 10T3MO - F2

Rake face Ay Flank face Aa

Rake face Ay Flank face Aa

i=0 Q=0cm? t,.=0min Q=0cm?
KF KB VB, VB, .. KF KB VB, VB, ..
[um] [um] [um] [um] [um] [um] [um] [um]
0 0 0 0 0 0 0 0

g

i=1 Q =34,05cm?

Q=32,87cm?

45 | 516 97 | 89

38 | 30

i=2 Q = 34,05 cm?®

Q=32,16 cm?®

74 590 113 92

53 38

!

Q =33,34 cm?®

Q=31,46 cm?®

166 593 145 106

91 83
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Fig. 4. Dependence of wear VB, on time at cut depth a = 1.5 mm
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Fig. 5. Dependence of wear KB on time at cut depth a =1.5mm

wear (due to, for example, low thermal conduc-
tivity of the alloy, deformation reinforcement of
the material and its abrasive structure, etc.) leads
to the selection of cutting conditions lower by
more than half compared to the machining of
conventional steel. Therefore, there are ongoing
efforts to find a suitable way to prevent this wear
and to achieve a higher durability of cutting tools.

Inconel 625, which is among HRSA nickel-
based alloys, was proposed as the machining
material. During machining, the wear of the tool
cutting edge in the shape of a notch is typical.
This form of wear occurs on both the flank and
the rake of the tool due to high temperature and
mechanical stress at the cutting point. Intense me-
chanical stress is due to the interaction between
the tool cutting edge and the reinforced layer of
the machined material. This reinforced layer has
completely different mechanical properties and,
in particular, higher strength than the base mate-
rial. Thus, notch wear occurs most often at the
point where the tool comes out of engagement,
i.e. at a distance between the maximum depth of
cut and the tool tip.

For the machining of Inconel 625, cutting
tools have been designed, the geometry of which
makes it possible (in combination with cutting
conditions) to prevent notch wear. The angle of
the main tool cutting edge k_has a substantial ef-
fect on the occurrence of notch wear. The angle
k= 45°is more favourable for the distribution
of force relationships during machining. The me-
chanical load is therefore not oriented only in one
direction, but is evenly distributed in three direc-
tions. This was also proved by the wear pattern
of the cutting inserts during machining of Inconel
625. For the selected geometries of the cutting in-
serts and the proposed cutting conditions with a
cutting depth a, =05 and /.5 mm, the angle of
the main cutting edge was x_ < 45°. Under these
conditions, the cutting edges of cutting inserts
did not show any signs of notch wear. In spite
of this relative resistance of the cutting inserts to
notch wear, the tool’s rake and flank were sub-
ject to very intensive wear. This wear was due to
very hard particles contained in the structure of
the material, which caused abrasive wear (abra-
sion on the flank and groove on the rake of the
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tool). In the case of machining with a 1.5 mm cut-
ting depth, the wear on the rake was so intense
that the Inconel 625 machining process had to be
prematurely terminated without the selected wear
criterion being reached on the cutting inserts. In
addition to the abrasive wear mechanism, the oc-
currence of built-up edge (BUE) and its unstable
part also contributed to the strong cutting edge
damage. The adhesion of the machined material
to the surface of the cutting tool and its subse-
quent tearing caused the emergence of craters on
the tool cutting edge reducing its strength.

The graphical comparison of the wear of both
selected geometries of the cutting inserts shows
that the RCMT 10T3MO0 — F2 geometry had a
higher flank wear resistance than the SNMG
120412 — MR3 during Inconel 625 machining.
This could be due to the fact that the circular ge-
ometry of the cutting insert is better able to with-
stand stress along the entire part of the cutting
edge, which is leaning towards the cut with the
machined material. For machining with a cutting
depth of 1.5 mm, the cutting inserts were in con-
tact with a larger diameter of the removed layer
of material. The outgoing chips and hard carbides
caused more intensive wear on the rake of RCMT
10T3MO — F2 than in the case of SNMG 120412
— MR3. The wear of the rake of a tool with cir-
cular geometry and the occurrence of built-up
edge proved to be the main cause for the termi-
nation of the tests preceding the breakage of the
tool cutting edge.

The wear of cutting tools is currently a very
common thing, which cannot be avoided during
machining. The only thing we can do is find a
way to reduce tool wear, make it predictable and
fully controllable in the machining process. By
changing the tool geometry and selecting the
right cutting conditions, some improvements
can be achieved, but in many cases finding the
right combination to prevent wear is rather a
matter of compromise.
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