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In this study, the effects of the types of cutting insert, cutting speed, and feed rate on the machinability of
hardened Caldie cold work tool steel have been examined. Workpieces were applied to heat treatment having its
hardness increased to 60 HRC and then it was employed for hard turning. Experimental studies were employed by
using two different types of cutting inserts (ceramic, CBN). Depth of cut was kept constant at 0.1 mm. Three levels
were determined both for the cutting speeds (90, 120, 150 m/min), and for the feed rates (0.05, 0.1, 0.15 mm/rev).
Having 20 cm® of chip volume machined from the hardened workpiece, wear at the cutting inserts were examined
and average surface roughness of the workpieces were measured. Experimental design was performed by using
Taguchi Lig orthogonal arrays experiment set. Control factors for the ideal cutting conditions were determined by
using of Taguchi technique. Effect of the control factors on the machining parameters was calculated using variance
analysis (ANOVA). As a result of the study, feed rate was found to be the most effective machining parameter on
the cutting force and on the average surface roughness. Furthermore, it was observed that wear occurred more
in the cutting insert under the experimental conditions where the cutting speed and feed rate were used at high
levels. Better average surface roughness and lesser tool wear were observed from the experimental studies in which
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CBN cutting tool was used, than from those in which ceramic cutting tool was used.
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1. Introduction

Cold work tool steels form a major class of tool steels,
and have a wide field of use. These tool steels are used
generally in the processes of forming, cutting, bending
workpieces under temperatures lower than 200°C. It is
possible to deliver such features as high hardness and
high corrosion resistance, depending on the alloying el-
ements and carbon ratios it contains [1]. Caldie cold
work tool steel among the cold work tool steels is a
non-standard cold work tool steel being produced under
patent by a Swedish tool steel producer, named Udde-
holm Tooling. Since it is suitable for use at high hardness,
it may yield a quite high compression strength. Its use
at high hardness and toughness makes Caldie cold work
tool steel preferable, particularly in high strength sheet
metal applications, and also in the cutting, forming, cold
forging, and powder pressing applications as well [2].

Hard turning is a manufacturing technique, used for
achieving high surface quality in workpieces with hard-
ness between 50 and 70 HRC at low depth of cut by mak-
ing use of cutting tools possessing high hardness and wear
resistance [3]. Moreover, saving of time, good surface
quality, elimination of deformities occurring in the piece
due to heat, being a convenient manufacturing method,
and not requiring an additional process, such as grinding,
etc. may be listed as the advantages of the hard turning
process. Hard turning technology is widely used in the

*corresponding author; e-mail: alikalyon®@karabuk.edu.tr

industry of manufacturing bearings, motion transmitting
shafts, axles, and various engine parts [4, 5]. It is impor-
tant to determine the cutting parameters to be used in
the application of hard turning technique. Cutting speed,
feed rate, and depth of cut, which are chosen for the cut-
ting parameters, are effective on the cutting forces and
average surface roughness. There are studies included
within the literature, in the course of which hard turn-
ing technique was applied successfully using CBN and
PCBN cutting tools [6-9]. Hard turning applications
may also be performed by making use of ceramic cut-
ting inserts [10-12]. Some of the performed studies were
reinforced by optimization and mathematical modelling
applications [13-15]. Elbah et al. hard turned the AISI
4140 steel as a result of the study and reported that sur-
face roughness were affected by maximum cutting depth
and feed rate [16]. Gaitonde et al. hard turned AISI D2
cold work tool steels with ceramic inserts. They stated
that the increased cutting depth increases cutting forces.
They also noted that the low cutting depth had a positive
effect on surface roughness [17]. Azizi et al. reported that
as a result of statistical analysis, they found that the feed
rate, workpiece hardness and cutting speed were effective
parameters on surface roughness [18].

In this study, the machinability of Caldie cold work
tool steel, which is frequently used in moldmaking, was
investigated after hardening. Experiments were per-
formed by making use of Taguchi Lig experiment design
in order to reduce the costs, and to save time. Workpiece
hardness was increased to 60 HRC, hard turned using ce-
ramic and CBN cutting inserts. Effects of the feed rate
and cutting speed on the average surface roughness and
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cutting forces were investigated. Furthermore, the wear
mechanisms being occurred in the ceramic and CBN cut-
ting inserts following hard turning were examined.

2. Materials and equipments

Caldie cold work tool steel, a non-standard cold-work
tool steel being produced under patent by a Swedish tool
steel producer, named Uddeholm Tooling, was used in
this study as the workpiece. The chemical composition
of the workpiece is shown in Table I. Workpiece were
rough turned to the measure of 390x110 mm?. As with
the workpiece undergoing heat treatment at Bohler Ud-
deholm Celik Sanayi ve Ticaret A.S., hardness thereof
was increased up to 60 HRC.

TABLE I

Chemical composition of Caldie cold work tool steel.

Elements C Si Mn Cr Mo Vv
wt% 0.7 0.2 0.5 5.0 2.3 0.5

TABLE II

Cutting parameters factors and levels. A — cutting in-
sert type, B — cutting speed (V') [m/min|, C — feed rate
(f) [mm/rev].

Ceramic and CBN inserts used for turning opera-
tions were at the size and tolerance of DNGA150604,
DNGA150404, respectively. Wear occurring in the cut-
ting inserts were examined using scanning electron mi-
croscope (SEM). Workpiece at 60 HRC hardness were
hard turned at cutting length of 15 mm under dry con-
dition. Turning experiments were performed by making
use of the Taguchi Lig experiment set (2! x 3%). Since the
measured cutting force and average surface roughness are
required to be the least, “the smallest-the best” approach
was adopted while determining the quality characteristic.
In the course of the studies performed for determining the
ideal machining level according to the Taguchi technique,
first of all, the cutting parameters, being directly effective
on the machinability criteria F, and R,, were determined.
For that purpose, three parameters were sequentially de-
termined: A-cutting tool type, B-cutting speed (m,/min)
(V), C-feed rate (mm/rev) (f). Outcomes of the exper-
iments were evaluated by the graphics drawn up using
the available data, and by the statistical analyses. Fac-
tors and levels of the turning experiments are shown in
Table II.

3. Results and discussion

Table III shows the cutting force (F.) values obtained
from the hard-turning experiments, and the S/N ratios
calculated according to “the smallest-the best” approach.

Factors Level 1 Level 2 Level 3 In view of Table III, the lowest cutting force was ob-
A ceramic CBN - tained from the experiment with A;B3C1, under the cut-
B 90 120 150 ting conditions where CBN cutting insert was used with
C 0.05 0.1 0.15 cutting speed of 150 m/min and feed rate of 0.05 mm//rev.
F., R, results, and S/N ratios. TABLE IIT
. Cutting 1% f F. F. S/N R, R, S/N
5. Experiment insert type [m/min] [mm /rev] [N] [dB] [em] [dB]
1 A1B1Cy ceramic 90 0.05 142.84 —43.09 0.272 11.31
2 A1B1Co ceramic 90 0.1 176.76 —44.94 0.334 9.53
3 A1B1Cs ceramic 90 0.15 267.2 —48.53 0.498 6.05
4 A1B2Cy ceramic 120 0.05 139.06 —42.86 0.236 12.54
5 A1B2C, ceramic 120 0.1 156.6 —43.89 0.311 10.14
6 A1B2C3 ceramic 120 0.15 226.11 —47.08 0.467 6.61
7 A1BsCy ceramic 150 0.05 104.18 —40.35 0.199 14.02
8 A1B3Cs ceramic 150 0.1 124.93 —41.93 0.301 10.42
9 A1B3Cs ceramic 150 0.15 193.31 —45.72 0.417 7.59
10 A2B1Cy CBN 90 0.05 139.68 —42.90 0.251 12
11 A2B1C, CBN 90 0.1 164.64 —44.33 0.312 10.11
12 A3B:Cs CBN 90 0.15 226.58 —47.10 0.424 7.45
13 AsB2Cy CBN 120 0.05 128.57 —42.18 0.237 12.50
14 A2B2Co CBN 120 0.1 153.8 —43.73 0.288 10.81
15 A3B2Cs CBN 120 0.15 216.49 —46.70 0.397 8.02
16 A2B3Cy CBN 150 0.05 96.78 —39.71 0.196 14.15
17 A3B3C, CBN 150 0.1 107.68 —40.64 0.264 11.56
18 A2B;3Cs CBN 150 0.15 182.2 —45.21 0.402 7.91
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Cutting force was measured to be 96.78 N. The ex-
perimental condition, under which the highest cutting
force was obtained, was in the form of A;B;Cs, under
the working conditions where ceramic cutting insert was
used with cutting speed of 90 m/min and feed rate of
0.15 mm/rev. In this case, cutting force was measured
as 267.2 N. The lowest average surface roughness was
obtained from the experiment with AsB3C;. Under the
machining conditions where CBN cutting insert was used
with cutting speed of 150 m/min and feed rate of 0.05
mm/rev, average surface roughness was measured to be
0.196 pum. The experimental condition, under which the
highest average surface roughness value was obtained,
was in the experiment with A;B;Cs. In the experiment
where ceramic cutting insert was used with cutting speed
of 90 m/min and feed rate of 0.15 mm/rev, average sur-
face roughness was measured as 0.498 pm.
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Fig. 1. Effect of cutting parameters on cutting forces.
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Fig. 2. Effect of cutting parameters on surface rough-
ness.

The variance of the cutting force according to the cut-
ting parameters in the course of hard turning is shown
graphically in Fig. 1. In view of Fig. la, it is seen
that, with increase in the cutting speed, cutting force
decreases. The cause of the decrease in the cutting force
with the increase in the cutting speed is that the increase
in the heat at the first deformation area, caused by the
increase in the cutting speed, facilitates the chip forma-
tion [19]. Cutting force increases depending on the in-
crease in the feed rate. Since the increase in the feed
rate causes the enlargement of the unformed chip, the
force needed for the deformation of the emanated chip in-
creases, and such increased feed rate causes the increase
in the cutting force in the meantime [19]. In views of
Fig. 1b and c, the type of the cutting insert seems to
have a significant effect on the cutting force. As an out-
come of the experiments, the factors and levels found
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to be affecting the cutting force (F.) mostly are of the
type of the cutting insert (2), cutting speed (3), and feed
rate (1). Performing variance analysis (ANOVA) brings
along more substantial outcomes in order to definitely
determine the contribution of these factors in the cutting
force. As an outcome of ANOVA analysis, the factors ef-
fective on the cutting force were found as feed rate 74.5%,
cutting speed 21.61%, and type of cutting insert 1.89%,
respectively.

The average surface roughness values obtained from
the experimental study are shown in Fig. 2. In view of
Fig. 2a, it seems that with increase in the cutting force,
the average surface roughness increases. Facilitation of
the deformation process at the cutting zone is a conse-
quence of the rapidly rising temperature caused by the
increase in the cutting speed, and easy deformation of
the workpiece in the cutting edge and insert radius [20].
It is seen that the cutting forces increase with increase
in the feed rate. Increase in the feed rate causes dislo-
cation accumulations at the parts near the turned sur-
face, depending on the cutting parameters. Occurrence
of such dislocation accumulations causes the hardening
of the matrix, and that of the material as well. This
leads to high surface roughness at higher feed rates [20].
In view of Fig. 2b and c, the effect of the type of cut-
ting insert on the surface roughness is limited. It is seen
that the average surface roughness value varies depend-
ing on the cutting speed and feed rate. As an outcome
of the Taguchi method, it is found that the factors and
levels affecting the surface roughness (R,) the most are
the feed rate (1), cutting speed (3), and the type of the
cutting insert (2). Following the ANOVA analysis, the
factor mostly effective on the average surface roughness
was found to be the feed rate by 89.32%. Cutting speed
was calculated to be 5.68%.

In order to examine the wear behaviors of the cutting
inserts due to hard turning of workpiece, the tools were
machined to 20 cm? of chip volume. Cutting depth was
kept constant at 0.1 mm for the experimental conditions.
Average surface roughness R, results and the S/N ra-
tios were calculated by means of “the smallest-the best”
approach and are shown in Table IV.

In Table IV, the lowest surface roughness was obtained
as 0.592 pum from the experiment with the A;B1C;. The
lowest surface roughness was obtained under the experi-
mental condition where CBN cutting tool was used, the
cutting speed was 90 m/min, and the feed rate was
0.05 mm/rev. The highest surface roughness, on the
other hand, was obtained under the condition of the ex-
periment with A;B3Cs. Under this experimental condi-
tion, where ceramic cutting insert was used with cutting
speed of 150 m/min and feed rate 0.15 mm/rev, 2.692 ym
of surface roughness was obtained.

In view of the effect of the average surface roughness
given in Fig. 3a on the cutting parameters, it is seen
that the surface roughness increases with the increase
in the cutting speed. The increase in the cutting speed
increases the tool wear. Since the worn cutting inserts

Average surface roughness results. TABLE IV
. Quttlng Cutting Feed Ra | /N

Sq. |Experiment | insert speed rate
type | [m/min]| [mm/rev] [} | [dB]
1 A1B1Cy | ceramic 90 0.05 0.982| 0.15
2 A1B1Cs |ceramic 90 0.1 1.407(—2.96
3 A1B1Cs |ceramic 90 0.15 2.187|—6.79
4 A1B2C; |ceramic 120 0.05 1.054 (—0.45
5 A1B2Cy | ceramic 120 0.1 1.468|—3.33
6 A1B>C3 |ceramic 120 0.15 2.228 | —6.95
7 A1B3Cy |ceramic 150 0.05 1.297(—-2.25
8 A1B3Csy |ceramic 150 0.1 1.807(—5.13
9 A1B3C3 |ceramic 150 0.15 2.692|—8.60
10| A2B1Cy CBN 90 0.05 0.592| 4.55
11| AsB1Cq CBN 90 0.1 0.661| 3.59
12| A2B1Cs CBN 90 0.15 1.533-3.71
13| A2B2Cy CBN 120 0.05 0.791| 2.03
14| A2B2C, CBN 120 0.1 0.829| 1.62
15| A2B2Cs CBN 120 0.15 1.536|—3.72
16| A2B3C; CBN 150 0.05 0.925| 0.67
17| A2B3C, CBN 150 0.1 1.018|—-0.15
18| A2B3Cs CBN 150 0.15 2.626|—8.38

cause a poor surface roughness, increase in the cutting
speed affects the surface roughness adversely. In view
of Fig. 3b and c, it is seen that better surface rough-
ness values were obtained by means of CBN cutting in-
sert. It is known that CBN cutting inserts are more re-
sistant against higher cutting temperatures and forces.
Furthermore, CBN is the only cutting tool material that
may substitute the conventionally used grinding meth-
ods. More ductile steels below 45 HRC contain higher
ratio of ferrite, which has a negative effect on the corro-
sion strength of CBN.

Figure 3 shows effect of cutting parameters on tool
wear. It is seen that the more the cutting speed in-
creases, the more the cutting tools wear. For the depth
of cut is 0.1, wear occurred at the nose of insert. Feed
rate is another parameter that similarly accelerates the
wear in the cutting tool. In view of the average surface
roughness values shown in Fig. 3 and Table IV, it is seen
that CBN cutters have a better machining performance
and are more resistant to wear. SEM image of the worn
cutting insert after the hard turning by 150 m/min of
cutting speed and 0.15 mm /rev of feed rate with ceramic
cutting insert is seen in Fig. 4a. In view of Fig. 4a, nose
wear is seen to have occurred in the cutting insert. High
cutting speed brings about excess temperature increase
in the cutting insert. This condition causes the cutting
insert wear more. In Fig. 4b it is shown that the wear
mechanisms occurred in the ceramic cutting insert after
the hard turning process performed by CBN cutting in-
sert employed with cutting speed of 150 m/min and feed
rate of 0.15 mm/rev. Nose wear occurred on CBN cut-
ting insert, just like on the ceramic cutting insert. Fur-
thermore, there were particles from the workpiece seen
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Fig. 3. Effect of cutting parameters on average surface

roughness after machined 20 cm?® of chip volume.

to have adhered into the nose section of the cutting in-
sert [20]. The factors and levels found to be the most
effective for the surface roughness R, as an outcome of
the Taguchi method are discerned as the type of the cut-
ting insert (2), cutting speed (1), and the feed rate (1).
The factors found to be with effective average surface
roughness are, successively, the feed rate with 64.3%, the
type of the cutting insert with 16.29%, and the cutting
speed with 11.77%, respectively.

4. Conclusion

Results of the study are: increase in the feed rate in-
creases the cutting force, increase in the cutting speed
decreases the cutting force, the average surface rough-
ness values increase with the increases in the feed rate,

Fig. 4. SEM image of worn inserts:
(b) CBN.

(a) ceramic,

and increase in the cutting speed brings along better av-
erage surface roughness values. The results of the cut-
ting insert wear experiments have revealed that feed rate
causes more wear in the cutting insert, and high average
surface roughness. Since the increasing cutting speed is a
factor controlling the increase of temperature at the cut-
ting zone, it has been determined from the cutting insert
wear that the more the cutting speed increases, the more
the tool wear, and increase in the tool wear causes poor
surface roughness. In view of the outcomes of the cut-
ting insert wear experiments, it has further been observed
that CBN cutting insert is more resistant to wear than
the ceramic insert, and that better surface roughness val-
ues have been obtained from the experiments performed
by means of CBN cutting inserts.
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