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Abstract

Nickel- based alloy is difficult-to-machine because of its low thermal diffusive property and high strength at higher temperature. The
machinability of nickel- based Hastelloy C-276 in turning operations has been carried out using different types of inserts under dry condi-
tions on a computer numerical control (CNC) turning machine at different stages of cutting speed. The effects of cutting speed on surface
roughness have been investigated. This study explores the types of wear caused by the effect of cutting speed on coated and uncoated
carbide inserts. In addition, the effect of burr formation is investigated. The chip burr is found to have different shapes at lower speeds.
Triangles and squares have been noticed for both coated and uncoated tips as well. The conclusion from this study is that the transition
from thick continuous chip to wider discontinuous chip is caused by different types of inserts. The chip burr has a significant effect on
tool damage starting in the line of depth-of-cut. For the coated insert tips, the burr disappears when the speed increases to above 150
m/min with the improvement of surface roughness; increasing the speed above the same limit for uncoated insert tips increases the chip
burr size. The results of this study showed that the surface finish of nickel-based alloy is highly affected by the insert type with respect to

cutting speed changes and its effect on chip burr formation and tool failure.
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1. Introduction

Increasing the productivity and the quality of the machined
parts are the main challenges faced by the manufacturing in-
dustry. Modern cutting tools allow cutting at high speeds, thus
increasing the volume of chips removed per unit time. Such
objective requires better management of the machining system
corresponding to cutting tool and machine tool-workpiece
combination in order to move toward a more rapid metal re-
moval rate. Exploring higher cutting speeds depends to a great
extent on the cutting tool material [1]. General information on
operating parameters employed when turning nickel-based
alloys are available in both academic [2-5] and industrial lit-
erature [6, 7]. From the very beginning, the development of an
adequate predictive theory of the process was a major concern
for all researchers. In relation to machining operations with
defined cutting edges, workpiece surface integrity aspects are
important when turning Inconel 718 with coated carbide cut-
ting tools [8, 9]. The high temperature strength and high cor-
rosion resistance of nickel-based alloys have led to their use in
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the manufacture of aircraft and space engines components
considered by machinists as one of the most challenging fields
due to the necessity of dealing with a complex set of material
properties [10, 11]. These properties include: low thermal
conductivity leading to increased temperatures at the tool
point rake face, work-hardening tendency during machining,
high thermal affinity to tool materials resulting in welding-
adhesion of workpiece material to the cutting edge, and pres-
ence of hard abrasive particles (e.g. carbides, oxides) resulting
in intense tool wear [12]. The heat generated during a cutting
operation is the summation of plastic deformation involved in
chip formation and the friction between tool and workpiece
and between tool and chip [13]. In addition, for the majority of
these metals, work hardening takes place rapidly. A hardened
surface created during machining can result in depth-of-cut-
line notching of the tool and may also compromise the fatigue
strength and geometric accuracy of the part [14]. The geome-
try of the tool plays a big part in controlling wear. It must
allow for chip removal in order to take the heat out with the
chip. This study intend to investigate the effect of the cutting
speed of different inserts coated and uncoated on surface fin-
ish and tool wear when machining of nickel-based alloys - 276.
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2. Experimental procedure

The machining tests were performed by single point, con-
tinuous turning of nickel-based alloy Hastelloy-276, specimen
in cylindrical form on a CNC lathe machine. The workpiece
specimen was 300 mm long and 57.15 mm in diameter di-
vided into four parts of 20 mm length each with undercut be-
tween parts equaling to 3 mm width. The chemical composi-
tion and physical properties of the workpiece material are
given in Tables 1 and 2 respectively.

Two different grades of cemented carbide cutting tool in-
serts of CCMT-12 and CNGN-12 were clamped mechanically
for two rigid tool holders SCLCR and CCLNR-M12 respec-
tively [15]. The cutting speeds used were 100, 150, 200, and
270 m/min the feed rate and the depth-of-cut were fixed at 0.2
mm/rev and 1.5 mm, respectively using a dry cutting process.
Surface roughness measurement was carried out on the ma-
chined surfaces using a handheld Roughness Tester TR200
instrument, taking three measurements for each surface. The
worn-out cutting tools were also examined under a Philips XL
30 ESEM type scanning electron microscope (SEM).

2.1 Workpiece surface roughness

Fig. 1 shows a surface roughness profile sample measured
by the Roughness Tester TR200 instrument. Fig. 2 shows the
relation of cutting speed versus surface roughness. Cutting
speed is shown to have a significant influence on the surface
roughness produced. The highest surface roughness value is
observed at 150 m/min cutting speed using CCMT-12 coated
insert and a very rough surface (exceeding Ra of 8 um) with
tool failure by removing a part of the main cutting edge when
CNGN-12 uncoated insert is used beyond 200 m/min. The
general trend in the curves of Fig. 2 for the CCMT-12 coated
insert is that when cutting speed is increased from 100 to 150

Table 1. Chemical composition.

Component Weight %
Ni (Wt. %) 57

Co (Wt. %) 1.62
Cr (Wt. %) 15.44
Mo (Wt. %) 15.34
Fe (Wt. %) 543

W (Wt. %) 3.67

V (Wt. %) 041
Mn (Wt. %) 0.52

C (Wt. %) 0.004

Others (Wt. %) Si<0.02; P -0.005; S <0.01

Table 2. Physical properties.

. . Dynamic
Density Electrl'cal Resis- modulus of Thermgl‘conduc- Specific heat
tively . tivity
elasticity
889 g/em’ 13pQ-m 229 MPa 102 WmK 427 J/KgK

m/min the surface roughness values increase slightly. This
could be the effect of chatter or vibration which occurs at this
cutting speed, thus explaining the increase of the value of
surface roughness with the insert CCMT-12 (Fig. 2). After
increasing the cutting speed beyond 150 m/min it decreases
until a minimum value is reached beyond such increase for the
insert type CNGN-12 uncoated insert, however the curve in-
creases linearly by increasing the speed.

2.2 Tool wear

Tool wear is an extremely important factor to be considered
in machining. Cutting speeds considerably affect the tempera-
ture field in machining, which is characterized by an exceed-
ingly high temperature. This temperature field strongly affects
the physical properties of the cutting tool material such as
toughness, chemical resistance and hot hardness. Hot hardness
is the most critical property for resisting abrasive wear. At
high temperature the tool material becomes soft and thus its
ability to resist particle penetration and abrasive wear de-
creases significantly. The worn-out tool inserts used in the
cutting tests of the present study were examined using SEM.
These images have identified different wear areas on the tool
rake and flank faces and have also shown that the tool wear
mode changed when the cutting conditions changed from
lower to higher speed. The flank wear was measured in this
investigation using the conventional measurement technique
according to ANSI/ASME B94.55M-1985-1995. The sur-
faces of the CCMT-12 and CNGN-12 used to machine the
nickel-based alloy Haynes-276 workpiece material were ex-
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Fig. 1. Surface roughness (Ra) profile chart sample for cutting speed of
100 m/min, feed rate of 0.2 mm, and depth of cut of 1.5 mm at Ra of
1.509 pm.
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Fig. 2. Cutting speed versus surface roughness for turning nickel-based
Hastelloy C-276 using CCMT-12 insert at a feed rate of 0.2 mm/rev
and a depth-of-cut 1.5 mm.
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Fig. 3. SEM images showing the wear of the CCMT-12 after machin-
ing nickel-based alloys, Haynes-276 at (a) 100 m/min, and (b) 150
m/min, and CNGN-12 after machining nickel-based alloy, Haynes-276
at (¢) 100 m/min and (d) 150 m/min cutting speeds.

amined by the SEM images of the worn-out cutting edges. It
can be seen from these images that wear predominantly occurs
in two regions during the tests at the depth-of-cut line and the
nose radius, as shown in Figs. 3(a), 3(b), 3(c), and 3(d). The
wear at the depth-of-cut line does not have any influence on
the machined surface roughness [16]. However, the wear at
the nose radius of cutting edge directly influences the ma-
chined surface roughness since the nose edge is in direct con-
tact with the newly machined surface. Fig. 3(a) shows the
form of nose radius wear for the speed of 100 m/min with
another wear appearing when the speed changes to 150 m/min
as a flank wear as indicated in Fig. 3(b). This explains the
increasing of the value of surface roughness with insert
CCMT-12 as shown in Fig. 2. When the SEM images in Figs.
3(c) and 3(d) are closely examined, the highest tool wear can
be seen on the CNGN-12 insert type (Fig. 3(d)) used at the
150 m/min cutting speed compound with the highest surface
roughness. However, further increasing in the cutting speed
increases the extent of tool wear. In Fig. 3(c) flank wear and
edge-chipping wear are seen on the edge of the cutting tool
used at the 112 m/min cutting speed.

2.3 Rake angle and type of entry

One type of entry was used in the experiments for two rigid
tool holders SCLCR and CCLNR with rake angles of 0° and -

Fig. 4. SEM images showing the wear of the CCMT-12 after machin-
ing nickel-based alloy Hastelloy-276 (a) at 200 m/min, and (b) at 270
m/min.

6 respectively making an S-type entry [17].

From Figs. 3(a) and 3(b) both built-up-edge (BUE) and
Flank wear appear with the cutting speed of 100 m/min to 150
m/min for the insert tip of CCMT—-12 while different tool wear
as chipping wear and gross wear associated with insert tip of
CNGN-12 for the same cutting speed and totally wear-out
after 150 m/min as shown in Fig. 3(d).

The chipping wear with gross fracture appears by increasing
the speed in the range of 200 m/min and 270 m/min, respec-
tively, as shown in Figs. 4(a) and 4(b) for the insert tip of
CCMT-12. From the SEM images one can clearly notice that
the chipping in Fig. 5(a) is mostly done on the clearance plane
with less harm on the cutting edge, while gross fracture is
extremely done on the rake face by removing a part from the
cutting edge.

3. Simulation of tool temperature

Tool temperature is a key factor that accelerates the tool
wear and limits cutting speed and productivity in nickel-based
alloys machining. Experimental measurement of tool tempera-
ture is difficult. In contrast, the finite element simulation can
provide a quick and accurate prediction of tool temperature
under various cutting conditions. As such the effect of cutting
speed on tool temperature was investigated. However, the
sharp cutting edge was difficult to measure experimentally as
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Fig. 5. Finite element simulated sample of machining Hastelloy-276
for a cutting speed of 270 m/min.

it was consistently changing during the machining process.
The effect of cutting speed, rake angle, coatings, and peak tool
temperature was nonetheless analyzed successfully. The proc-
ess parameter for the selected example were 270- m/min cut-
ting speed, 0.2-mm/rev feed, 1.5-mm depth cut, and 0.8-mm
tool edge radius. The high temperature was concentrated
around the straight major cutting edge and the round nose of
the tool. Fig. 5 illustrates the temperature distribution of the
chip in the tool-chip contact area. The highest temperature,
about 980°C, is concentrated in regions near the nose and
major cutting edges with peak temperature slightly higher than
that of the tool.

3.1 Dimensions

The workpiece used in the simulation model was 3 mm in
length by 3 mm in height the tool 5 mm long and 3 mm high,
the cutting edge radius is 0.8 mm the clearance angle is 7° the
rake angles are 0° and -6 the feed 0.2 mm; and the cutting
speeds 100, 150, 200, and 270 m/min respectively.

3.2 Mesh

The mesh of the workpiece can be seen in Fig. 5; the re-
meshing technique used was the “advancing front quad” This
mesh generator started by creating elements along the bound-
ary of the given outline boundary. Mesh creation continued
inward until the entire region was meshed. The number of
elements used was about 6000 with the minimum element size
set at 4um. As seen in Fig. 5, a finer mesh was used around
the tool tip, where the material separated. The tool was
meshed with approximately 5000 elements with a minimum
element size 3 pm. The element type used was node plain
strain elements, with bilinear interpolation functions (four
integration points) and reduced integration of the volumetric
field.

4. Chip burr formation

The burr appeared on one side of the chip with a triangles

(b)

Fig. 6. Nickel-based alloy chip machined using coated insert tip
CCMT-12 at different cutting speeds; (a) at 100 m/min, and (b) at 150
m/min.

(2)

(®)

Fig. 7. Nickel-based alloy chip machined using coated insert tip
CCMT-12 at different cutting speeds; (a) at 200 m/min and, (b) at 250
m/min.

shape for a cutting speed of 100 m/min as shown in Fig. 6(a),
for the coated insert tip CCMT—-12. It disappeared when the
speed increased beyond 150 m/min as shown in Fig. 6(b). The
burr also disappeared when the speed increase to 200 m/min
as shown in Fig. 7(a). With further increase in cutting speed
up to 250 my/min, the width of the chip increased, showing
signs of saw teeth as shown in Fig. 7(b). This was caused by
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(b)

Fig. 8. Nickel-based alloy chip machined using coated insert tip
CNGN-12 at different cutting speeds; (a) at 100 m/min and, (b) at 150
m/min.

change of chip type from continuous for the coated tool to
discontinuous for the uncoated tool.

As seen in Figs. 8(a) and 8(b) different types of burr ap-
peared when the uncoated insert tips CNGN-12 used for the
cutting speed ranged from 100-150 m/min. On one side a tri-
angle-shaped burr appeared. While on the other side whose
cutting speed was 100 m/min a saw-shaped burr appeared as
shown in Fig. 8(a) with higher rotation angle and a speed in-
crease of up to 150 m/min the burr displayed tendencies to
shift a square shape and increase its width as shown in Fig.
8(b).

5. Result and discussion

Generally, cutting tool materials are exposed to high me-
chanical stresses and thermal disturbances when machining
nickel-based alloys resulting in cutting tool wear and short
tool life. The results obtained show that most tools develop
chipping wear at the depth-of-cut form while cutting the
Hastelloy-276 due to the chip burr occurs during the process.
Chip burr hammered the edge of the tool along its way with
intervals from the cutting zone tacking off parts of the edge.
Flank wear and BUE were seen at low cutting which along
with chipping caused severe damage and tool wear. The wear
rate of carbide tools increased dramatically with the increase
of cutting speeds. The inserts were tested by cutting Hastelloy-
276 under a constant feed rate of 0.20 mm/rev, a constant

depth-of-cut of 1.5 mm, and different cutting speeds between
100 m/min and 270 m/min. For each experiment, reference
flank wear value of VBB = 0.3 mm was chosen as wear crite-
rion according to ISO 3685. A cutting tool was rejected and
further machining was stopped based on one or a combination
of the following rejection criteria in relation to ISO Standard
3685 for tool life testing:

o Average flank wear: 0.3 mm.

e Maximum flank wear: 0.4 mm.

® Noses wear: 0.5 mm.

o Notching at the depth of cutline: 0.6 mm.

e Excessive chipping (flaking) or catastrophic fracture of
the cutting edge.

Tool tips CCMT-12 and CNGN-12 were used to machine
the nickel-based alloys Hastelloy-276 workpiece material. It
was examined by the SEM images of the worn cutting edges.
It can be seen from these images that wear predominantly
occurred in two regions during the tests: at the depth-of-cut
line and the nose radius as shown in Figs. 3(a), 3(b), 3(c), and
3(d). The wear at the depth-of-cut line did not have any influ-
ence on the machined surface roughness [18]. However, the
wear at the nose radius of cutting edge directly influenced the
machined surface roughness since the nose edge was in direct
contact with the newly machined surface. Fig. 3(a) shows a
nose radius wear at a low cutting speed of 100 m/min; when
the cutting speed was increased up to 150 m/min flank wear
appeared alongside radius wear as shown in Fig. 3(b). This
may increase the effect of chatter or vibration which occurrs at
this cutting speed, explaining the increase of the value of
surface roughness with the insert CCMT-12 as shown in Fig.
2. When the SEM images in Fig. 3(c) and 3(d) were closely
examined, the highest tool wear was seen on the insert type
CNGN-12 as shown in Fig. 3(d) for the cutting speed of 150
m/min compound with the highest surface roughness. How-
ever, further increasing in the cutting speed increased the ex-
tent of tool wear. In Fig. 3(c), flank wear and edge chipping
wear are seen on the edge of the cutting tool used at the 100
m/min cutting speed. From Figs. 3 and 4, it can be seen that
uncoated type cutting inserts CNGN—12 with entrance type S
worn-out more quickly than the coated inserts type CCMT—12
with the same entrance type at low cutting speeds. With an
increase in cutting speed, tool wear value decreased. Generally
good agreement was observed between these experimental
results and the existing literature studies. When the cutting
speed was increased from 150 m/min to 200 m/min, a de-
crease was observed in roughness except for CNGN as shown
in Fig. 2. However, flank wear values of insert CCMT re-
mained below the reference case at these cutting speeds. Pre-
vious investigations on nickel-based machining confirmed that
coated carbide inserts had better performance than uncoated
carbide inserts and had good performance for cutting of
nickel-based alloys. The results of this study are in good
agreement with the existing experimental data in the literature:
When the cutting speed was increased up to 200 m/min,
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Fig. 9. Cutting speed versus Temperature for turning nickel- ased al-
loys Haynes-276 using CCMT-12 and CNGN- 12 inserts at a feed rate
of 0.2 mm/rev and depth-of-cut 1.5 mm.

CNGN insert worn out to excessively but the other insert re-
mained below the reference case. At this cutting speed, the
types of tool wear are shown in Figs. 3(a) and 3(b). All inserts
were worn out beyond the reference value of 270 m/min cut-
ting speed. As a result, the CNGN insert resisted only at low
cutting speeds. At high cutting speeds, the CCMT insert
showed better performance compared to the other insert. The
recommendation for tool inserts for cutting the Hastelloy-276
are coated CCMT at high cutting speed, whereas CNGN insert
is not suitable for cutting Hastelloy-276 at high speed range.

In this study, flank wear and excessive chipping wear,
which are important problems reducing tool life, were mainly
observed in the machining experiments carbide tools as shown
in Figs. 3 and 4. It is considered that the tools having negative
and larger clearance angle should be used in order to solve
chipping wear problem.

5.1 Effect of tool coating on tool temperature

Access to the measuring point of contact area was practi-
cally limited, with very small area to be measured, and ex-
tremely steep gradient of temperature existing in the small
area of the cutting edge. The tool and the workpiece must be
isolated electrically from the machine tool to obtain an accu-
rate signal [19]. Finite element analysis was used to measure
the temperature of cutting tool-workpiece contact area. Fig. 9
shows the peak temperature of the tool rake face for the six
baseline cutting experiments at two tool tips and four cutting
speeds; the peak tool temperature is independent of the feed
which is understandable since the tool cutting edge radius (0.8
mm) was used. The peak tool temperature increased signifi-
cantly from about 690°C at 100 m/min, cutting speed to
790°C at 270 m/min cutting speed for the insert tip CNGN-12,
with tool life ending within this range while it increased from
about 700°C at 100 m/min cutting speed to 980°C at 270
m/min for the insert tip CCMT-12 with stability in tempera-
ture from 150 m/min to 200 m/min and that explaining the
increase of surface finish as shown in Fig. 9.

6. Conclusion

Turning tests were performed on nickel-based alloy

Haynes-276 using two different inserts of cemented carbide
cutting tools. The influences of cutting speed, tool inserts type
and workpiece material were investigated on the machined
surface roughness. Based on the results obtained, the follow-
ing conclusions can be drawn:

Entry type S with negative rake angle showed better per-
formance than same a similar entry with 0° rake angle for the
same approach angle of 95°.

Nose radius wear, as evidenced by the SEM examinations,
were found to be responsible for the surface roughness values.

Based on the experimental results, the optimum cutting
speed can be deduced as 200 m/min and the tool life can be
affected negatively above this speed.

Increasing cutting speed beyond 150 m/min can end tool
life for the uncoated insert type CNGN-12 due to chip burr,
while for coated insert type CCMT -12 the limit of cutting
speed increased for the same cutting condition beyond 200
m/min due to the absence of the chip burr.

Coated S type insert showed better performance compared
to uncoated S type insert at low cutting speeds. The recom-
mendation for the tool inserts for machining of Hastelloy-276
is coated S type insert with negative rake angle at a medium
cutting speed range.
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