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Machinability investigation and cost estimation
during finish dry hard turning of AISI 4340 steel
with untreated and cryo treated cermet inserts

For higher tool life of cutting inserts cryogenic treatment is consid-
ered as the most prominent method but no substantial researches have been found
concerning the impact of cryogenic treatment on cermet inserts especially in hard
turning. Therefore, in the present experimental investigation, the comparative
assessment of various responses such as cutting force, flank wear, crater wear, chip
morphology and surface roughness were carried out during machining of hardened
steel with both untreated and cryo treated cermet ins hard turning erts under dry
cutting condition. Lastly, the input variables were optimized using Response surface
methodology (RSM) to evaluate the tool life for the economic analysis. The experimen-
tal result demonstrated that the uncoated deep cryo treated with tempered cermet
insert delivered better results in comparison to other cermet inserts. According to cost
analysis, uncoated and deep cryo treated with tempered cermet insert was found to be
the most economical among other cermet inserts at the optimum cutting condition.

Keywords: hard turning, cryogenic treatment, machinability, cost
analysis.

INTRODUCTION

Quality, productivity and economic aspects of any machining
process is influenced by tool life to a great extent. The cost of machining depends
on one of the significant responsesi.e. tool life and it is advisably influenced by the
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generation of high temperature at the tool-work and tool-chip interfaces during
hard machining. In order to sustain at such high temperature hardness and wear
resistance of the tool material must be high enough. Else, due to the softening of
cutting edge and rapid progressive wear on the rake and flank surfaces, the
machining characteristics may be severely hampered. Various methodol ogies have
been proposed by number of researchers and scientists for the enhancement of tool
life, such as coating, heat treatment, application of divergent coolants, use of
different types of tool geometries and cryogenic treatment. However, over the last
few years, cryogenic treatment has been put through extensively by various
researchers in the field of metal machining. From the research outcomes, it was
summarized that there was an improvement in the performances of cryo treated
tools in comparison to the untreated tools. Therefore, the effects of both shallow
and deep cryogenic treatment with tempering on the performances of uncoated
cermets have been studied in this investigation.

Gill et a. [1] performed turning operation using cryogenically treated tungsten
carbide inserts under dry and wet cutting conditions and better results were ob-
served for cryogenically treated inserts in wet conditions, under both continuous
and interrupted machining modes. While turning Ti—6Al—4V alloy, Dhananchezian
et a. [2] compared the performance of modified cutting tool inserts in cryogenic
machining and wet machining. It was observed that al the machining attributes,
substantially reduced in cryogenic machining as compared to wet machining.
Umbrello et al. [3] studied the effects of cryogenic cooling on surface integrity of
hardened aloy steel. Better surface integrity aspects were observed while
machining with cryogenic cooling in comparison to dry cutting. Kivak et a. [4]
analysed the effect of cryogenic treatment on M42 HSS drills during machining
Ti—6Al-4V aloy. Both wear resistance and tool life enhanced in cryogenic treat-
ment under both dry and wet cutting conditions. Reddy et a. [5] carried out
experiments on C45 steel with deep cryogenically treated tungsten carbide inserts
and found that the machinability aspects of C45 steel were enhanced using deep
cryo treated inserts compared to untreated inserts. Reddy et a. [6] compared the
performances of untreated and deep cryogenic treated carbide inserts while turning
AlISl 1040 steel and found that the deep cryogenic treated insert outperformed
untreated insert. Thornton et al. [7] studied the effects of deep cryogenic treatment
on wear characteristics of carbide inserts while machining AISI 1045 steel. Results
revealed that hardness of the insert was increased and flank wear was reduced. Gill
et a. [8] performed experiments using three types of inserts and compared their
performances. The results revealed that higher tool life, better surface finish and
less machining forces were required for deep cryogenically treated and tempered
tool. Gill et al. [9] aso examined the wear behaviour of three types of carbide in-
serts while turning and studied the effect of cryogenic treatment on various ma-
chining characteristics. It was observed that shallow cryogenic treated and tem-
pered insert performed superbly than other inserts. Hui-Bo He et al. [10] studied
the performances of various tools while turning AlSI 5140 steel under dry cutting
condition. Deep cryogenic treated tool delivered an outstanding performance com-
pared to the uncoated and untreated tool. Strano et al. [11] studied the wear behav-
iour of PVD coated and cryogenically treated tools during turning of Ti6Al-4V.
The results revealed that deep cryogenic treated inserts outperformed untreated
inserts at high cutting speed regarding flank wear due to the enhancement of wear
resistance. Kumar et a. [12] differentiated the performances of three types of cut-
ting inserts while turning EN-47 steel under dry cutting environment. The results
reveaed that cryogenicaly treated with double tempered insert performed superior
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to untreated and only cryo treated inserts. Akincioglu et al. [13] studied the effect
of shallow and deep cryogenic treatment on carbide tools and found that deep
cryogenic treated and tempered carbide tool performed better than shallow cryo-
genic treated and tempered tool in terms of surface roughness. Ozbek et al. [14]
investigated the effects of different holding times during cryogenic treatment of
carbide inserts regarding tool wear while machining AlSI 316 stainless steel bars.
The results showed that cryogenic treatment with holding time 24 hours performed
superiorly compared to other holding times. Akincioglu et al. [15] reviewed differ-
ent research publications on the cryogenic treatment of cutting tools and concluded
that performance of the cutting tool can also be improved by optimizing cryogenic
process parameters. Vadivel et a. [16] compared the performances of cryogeni-
cally treated and tempered coated inserts with untreated ones. Cryogenicaly
treated and tempered inserts were found to have a better surface finish, less power
consumption, less flank wear and higher wear resistance over untreated inserts.
Dogra et a. [17] compared the performance of CBN insert with coated carbide,
cryogenically treated and tempered carbide and untreated carbide. From the ex-
perimental results, it was discered that CBN outperformed all other insertsin terms
of flank wear. The surface roughness achieved with carbide inserts was more or
less compared to CBN inserts. Both microhardness and white layer were reduced
with cryo treated and tempered carbide inserts compared to CBN. Deshpande et al.
[18] investigated the effects of cryogenic treatment and microwave irradiation on
carbide cutting tools while machining C45 stedl. The results revealed that wear
resistance, hardness and tool life of the inserts were improved due to cryogenic
treatment and microwave irradiation.

Ozbek et al. [19] analyzed the effect of cryogenic treatment on uncoated carbide
during dry turning of stainless steel. From the XRD analysis, it was observed that
due to cryogenic treatment and tempering, both hardness and wear resistance were
improved. Kals et d. [20] studied the effects of post-tempering cycles on cryo
treated carbide inserts. The experimental results revealed that the wear resistance
and microhardness of the insert were improved due to tempering and cryo treat-
ment. Singh et al. [21] compared the performances of cryo treated and untreated
carbide inserts regarding flank wear during turning of duplex stainless steel under
dry cutting circumstances. It was concluded that cryo treated and tempered inserts
performed superbly with less flank wear compared to untreated inserts. Cicek et al.
[22] optimized drilling parameters while drilling AISI 304 steel using conventiona
heat treated, cryogenically treated and cryogenically treated and tempered HSS
drills and observed that feed rate and cutting speed affected surface roughness and
roundness more significantly. Cryogenically treated and tempered HSS drills per-
formed better than other drills.

From the literature review, it was unveiled that, most of the research works
have been performed using steel such as mild steel, low carbon steel, medium
carbon steel, high carbon steel, stainless steel and tool sted,etc. Still, specific
research on medium carbon low alloy steel (i.e. AlSI 4340) has not been performed
so far. Many researches have been carried out using both coated and uncoated
inserts mostly carbide, ceramic, CBN and PCBN. However, the same study has not
been carried out on cermet inserts. Most of the researchers have performed the
machining activities with deep cryogenically treated inserts. But, very few have
opted shallow cryo treatment process. Also, the cryogenic treatment with
tempering has been proposed by very few researchers. In maximum cases, the tem-
perature selected for the deep cryogenic treatment process was —196 °C and for
shallow cryogenic treatment, the temperature, was —110 °C. Output responses like
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flank wear, surface roughness and cutting force have been analysed previously.
However, substantial studies on chip morphology, crater wear and economic
analysis have not been proposed by scientists and researchers using different
untreated and cryo treated insertsin the hard turning experiment.

According to the above-mentioned research gap, the objective of the present
work is focussed on studying the effect of both shallow and deep cryogenic
treatment with tempering on output responses like flank wear, crater wear, surface
roughness, cutting force and chip morphology while machining AISI 4340 aloy
steel at 48 HRC using UCUT, UCSCT, UCSCTT, UCDCT and UCDCTT cermets.
Further, the economic analysis has been performed using the above-mentioned
cermet inserts.

EXPERIMENTAL DETAILS

The materials employed in the present experimental work, measurement
techniques and the detailed experimental procedures, including cryogenic treatment
areillustrated in this section.

Shallow and deep cryogenic treatment of cermet inserts

In both shallow and deep cryogenic treatment, the inserts were kept in a plastic
container before placing in the cryo chamber and the cryogenic dipstick as shown
in Figs. 1, a and b, respectively. This was done to prevent the direct contact of
inserts with the liquid nitrogen to circumvent the possibility of thermal damage.
The tempering operation was performed after shallow and deep cryogenic treat-
ment to alleviate the residual stress induced during cryogenic treatment. In the
current research work, uncoated cermet inserts were shallow and deep cryo treated
followed by tempering. The entire procedure adopted for the above thermal treat-
ments were summarized in the following steps and the cryogenic cycle diagrams
were shown in Figs. 2, a and b for both shallow and deep cryo treatment with tem-
pering.

a b
Fig. 1. Experimental setup for shallow cryogenic treatment (&), and deep cryogenic treatment (b):
1 — cryo chamber; 2 —dipstick.

At first, the cermet samples were placed in the cryo chamber. For shallow cryo-
genic treatment using a cooling rate of 1 °C/min, the temperature was brought
down to -145°C from room temperature, i.e. 25°C. After reaching the
temperature mentioned above, for soaking the temperature was kept constant for
24 h. By the end of soaking period, the temperature was again raised to room tem-
perature at the same rate. Tempering process was started after the final stage of the
cryogenic cycle, where the inserts were kept in a furnace and heated to a tempera-
ture of 145 °C with a same rate. After attaining the temperature, it was kept con-
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stant for 7 h. Then finally, the temperature was brought down to the room tempera-
ture, at the same rate. For deep cryogenic treatment, the same procedure was
adopted but the temperatures selected were 22°C (the room or initia temperature),
—173 °C (final temperature) and 173 °C (temperature for tempering cycle). Also, in
deep cryogenic treatment, cryo chamber was replaced by cryogenic dipstick, which
was immersed in liquid nitrogen. The electronic temperature controller controlled
the temperature. The tempering cycle adopted in deep cryo treatment was same as
shallow cryogenic treatment.

T,°C T,°C
Tempering Tempering
150 150
100 100
50 Ramp down 50 Ramp down
0 10 20 30 40 Time. h 0 10 20 30 40 Time, h
—50 ’ —50
—100 Ramp down —100
Ramp down
—150 -150
—200 Soaking period —200 Soaking period
a b

Fig. 2. Procedure followed for shallow (a), deep cryo treatment with tempering (b).

Experimental procedure

In the present experimental work, experimental runs were carried out according
to Lg orthogonal array, i.e. three factors with three levels for different uncoated
inserts. Three factors such as cutting speed, feed and depth of cut were considered
and their effects on the responses like cutting force, flank wear, crater wear, chip
morphology and surface roughness were observed. Before the actual machining
operation, the workpiece was first centered, and then the rust layer was removed
from the outer surface of the workpiece for the aleviation of any end results of
inconsistency on the responses. Each experimental run was carried out for a ma-
chining length of 200 mm. Taguchi’s orthogona array technique was used for
better results with less cost and time.

Workpiece material

For the present experimental work, AlS| 4340 steel was chosen as workpiece
material having diameter 50 mm and length 600 mm (Round bar). Using Spectro
metal analyser, the chemical composition of the specimen in wt % was examined
and presented in Table 1. The steel utilized in this study was a medium carbon, low
aloy and high strength steel. Due to high impact or shock resistance, wear and
abrasive resistance, this material is preferred for manufacturing of different auto-
mobile as well as structural components. The material was heat treated with differ-
ent heat treatment processes like austenitizing, quenching and tempering. After
completion of the entire process, hardness of the specimen was enhanced to
48 HRC from 18 HRC.

Table 1. Constituents of the workpiece in wt %

Elements C Ni Cr Mo Mn Si Fe

Weight percentage 0.397 155 0.9 0.275 0.77 0.339 95.762
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Insert and tool holder

In the present experimental analysis, uncoated cermet insert was used. This
insert was procured from Taegu Tec Company having grade CT3000 specified as
SNMG 120408. The grade of chip breaker geometry associated with thisinsert was
FG, preferred in finishing and semi-finishing operation. This particular insert was
selected because of its superior wear resistance, toughness, thermal conductivity
and low adhesion. The insert was mounted on a PSBNR2020K 12 designated tool
holder with the following cutting geometries as shown in Table 2.

Table 2. Tool holder geometry

Tool holder Clearance | Back rake | Entering | Point [ Nose radius, |Side rake

signature angle angle angle angle mm angle
Angle 0 —6° 75° 90° 0.8 —6°
recommended

Machine tool and measuring instruments

Straight turning operation was carried out in dry cutting condition on a highly
rigid and precision lathe (HMT India Ltd.) having a maximum spindle speed of
2040 rpm and power of 11 kW. To measure the machining forces along three
perpendicular directions, Kistler three-dimensional dynamometer was used. The
width of flank wear after each experimental run was measured using advanced
optical microscopy of model 100HD-3D (Carl Zeiss) with arange of magnification
from 10X to 50X. Whereas, the morphological study of the flank surface was
accomplished using SEM (JEOL JSM-6084 LV). Chip morphological study was
accomplished using SEM and the identifications of wear patterns on the rake
surface of the inserts were also accomplished by the SEM. The surface roughness
parameter Ra was measured using a Mitutoyo roughness tester. A simplistic view
of the present experimental investigation was shown in Fig. 3.

fespeemen I Chip morphology

Cermet insert
Characterization
of cutting tool before
and after the cryogenic

treatment

Fig. 3. Simplistic layout of the present experimental setup.

RESULTSAND DISCUSSION

Microstructural analysis of untreated, cryo treated and cryo treated
with tempered inserts

From Fig. 4, a it was found that the volume of n phase carbides present was
lower than that of oo phase carbides. Due to non-cryogenic treatment secondary
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carbide particles were not formed. The uniformly distributed coarse grain structure
(larger components) was aso found. From Fig. 4, b it was discovered that
secondary particles precipitated uniformly in the substrate and they formed on a
large scale. In cryo treated inserts, fine grain structure (smaller components) was
observed when compared to untreated inserts. The hardness and wear resistance of
inserts were improved because of formation of n phase carbides. The SEM image
of UCSCTT shown in Fig. 4, c, reveded that better precipitation and uniform
distribution of n phase carbide particles was due to tempering. However, due to
tempering the volume of that particular phase of carbide was diminished as
compared to cryo treated inserts. Same results were observed in case of UCDCT &
UCDCTT cermet inserts shown in Figs. 4, d and e.

e
Fig. 4. SEM images of cermet inserts: UCUT (a), UCSCT (b), UCSCTT (c), UCDCT (d), and
UCDCTT (e): larger (1) and smaller (11) components; o (1), B (2), and 1 (3) phase carbides.
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EDX analysis

Hardness and wear resistance of cermet inserts were improved after cryogenic
treatment. This was due to the diminution and compaction of cobalt or binder
phase as well as the increment of carbon percentage both in weight and atomic
scale. This was evident from the EDX analysis of uncoated cermet, before the
cryogenic treatment, the weight percentage and atomic percentage of cobalt were
5.40 and 6.10, but after the cryogenic treatment, the weight and atomic percentage
were diminished to 1.01 and 3.08 respectively as shown in Figs. 5, a, b, and was
mentioned in Table 3 as given below. During cryogenic treatment, different carbide
particles or carbide fillers of various phases such as o, B, vy and n phase carbides
are normally formed. This was due to the alteration of carbon percentage after the
cryogenic treatment, as observed from the EDX graph. It was observed after cryo-
genic treatment, the weight and atomic percentage of carbon was enhanced from
11.52 to 18.66 and 63.84 to 75.64 percentage respectively. However, after temper-
ing the weight and atomic percentage of cobalt increased and weight and atomic
percentage of carbon reduced. The variations in weight and atomic percentage of
carbon and cobalt for different cermet inserts were tabulated below in Table 3.

cps/eV cps/eV

50

50
40

40

30 30

20 20

10 10

0 2 4 6 8 10 12 keV 0 2 4 6 8 10 12 keV
a b

Fig. 5. Elemental analysis of uncoated cermet: before (a) and after (b) cryogenic treatment.

Table 3. Constitute elements of different cermet inserts before
and after cryo treatment

Before After Shallow cryo- Deep Deep cryogenic
cryogenic treat-|  cryogenic  |genic treatment|  cryogenic treatment with
Ele- ment treatment [ with tempering treatment tempering

ments | normal- j[atomic| normal- jatomic| normal- |atomic| normal- |atomic| normal- |atomic
izedC,| C, |izedC,| C, |izedC,| C, |izedC,| C, |izedC,| C,
Wwt% [at% | wt% |wt% | wt% |[at% | wit% |at% | wt% | at%
w 8301 3006 8033 2127 8139 2711 7138 17.78 76.394 19.62
C 1152 6384 1866 7564 16.69 7232 2733 91.02 2449 84.631
Co 5.40 6.10 1.01 3.08 2.47 4.19 0.56 1.91 0.93 217
Se 0 0 0 0 0 0 0 0 0 0

XRD analysis

Before and after the cryogenic treatment, with the help of XRD texture
measurement machine XRD analysis was done to ensure whether there were any
physical changes occurred or not, in all three cases, i.e. untreated, cryo treated
(both shallow and deep) and cryo treated with tempering. There were three phases
of carbides like o, B and n phase present. A phase consists of Tungsten carbide
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(WC), B phase consists of binder phase and n phase consists of multiple carbides
(one phase from the binder and another phase from Tungsten). In cryogenically
treated inserts (both shallow and deepcryo treatment), o, B and n phase carbides
were present with high intensities compared to untreated and cryo treated with
tempered inserts. And the high volume of n phase carbide was present in cryo
treated inserts as compared to treated with tempered one, whereas the minimum
volume of m phase carbide was present in untreated inserts as shown in Figs. 6, a, b.
As the selected grade contains cobalt and tungsten, y phase carbide was considered
to be insignificant. The elements like TiC, TiN, and TaC were found absent
according to EDX analysis.

30001 3000 f o

2000 2000} UCDCT n B n

n
UCSCTT
1000f \J‘_LL\_,_)\_J\P 1000 F L B
%Lju_x_,m MA__}\__/\,

30 60 20, deg 30 60 20, deg
a b

Fig. 6. XRD anaysis of cermet inserts: UCUT, UCSCT, UCSCTT (a); UCUT, UCDCT,

UCDCTT (b).

Intensity
Intensity

Micro hardness analysis

In this present experimental investigation, micro hardness of cutting inserts, an
indispensable mechanical property, was evaluated and studied in details. Micro
hardness normally get influenced by the phase change and microstructural altera-
tion of a material. Micro hardness of the inserts was measured with Vickers micro
hardness tester. Fig. 7 illustrated the micro hardness of different cermet inserts.
Because of shallow and deep cryogenic treatment, there was an increment in the
hardness of 8.92 and 13.09 % respectively [7 and 20] whereas tempering reduced
the hardness of both shallow and deep cryo treated inserts about 4.46 and 2.48 %
respectively.

3000[ — 1
2500F
= 20001

15001

Microhardness, HV

(=3

(=3

(=}
T

5001

UCUT UCSCT UCSCTT UCDCT UCDCTT

Types of inserts
Fig. 7. Micro hardness of cermet inserts.
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Wear resistancetest

To study the potential of cermet inserts regarding their wear resistance, wear
resistance test was accomplished on pin on disc apparatus. Figure 8 demonstrated
the wear behaviour of five types of cermet inserts. From the figure, it was
concluded that highest or maximum wear was found for UCUT insert whereas
minimum wear was found for UCDCTT insert. Because of less hardness and wear
resistance, the maximum wear was observed for UCUT cermet insert. It was also
noticed from the wear graph that cryogenically treated and tempered inserts
performed well as compared to only cryogenically treated inserts. Because, both
hardness and brittleness of the inserts were simultaneously increased to a higher
range in case of both shallow and deep cryo treated inserts. Tempering enhanced
the performances of the inserts resulting diminishment of extreme hardness and
rise of both wear resistance and toughness[7, 16 and 20].

200
150

UCUT

£

E UCSCT

g 100 UCSCTT

= UCDCT
UCDCTT

50
" 1 " 1 " 1 "
0 500 1000 1500 Time,s

Fig. 8. Wear resistance of cermet inserts.

Effects of machining parameters on the responses

Cutting force increased with the increment of cutting speed. The highest value
of cutting force was observed for UCUT insert, while the least cutting force
appeared in case of UCDCTT insert. The tool geometry highly influenced both the
flank wear and machining force. In the current study, square inserts having point
angle 90° and entering or approach angle 75° were considered. Due to high
magnitude of point angle, the larger contact area between cutting edge and
workpiece was established. Therefore, high cutting force was exerted by these
inserts. Similarly, due to the entering angle, vibration was developed during
machining, for which both cutting force and flank wear increased. When flank
wear was increased, cutting force was greatly affected and changed drastically as a
result of temperature rise. UCUT inserts exhibited highest flank wear and therefore
maximum cutting force was developed as compared to other inserts as shown in
Fig. 9, a. Surface roughness increased with the increment of cutting speed because
there was an enhancement of cutting force with speed for al inserts. The higher
cutting force was observed at high cutting speed because of maximum vibrating
force. As aresult, surface roughness increased almost for all types of inserts. There
was a mixed relationship between the depth of cut and surface roughness, whereas
with feed, surface roughness increased. Flank wear grew rapidly as cutting speed
increased, because, with cutting speed, temperature increased simultaneously,
which was responsible for tool wear and plastic deformation. At high cutting
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speed, high temperature was developed near the cutting edges of the inserts, but
because of lower thermal conductivity for UCUT insert, the tool strength was
reduced drastically compared to cryo treated inserts. So more flank wear was
observed in case of UCUT insert in comparison to other inserts as shown in Fig. 9,
b. The surface roughness of the specimen was aso affected with the increment of
flank wear for all cermet inserts. Due to maximum flank wear, the highest value of
roughness was obtained for UCUT insert and lowest value was for UCDCTT insert
[8, 13, 16] asshownin Fig. 9, c.

300F I U cuUTIE ucscTIE ucscTTE] UCDCTC_J UCDCTT [ == ycuTEEUCSCTEE UCSCTTEJUCDCT — UCDCTT |
0.5
2501
7. 04
EZOO r §
- 0.3
S1501 b
£ =
= s
O = 0.
100 = 02
59
50 0.1
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
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a b
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o
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0 1 2 3 4 5 6 7 8 9
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Cc
Fig. 9. Development as well as growth of cutting force (a), flank wear (b) and surface roughness
(c) using various cermet inserts.

Flank wear analysis of cermet inserts using SEM

Various types of wear patterns were observed in case of UCUT insert as shown
in Fig. 10, a i.e. chipping or breakage of cutting edge, nose wear, abrasion,
adhesion and notch. Because of non-cryogenic treatment, the hardness and wear
resistance of the insert could not be improved. This might be the main reason for
the types of wear mechanisms quoted above. The notch was formed due to plastic
deformation of the cutting edge. Due to excessive mechanical loading during
machining, edge chipping occurred. Deep abrasion marks were observed on the
flank face because of the presence of hard constituents in the specimen due to heat
treatment. At the nose surface, plastic deformation was noticed because of thermal
softening. This might be due to low thermal conductivity. Chip materials were
adhered to both the rake and flank face of the insert due to its tenacious nature. Due
to this tenacious nature, wear with higher depth was observed at the tool rake face.
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Notch
marks

e
Fig. 10. Flank wear of cermet inserts: UCUT (@), UCSCT (b), UCSCTT (c), UCDCT (d), and
UCDCTT (e).

In case of UCSCT cermet insert, hardness, wear resistance and toughness were
improved due to shallow cryogenic treatment. As a result, less flank wear with thin
abrasion marks were observed as shown in Fig. 10, b. However, at the region of the
main cutting edge, brittle or catastrophic failure was observed. Because of the dis-
ruption of various phases of carbide particles from the tool substrate, the other
wear mechanisms such as a notch, plastic deformation was not found in case of the
shallow cryo treated insert.

On account of tempering, appropriate precipitation and better distribution of 1
phase carbides were noticed in the SEM image of UCSCTT cermet insert (see
Fig. 4, ¢), for which the excessive hardness of the insert was reduced but toughness
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and wear resistance were improved. As aresult, very less flank wear and reduction
of damaged surface appeared at the main cutting edge as shown in Fig. 10, c.
Whereas, due to the decrement of hardness, plastic deformation occurred at the
nose region, which can be referred, as notch wear. The decrement of damaged
region was observed dueto less residual stress concentration and vibration. In addi-
tion, due to the reduction of excessive hardness and increment of wear resistance
and toughness, the impact of chip hammering was substantially diminished.

From the experimental data, it was observed that hardness and wear resistance
of cermet insert were substantially increased due to deep cryogenic treatment
because of the formation of 1 phase carbide particles. As a result, very less wear
was observed on the flank surface of UCDCT cermet insert as shown in Fig. 10, d.
In addition, due to the improvement in thermal conductivity, thermal cracks,
damages and softening of cutting edge were not detected. Whereas, there was a
damaged region found at the main cutting edge due to the enhancement of
excessive hardness and brittleness for deep cryogenic treatment. As the high
volume of mn phase carbide was precipitated along the tool substrate owing to deep
cryogenic treatment, the compressive residua stress was formed. This local stress
concentration might be hampered the tool performance during machining in terms
of edge breakage. Another reason for the damaged region at the cutting edge was
due to clashing of hard chips with the cutting edge that formed during machining,
called chip hammering.

As seen from the SEM image of UCDCTT insert (see Fig. 4, €), there was a
decrement in the volume of 1 phase carbides due to tempering. The hardness of the
insert was reduced, but wear resistance and toughness were significantly improved
[4, 11 and 19]. Minimum wear rate for this particular insert was observed in the
friction wear test as shown in Fig. 8. Due to high wear resistance and toughness,
smooth wear pattern could be seen at the flank surface of the insert as shown in
Fig. 10, e. Also, because of better wear resistance of UCDCTT insert, a very nar-
row fractured region on the rake face was noticed and abrasive wear due to hard
chip flow on the rake surface was minimized. The other wear mechanisms such as
plastic deformation, notch wear, thermal softening and chipping were not found for
the increment of thermal conductivity, high hot hardness and reduction of residual
stress concentration due to tempering.

Analysison crater wear

Minimum wear on the rake surface was observed for uncoated and cryo treated
with tempered insert compared to untreated and cryo treated insert, which was
shown in Figs. 11, a—c. The crater wear mainly occurred due to diffusion or chemi-
cal reaction between the workpiece and tool material. At the rake face of the un-
coated and untreated cermet insert, thick abrasion marks due to hard chip flow and
adhered chip materials were noticed along with edge chipping. Due to the dliding
action of hot chips, black spots were observed at the contact area as shown in Fig.
11, a. Further, it was observed from the SEM image, that because of hot chip colli-
sion the respective area was deteriorated. This happened mainly because of low
thermal conductivity, less hardness and wear resistance of UCUT cermet insert.
Similarly, for uncoated and cryo treated cermet insert, thin abrasion marks and
adhered workpiece materials were observed along with very few hot spots on the
rake face. Nevertheless, one interesting phenomenon called spreading of adhered
material was detected on the rake face of the insert as shown in Fig. 11, b.
Throughout the continuous turning operation, hot chips were produced, but these
hot chips could not damage the rake surface of the cryo treated insert due to high
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thermal conductivity and better hot hardness. Whereas, due to segregation of high
volume of hot chips and generation of high temperature at the tool-chip contact
zone, melting of chips occurred on the rake face resulting spreading of materials.
The same phenomenon was also observed for cryo treated and tempered insert and
avery small burnt region was found. Chipping and fracture were not observed for
thisinsert because of high wear resistance and increment of toughness.

C
Fig. 11. Crater wear of cermet inserts. uncoated & untreated cermet (a), uncoated and cryo
treated cermet (b), and uncoated and cryo treated with tempered cermet (c).

When machining hardened steel under high cutting speed, very high cutting
zone temperature occurred, and the cutting tool was subjected to ultra-high fre-
guency and strong impact thermal-mechanical loads. The chips burned under high
cutting temperature; meanwhile, the cutting edge was submerged in the extremely
hot environment, leading to the reduction of strength and hardness. The tool failed
to maintain its shape integrity in a few seconds, exhibiting large area flaking in the
rake face. At lower cutting speeds, the workpiece material exhibited the brittle
behavior with little effect of either strain rate or temperature. Higher cutting speeds
lead to the increase in material ductility and higher cutting temperatures. When the
cutting speed was further increased, the cutting temperature at localized region of
chips became high enough to cause the burning of thin chips, giving rise to the
difficulty in the collecting of chips. This should obviously be ascribed to the higher
strain rates and temperature variation under very high cutting speeds, and the proc-
ess was more complex during chip formation. Moreover, the highest content alloy-
ing element of workpiece material is Fe. As the cutting speed increases, the per-
centage of oxygen atomicity increases, and also promotes the reaction between O
element and Fe element for oxidation. Because of high temperatures that was gen-
erated at the tool-chip and tool-work interfaces during machining, the migration of
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atoms occurs from the workpiece and tool material. The generated chip is not the
melt of the AISI 4340 steel but the oxidation (Fes0,) of it. Figure 12 details the
SEM photographs of this chip and the EDS result of point 1 on the chip. As can be
seen from the result, there is melted chip material on the chip back surface, and the
existence of oxygen element in the melted chip reveals that the melted material was
burned or oxidized under high temperature. For some small chips, the oxidation
may be very intense and chip maybe burn. This is due to the large amount of heat
liberation confirmed by the sparks appeared at higher cutting speed. The heat re-
leased during the oxidation melts the chip. The adhesion of workpiece material in
the form of hot molten chip on the tool rake face was observed for untreated, cryo
treated and cryo treated with tempered inserts.

Fig. 12. SEM photographs of the chip and its EDS result of point 1 on the chip.

The migration of atoms from work to tool material was observed in the EDS
spectrum analysis as shown in Fig. 13 and Fig. 14. Similar phenomena were
obtained when material transformation occurred from tool to work. From the EDS

a b
Fig. 13. SEM image (a), and EDS spectrum (b) of unaffected region for UCUT cermet.

a b
Fig. 14. SEM image (a), and EDS spectrum (b) of affected region for UCUT cermet.
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spectrum of uncoated and untreated cermet, different elements were observed like
C, O, Coand W at the unaffected region, whereas in the EDS spectrum of affected
region, various elements that are associated with the workpiece material such as C,
O, Ni, Fe, Mo, Mn, Cr and Si were observed. Therefore, from this EDS spectrum,
it was cleared that the components of workpiece material were migrated on to the
tool substrate. So due to the migration of materials from the tool and workpiece,
substantial wear on the rake face was observed. More adhesion was observed for
UCUT insert compared to other inserts. Moreover, as the cutting speed increased
during machining, the cutting forces measured increased rapidly due to the larger
cutting loads and cutting energy to remove the workpiece material from the sub-
strate. And at the same time, the vibration as well as cutting temperature increased
because of the more severe friction between the cutting edge and noncutting sur-
face of workpiece, except for the cyclic thermal shock which would weaken the
mechanical properties of cutting tool material, the tool wear accelerated sharply
into the abrupt tool wear stage. The main wear mechanism for UCUT cermet tool
was chipping by brittle fracture due to its low toughness and high impact regime
for the tribological system evaluated caused by the presence of ultra-hard particles
on workpiece material.
Chip mor phology

Chip morphology plays an important role in hard machining. Both the surface
quality and the tool life highly depend upon the chip morphology. At inflated feed
rate, the chip was entwined and the structure of the chip was changed, i.e.
impression of saw tooth formed on the chip surface, which was mainly due to shear
deformation at primary and secondary shear zones. Also, due to higher feed, the
increase in the contact length between chip and tool resulted in high heat
generation due to which microstructural alteration and therma deformation
occurred. This was the main reason for the formation of saw tooth chip. Highest
flank wear was observed for UCUT cermet while lowest flank wear was observed
for UCDCTT cermet insert because of good strength, enhancement of micro
hardness, increment in toughness and wear resistance resulted smaller saw tooth on
the chip surface as shown in Fig. 15. Due to maximum flank wear, more heat was
generated that contributes to wider saw tooth chip for UCUT insert illustrated in
Fig. 15. Another important attribute of chip morphology was discerned during this
present experimental investigation called side flow of chips. With UCDCTT insert,
no side flow of chip was observed, whereas with UCUT insert severe materia side
flow was observed, which was shown in Fig. 15. A notable improvement in micro
hardness, wear resistance and toughness for UCDCTT insert after cryogenic
treatment and tempering might be contributed to this.

a b
Fig. 15. Images of chips procured by FESEM after machining hardened alloy steel with cryo
treated and tempered tools (a, ¢), and uncoated and untreated tools (b, d).
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Fig. 15. (Contd.)

Economic feasibility in hard turning using various types of uncoated
cermet inserts

The fundamental venture of any manufacturing process is to produce a compo-
nent at the minimum cost possible. Nowadays, with increased burden on cost
management and profitability, manufacturers have aimed to regulate the overall
cost for machining operations in order to confirm consistency and establish cost
benchmarks for recommendation in coming times. The total machining cost has
three major constituents. machining cost, cutting tool changing cost (idle time cost)
and cutting tool cost. Longer tool life results high machining cost because of the
cost of using the machine and operator for an extrapolated machining time while, a
shorter tool life leads to high production cost because of frequent tool replacement
(tool cost and tool changing cost). Therefore, a detailed economic anaysis is
needed in order to maintain a balance in the aforementioned trends. Concerning for
economical estimation and cost consciousness, the selection of process parameters
appropriate to an optimum range leads to a paradoxical enhancement in toal life. In
addition, to investigate whether a cryogenic treatment could be an economically
feasible process for hard turning operation using various cermet inserts at optimal
setting of cutting parameters, tool life evaluation is mandatory. Hence, in the

present work, desirability function
analysis of Response surface
methodology (RSM) is performed
to obtain the optimum cutting
condition for tool life evaluation.
Figure 16 exhibits the optimization
results, which presented the
optimal solution for minimum
tools flank wear (VB) vaue at
cutting speed = 80 m/min, feed =
0.05 mm/rev and doc = 0.10 mm.
Finaly, some additiona experi-
ments are conducted under the pre-
cited optimal parametric condition,
which reported the life of the dif-
ferent uncoated cermet inserts such
as UCUT, UCSCT, UCSCTT,
UCDCT and UCDCTT are about

Fig. 16. Optimization plot of flank wear using RSM 22,28 33, 41, and 47 min respec-

for different cermet inserts.
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tively, keeping in mind of tool life criterion (VB < 0.3 mm) during HT process. The
progression of flank wear of various cermet inserts (UCUT, UCSCT, UCSCTT,
UCDCT, and UCDCTT) w.rt machining time are illustrated in Fig. 17. In
considering the life of coated ceramic tool being evaluated, a cost analysis has been
proposed according to Gilbert's strategy of machining economics [23-26]. A gen-
eral procedure of estimating the total cost per piece for proposed work material and
different uncoated cermet tool inserts in FDHT condition is described in Table 4.
On the basis of single cutting edge, the approximate total machining cost per part
using different uncoated cermet inserts are Rs. 51.39 for UCUT, Rs.51.59 for
UCSCT, Rs. 49.33 for UCSCTT, Rs. 49.15 for UCDCT, and Rs. 47.40 in case of
UCDCTT. So, from the above cost analysis, it was observed that UCDCTT cermet
insert was the most economical one compared to other cermets due to its higher
toal life for which down time reduced. So the above analysis clearly indicated that
it was beneficial to carry out the hard turning operation with UCDCTT cermet
insert at the optimal combination of machining variables. Moreover, deep
cryogenic treatment with tempering was a better alternative for the tool life
enhancement.
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Fig. 17. Development of flank wear of different cermet inserts with machining time at optimum
cutting conditions.

CONCLUSIONS

In this present experimental investigation, hard turning was performed on 4340
aloy steel at 48 HRC using UCUT, UCSCT, UCSCTT, UCDCT and UCDCTT
cermet inserts and the performances of these inserts in terms of cutting force, flank
wear, crater wear, chip morphology and surface roughness were studied. Moreover,
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economic feasibility for the current study was also accomplished using these in-
serts. Following remarkable conclusions were drawn from the current experimental
work.

Table 4. Comparisons of machining cost in hard turning of AISI 4340 steel
with different cermet tools

No.| Costs | ucut |ucscTlucscTTucbeTlucbeTT
1 Cost associated with machine and opera- Rs. Rs. Rs. Rs. Rs.
tor, Rs. 550/h (X) 9.17/min 9.17/min 9.17/min 9.17/min 9.17/min
2 Machining cost per piece (XT,,) Rs. 28.79Rs. 28.79 Rs. 28.79Rs. 28.79 Rs. 28.79
3 Tool changing cost per piece [XT¢(T/T)] Rs.6.54 Rs. 5.14 Rs. 4.36 Rs.3.51 Rs. 3.06
4 Cutting insert cost per piece Rs. 450 Rs.450 Rs.450 Rs. 450 Rs. 450
5 Cost associated with surface treatmentsof Rs.0 Rs. 180 Rs. 230 Rs. 430 Rs. 470
tool substrate
6 Averagevalueof single cutting edge (y) Rs. 112.5Rs. 1575 Rs. 170 Rs. 220 Rs. 230
7  Machining cost per piece over tool life Rs. 16.06Rs. 17.66 Rs. 16.18 Rs. 16.85Rs. 15.37
Y(Tw/T)]
8 Total machining cost per piece (No. 2+ Rs. 51.39Rs. 51.59Rs. 49.33Rs. 49.15Rs. 47.40
No. 3+ No. 7)
Note. Machining length L = 100 mm, uncut w/p diameter D = 40 mm, machining time per piece
T,= "L =314 min, machine downtime T, = 5 min.

1000vf

All the machining characteristics such as cutting force, flank wear, crater wear
and surface roughness were found to be minimum in case of UCDCTT cermet
insert compared to other four inserts.

Chip formation process was greatly affected by cryogenic treatment. Serrations
and material side flow were the two primary properties of chips found. With deep
cryo treated and tempered inserts, very less serrations and no side flow were
observed compared to untreated inserts.

Hardness enhanced substantialy for cryo treated insert compared to untreated
one and with tempering excessive hardness was reduced al so.

The total machining cost for UCDCTT insert was found to be the least i.e.
Rs. 47.40 among all other inserts.

In the wear test, least wear was observed for UCDCTT insert because of better
wear resistance and toughness compared to other inserts.

Machining with optimal input parameters reduced the cost effectively.

Hna 30invments mpueaniocmi pobomu piscyuux niacmun KpioceHna oopobxa
€ HauGIOOMIUUM MEMOOOM, aie TPYHMOGHUX 00CTIONCEHb W00 6NIUBY KPIO2eHHOI 0OpobKu Ha
MemanoKepamiuni 6CmasKku He 8UABNIEHO, 0COOIUB0 NpU MOUIHHI meepoux cnaasie. Tomy 6 da-
HOMY eKCnepuUMeHMAanbHOMY OOCHIOMCeHH] NOPIGHANLHY OYIHKY DI3HUX XAPAKMEPUCMUK, MAKux
5K CUNQ PI3aHHA, 3HOC NO 3A0HIN NOGEPXHI, 3HOC V GueNAll Kpamepie, MOPHONO2isi CMPYICKU |
WOPCMKICMb NOBEPXHI, NPOBEOEHO NPpU MeXauiuHill 0bpobyi 3a2apmoanoi cmani K 3 Heobpoo-
JIeHUMU, MAK i 3 KpiooOPOOIeHUMU MemanoKepamivHUMU 6CIABKAMU 6 YMOBAX CYX020 PI3AHHA.
Hapewmi, 6xioni 3minui napamempu 6y10 Onmumiz08ano 3 UKOPUCIAHHAM Memoooo2ii peak-
yii nosepxui, w06 oyinumu mpuganicme pobomu iHCMpPYMeHmy Oiisi eKOHOMIYHO20 OOIPYHIMY-
sanus. Excnepumenmansuuil pe3yiomam nokazas, wo enuboxa Kpioobpobka Oe3 noxpumms
3a2apmo6anoi MemanokepamiuHoi 6cmasku 0ac Kpawji pe3yibmamu HOPIGHAHO 3 IHWUMU Mema-
JoKepamiunumu ecmagkamu. Bionogiono 0o ananizy eumpam, uasneno, wo 3azapmoeana me-
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ManoKepamiuHa 6cmagka 6e3 nokpumms ma 3 2ib0oKow KpiooobpooKow € Halbiibul eKOHOMIY-
HOIO cepeo THUUX MEMANIOKEPAMIYHUX BCIMABOK 30 ONMUMALLHOZ0 PENHCUMY DI3AHH.

Knrwwuosi crosa:. moxapna obpobxra, kpiocenna obpobdka, obpobrosanicmo,
ananiz eumpam.

Jna ysenuuenus cpoka Ciyxcobl pexcyuux niacmun KpuoeeHnas o6pabomxa
cuumaemess  Haubonee U3BECIHLIM — MeMOOOM, HO  (DYHOAMEHMANbHBIX — UCCLe008aAHUMU,
KACarowuxcs 8030eicmeus Kpuo2eHHou 006pabomKku HA MemauloKepamuieckue 6Cmagku He
OblI0  HaUlOeHo, O0COOeHHO npu moyeHuu meepovblx Cchnaaeos. Ilosmomy 6 Hacmoswem
IKCNEPUMEHMATLHOM UCCIe008AHUU  CPABHUMENbHAS. OYEHKA PA3IUYHBIX  XAPAKMEPUCUK,
MAKUX KaK Cuia pe3anus, U3Hoc no 3a0Hell NOBEPXHOCU, USHOC 8 8UOe KpAmepos, Mopghonozus
CIMPYIHCKU U WUEPOXOBAMOCHb NOBEPXHOCIMU, Oblla NnposedeHa npu 00pabomke 3aKANEHHOU
cmanu ¢ HeobpabomanHol u KpuoobpabomanHol MemailoKepamuieckoli CMagKoll 8 YCiloGUsIX
cyxou pesku. Haxoney, 6xoonvie nepementvie 6bLiu ONMUMUZUPOSBAHBL C UCHONb30BAHUEM MEMO-
001102Ull pearyuy NOBEPXHOCMU, YMOObl OYeHUMb CPOK CIYHCObl UHCMPYMEHma OJsl IKOHO-
Muyecko2o ananusa. Pesynbmamol sxcnepumenma nokasanu, 4umo 2iybokas kpuoobpabomka 6e3
ROKpbImMust 06pabomManHoll 3aKANEHHOU 6CIMABKU U3 KepMema ddem Jyyuiue pe3yibmamsl no
cpasHenuio ¢ opyaumu ecmagkamu u3 kepmema. Coznacno anaiuzy sampam, 0blio0 0OHAPYIHCEHO,
Umo 3aKaneHHas 6CMAeKa u3z Kepmema Oe3 NOKpvlmus ¢ 21yOoKol Kpuoobpabomkol a6semcs
Haubonee KOHOMUYHOU cpedu Opyeux 6CmaGoK U3 Kepmemd Npu ONMUMANLHLIX YCIOBUX
pe3anus.
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