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Abstract: This study deals with the turning of AISI O2 steel, which has high machinability and dimensional
stability in heat treatment and is used in the manufacture of many machine elements, with cryogenically treated
and untreated and coated and uncoated cutting tools. In the first phase of the study, along with the determined
cutting parameters, Fc and Ra output parameters were also optimized using the RSM method. In addition,
numerical significance was obtained with ANOVA analysis, and estimated values were calculated by
preparing regression equations. In the second phase, the wear performance of cutting tool tips with and
without deep cryogenic treatment was explained with the support of SEM images, EDX, XRD, and
microhardness analyses. Feed (F) was found to be the most influential parameter on Fc at 78.89%. The lowest
optimized Fc value found with the RSM method was 339.99 N. In order to obtain this value, Vc 252.525 m/min
and F 0.16 mm/rev should be selected. In addition, CVD-coated and cryogenic heat-treated cutting tools should
be preferred for ideal Fc. It was shown that the most effective parameter on Ra was F, with 69.38%. For both
heat treatment and coating conditions, Ra increased significantly as the feed rate increased. In the case of
selecting Vc as 243.434 m/min and F as 0.16 mm/rev, the smallest Ra value optimized with the RSM method is
1.04 um. In addition, a cutting tool without coating and cryogenic heat treatment is also needed for ideal Ra.
According to the results of the analysis confirming the effect of deep cryogenic heat treatment on the wear
performance of cutting tools in the second stage, coated and uncoated cutting tools had at least 16% longer life
compared to the others.

Keywords: AISI O2 steel; Cryogenic heat treatment; cutting force; surface roughness; tool wear;
RSM optimization

1. Introduction

AISI O2 cold work tool steels are, unlike other steels, oil hardenable medium alloy, high
toughness, wear resistance, and easy heat treatment, do not show much dimensional change during
heat treatment, do not break, and have high strength. These steels with good machinability are used
to produce cold-forming or punch dies, drills, guides, reamers, measuring instruments, and many
other machine elements [1,2]. Having an extensive area of use means that the cost of processing this
material is also high. This brings the cost of the cutting tool used in processing to the forefront [3,4].
It has been proven that the use of coatings is beneficial in terms of processing performance and tool
life. Recently, the tendency towards coating technology has increased considerably with the increase
in cutting and feed speed [5,6]. Research on the life of cutting tools has played an active role in
reducing processing costs. Therefore, even minimal increases in the life of cutting tools can provide
great economic gains. Recent studies have shown that there are significant improvements in tool life
as a result of cryogenic treatment applied to cutting tools [4,7-9]. Another study investigated the
effects of processing parameters on tool life and surface roughness. As a result of the experiments, it
was determined that feed rate had the greatest effect on surface roughness, followed by depth of cut
and cutting speed, respectively. When compared to the feed rate, it was concluded that the cutting
speed was at a negligible level. While the increase in feed rate negatively affected surface quality, it
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was observed that the increase in cutting speed had a positive effect. In addition, it has been
determined that flank wear is much more effective than crater wear in machining with coated hard
metals, and that flank wear is related to cutting forces [10]. In machining AISI 316 L austenite stainless
steel material, they investigated the effect of cutting tool coating on cutting force and surface
roughness by using two different types of coated cutting tools (PVD and CVD). As a result of the
experiments, it was observed that cutting forces decreased when the cutting depth and feed rate
increased for both CVD and PVD-coated tools. Depending on the cutting tool coating type, the
highest cutting forces obtained were observed in the CVD-coated cutting tool, while the lowest
cutting forces were observed in the PVD-coated cutting tool. When the surface roughness results
were examined, it was observed that the surface roughness values decreased by 0.4% ~ 9.8% in the
PVD coating compared to the CVD coating [11]. Asiltiirk et al. optimized the parameters affecting
the surface roughness in the turning of chromium cobalt alloy material used as a medical material
using Taguchi and Response Surface Method. The data obtained from the experimental results were
analyzed using Taguchi and Response Surface methods. As a result of the ANOVA analysis, the most
effective parameters on Ra and Rz were the cutting edge radius with a ratio of 38% and the cutting
speed with a ratio of 43%, respectively [12]. Uysal investigated the effects of cutting edge geometry
and workpiece hardness on surface roughness and cutting forces in hard turning of AISI 52100
bearing steel. For this purpose, Cubic Boron Nitride (CBN) cutting tools with different cutting-edge
forms were used in the experiments. As a result of the experiments, it was noticed that there was a
decrease in the average surface roughness value due to the increase in the cutting edge radius and
the cutting tool-workpiece contact area [13]. Ozbek et al. investigated the effects of Deep Cryogenic
Treatment (DCT) on tungsten carbide insert hardness, microstructure, and wear performance in
turning AISI 304 austenitic stainless steel. Based on the findings, the following conclusions were
drawn: It was observed that the types of wear occurring on the machined and uncoated inserts were
flank wear and crater wear. However, it was concluded that the cryogenic treatment significantly
improved the wear resistance of the uncoated inserts. In particular, the cryogenically treated inserts
were 48% and 38% less worn in terms of crater and notch wear compared to the untreated cutting
tools. The improvement in flank wear was determined to be 18% [8]. Chetan et al. used four types of
cutting tools in their turning experiments on Nimonic 90 (nickel + chromium + cobalt) material. They
mentioned. It was observed that the cryogenically treated inserts showed better performance in terms
of wear resistance compared to the non-cryogenic treated inserts. However, the cryogenic treatment
increased the hardness of the cutting inserts, causing the eta carbide particles and grains to harden
and compact, extending the tool's life and increasing wear resistance. When an evaluation was made
in terms of cutting forces, it was observed that the cutting forces decreased by 17% after the cryogenic
treatment [14]. In another study conducted by Mavi, the effect of cryogenic treatment applied to
tungsten carbide cutting tools of Ti6Al4V alloy on cutting forces, surface roughness, and tool wear
under dry and wet cutting conditions was investigated. Uncoated and four different types of
TiAIN/TiN, TiAIN, Al:Os, and Ti(C, N)/AL2Os/TiN coated carbide tools were used in the experiments.
Some of the cutting tools were subjected to cryogenic treatment at -145°C for 24 hours, and the other
part was tempered by keeping it at 200°C for 2 hours after the cryogenic treatment. As a result of the
experiments, it was observed that the cryogenic treatment reduced the carbide sizes of the tungsten
carbide tools and provided a more homogeneous distribution. The best result in terms of tool wear
was obtained with the Ti(C, N)/ALOs/TiN coated cutting tool to which the cryogenic treatment was
applied, while the worst result was obtained with the uncoated cutting tools without cryogenic
treatment. The application of cryogenic treatment to the cutting tools and the tempering process after
cryogenic treatment showed positive results in terms of cutting forces and surface quality [15]. Cigek
et al. investigated the effect of deep cryogenic treatment on the actual cutting force, surface integrity,
and tool life in hard turning of AISI H13 tool steels. The test samples were divided into three groups:
conventional heat treated, deep cryogenic treated, deep cryogenic treated, and tempered. According
to the test results, the lowest cutting force, surface integrity, and tool life values were obtained from
the cryogenic treatment + tempering tools. However, it was observed that the coolant slightly
improved the machinability [16]. In their study, Vadivel and Rudramaarhy compared the behaviors
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of coated carbide tools with and without cryogenic treatment in turning spheroidal graphite cast iron.
According to the test results, coated carbide tools with cryogenic treatment performed better than
those without cryogenic treatment in terms of surface roughness, power consumption, and flank
wear. [17].

In the study, AISI O2 steel was subjected to a turning process with different cutting parameters.
PVD, CVD, and uncoated cutting tools were used in the turning process. These cutting tools were
included in the experiments with and without deep cryogenic treatment. Average surface roughness
(Ra) and cutting force (Fc) were measured as experimental output parameters, and their relationship
with cutting parameters was investigated. These relationships were interpreted with the help of
ANOVA analysis. The response surface method (RSM) was used to optimize these output
parameters. The effect of cryogenic treatment on output parameters was also evaluated using the
same techniques. In addition, wear mechanisms on cutting tools were explained using SEM, XRD,
and Rietveld analysis.

2. Materials and Methods

The experiments include applying deep cryogenic treatment to the cutting tool to turn AISI O2
cold work steel material on coated and uncoated tools. Using the determined cutting parameters,
machining experiments were carried out in order to investigate the effects of cryogenic treatment on
cutting forces, surface roughness, and tool wear values. @60x300 mm AISI O2 alloy samples were
used in the experiments. The chemical compositions of AISI O2 cold work tool steel are shown in
Table 1.

Table 1. Chemical composition of AISI O2 steel (% by weight).

C Si Mn Cr \
0.90 0.25 2.00 0.35 0.10

In the experiments, SNGG and SNMG series coated and uncoated tools belonging to TaeguTech
company were used. Coated tools: TT8115 CVD, TiCN + ALOs + TiN material. In addition, a PSBNR
2525 M12 external diameter turning tool was used. In the experiments, two different heat treatment
conditions, two different coating types, three different cutting speeds, and 3 different feed rates were
used. The cutting depth was kept constant at 0.8 mm. The experimental parameters table is shown in
Table 2.

Table 2. Experimental parameters.

Heat treatment, (Ht)Coating type, (Ct)Cutting speed, m/min, (Vc)Feed rates, mm/rev, (f)

Deep Cryogenic CVD Coated 200 0.16
None None 250 0.24
300 0.32

Deep cryogenic treatment was applied to the cutting tools. The schematic representation of the
cryogenic treatment process is shown in Figure 1.
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Figure 1. Cryogenic treatment process.

Some of the cutting tools to be used in the experiments were subjected to cryogenic treatment
and tempering. The cryogenic treatment was carried out at -196°C for 24 hours. Cutting experiments
were performed on a Johnford TC35 brand Computerized Numerical Controlled (CNC) lathe. The
experimental setup is shown in Figure 2.

! UHITE mml

AISI 02 Material

Figure 2. Experimental setup.

The experiments were carried out under dry cutting conditions in the experimental setup shown
in Figure 2. A total of 36 test sample surfaces were machined.

3. RSM Optimization

RSM is a mathematical modeling method to optimize the planned system's input parameters.
Using this method, creating and solving multi-factor models with quantitative data obtained from
the experimental design is possible. The created surface response models can be displayed
graphically. It is used to determine how different factors affect the response, explain the relationship
between variables, and reveal the combined effect of all factors on the response surface [18]. The
number of experiments is significantly reduced when the experiments are conducted using the RSM
experimental design method. In this way, material and time losses are minimized. In the study
conducted, an experimental design was made with RSM, and surface roughness and cutting force
were taken as the basis for output parameters. The control factors were determined as cutting speed
(Vo), feed (f), heat treatment (Ht), and tool coating (Ct) specified in Table 2. Each control factor was
defined at three levels, and RSM Center full factorial (Box-Behnken design) was used. The
experimental output parameters were determined as Surface roughness (Ra) and Cutting force (Fz).
The design of RSM is presented in Table 3. As a result of the analyses performed, the interactions of
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the cutting parameters separately and with each other, as well as the interactions between the
parameters, were examined.

Table 3. Control and output parameters used for RSM optimization.

Control Factors Output Parameters
Exp. Cutting Surface
Heat Coating Feed rates Cutting Force
No. speed, (Vc), Roughness (Ra)
Treatment Type (f), mm/rev (Fo), N
m/min pm

1 None None 200 0.16 1.188 327.14
2 None None 200 0.24 2.4137 458.98
3 None None 200 0.32 4.2437 537.10
4 None None 250 0.16 1.106 317.38
5 None None 250 0.24 2.351 415.03
6 None None 250 0.32 4.199 522.46
7 None None 300 0.16 1.126 322.16
8 None None 300 0.24 2.362 429.68
9 None None 300 0.32 4.817 532.22
10 Cryogenic None 200 0.16 1.141 317.38
11 Cryogenic None 200 0.24 2.34 454.10
12 Cryogenic None 200 0.32 4.2457 517.57
13 Cryogenic None 250 0.16 1.04 302.73
14 Cryogenic None 250 0.24 2.2623 428.16
15 Cryogenic None 250 0.32 4.147 454.10
16 Cryogenic None 300 0.16 1.1737 312.50
17 Cryogenic None 300 0.24 2.278 415.03
18 Cryogenic None 300 0.32 4.3017 506.12
19 None CVD 200 0.16 2.116 371.09
20 None CVD 200 0.24 4.684 527.34
21 None CVD 200 0.32 7.684 703.12
22 None CVD 250 0.16 1.857 340.62
23 None CVD 250 0.24 4.4023 517.57
24 None CVD 250 0.32 7.529 488.28
25 None CVD 300 0.16 2.288 356.44
26 None CVD 300 0.24 4.5673 522.34
27 None CVD 300 0.32 7.7323 659.17
28 Cryogenic CVD 200 0.16 2.1867 322.03
29 Cryogenic CVD 200 0.24 4.535 473.63
30 Cryogenic CVD 200 0.32 7.5947 600.58
31 Cryogenic CVD 250 0.16 2.081 336.91
32 Cryogenic CVD 250 0.24 4.375 458.98
33 Cryogenic CVD 250 0.32 6.900 590.82
34 Cryogenic CVD 300 0.16 2.071 351.56
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35 Cryogenic CVD 300 0.24 4.523 434.57
36 Cryogenic CVD 300 0.32 7.3743 595.93

The results of the ANOVA analysis revealing the interaction of Fc with the control factors are
given in Table 4.

Table 4. ANOVA output of the relationship between Fc and control parameters.

Source DF Seq SS Contribution Adj SS AdjMS F-Value P-Value

Model 12 367059 93.28% 367059 30588 26.60 0.000
Linear 4 350415 89.05% 350415 87604 76.19 0.000
Ve 1 1238 0.31% 1238 1238 1.08 0.310
F 1 310431 78.89% 310431 310431 269.99 0.000
Ht 1 6278 1.60% 6278 6278 5.46 0.029
Ct 1 32468 8.25% 32468 32468 28.24 0.000
Square 2 8902 2.26% 8902 4451 3.87 0.036
Vc*Ve 1 6839 1.74% 6839 6839 5.95 0.023
F*F 1 2063 0.52% 2063 2063 1.79 0.193
2-Way Interaction 6 7742 1.97% 7742 1290 1.12 0.380
Vc*F 1 306 0.08% 306 306 0.27 0.611
Vc*Ht 1 46 0.01% 46 46 0.04 0.843
Vc*Ct 1 12 0.00% 12 12 0.01 0.920
F*Ht 1 305 0.08% 305 305 0.26 0.612
F*Ct 1 6304 1.60% 6304 6304 5.48 0.028
Ht*Ct 1 770 0.20% 770 770 0.67 0.422

Error 23 26445 6.72% 26445 1150

Total 35 393504 100.00%

From Table 4, it is seen that the most influential parameter on Fc is F by far. This value is 78.89%.
Ct, which is in second place, affected the Fc output parameter by 8.25%. It was also determined that
the effects of Ht and Vc parameters were at a minimum level. The success of the numerical model is
93.28%. Some researchers have used linear or nonlinear regression analysis to determine the
relationship between the dependent variable and one or more independent variables [14,19,20]. In
the estimation of Fc, the second-order estimation equations developed by regression analysis are
given in Table 5.

Table 5. Second-order estimation equations of Fc for different combinations of Ht and Ct.

Ht Ct Equation

None None Fc=684—577Vc+ 2741 F +0.01169 Vc? — 2509 F2 — 1.09 V¢ F
Cryogenic None Fc=675—572Vc + 2652 F +0.01169 Vc? — 2509 F2 — 1.09 V¢ F
None CVD Fc =649 —5.74Vc + 3146 F + 0.01169 Vc? — 2509 F2 — 1.09 Vc F
Cryogenic CVD Fc=621—5.69Vc+ 3057 F +0.01169 Vc? — 2509 F2 — 1.09 V¢ F

In addition, the general estimation equation giving Fcis given in Equation 1. Fc values estimated
with RSM were calculated with this equation,
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Fc=657— 573Vc + 2899F + 94Hty,— 9,4 Ht; + 22,1 Cty — 22,1Ct;
+ 0,01169 Vc? — 2509 F2 — 1,09 Vc*F — 0,028 Vc = Ht, + 0,028 V¢
*Ht; — 0,014 Vc +Cty + 0,014 Ve« Ct; + 445F « Hty — 445 F = Ht;
— 2026 F «Cty+ 202,6 F +Ct; — 4,63 Ht * Ct,0 + 4,63 Ht * Ct;0
+ 4,63 Ht* Ctyl — 4,63 Ht * Ct;1

Contour plots showing the effects of control factors on Fc are given in Figure 3.

°
8

°
3

°
3

022

Feed, F (mm/rev)

°
3

e
3

N
3
8

220 240 260 280

Cutting Velocity, Vc (m/min)

o
&

e o e
8 S 2
R B 8

Feed, F (mm/rev)

220 240 260 280 300

Cutting Velocity, Vc (m/min)

Fc

u < 350

M 350 - 400

400 - 450
M 450 - 500
| > 500

Hold Values
Ht 0 None
Ct 0 None

Fc

]

M 350
400
450

M s00

M s50

]

350
400
450
500
550
600
600

vl A

Hold Values
Ht 0 None

Ct 1CVD Coated

032

Fc
] < 350
M 350 - 400
400 - 450

. 450 — 500
3 M 500 - 550
< o M 550 - 600
£ | > 600
£ ] Hold Values
I g Ht 1 Cryogenic
- Ct 1 CVD Coated
]
T o
D
'

220 240 260 280 300
Cutting Velocity, Vc (m/min)
Fc
300

M 300 - 350
350 - 400

o
g
[ ]
A

028

400 - 450
M 450 - 500
u 500

e
5
v

Hold Values
Ht 1 Cryogenic
Ct 0 None

Feed, F (mm/rev)

016
200 220 240 260 280 300

Cutting Velocity, Vc (m/min)

Figure 3. Effect of control factors on Fc.

Figure 3 shows that Fc increases dramatically with increasing feed rate, valid for all heat
treatment and coating cases. In addition, it is possible to say that Fc increases up to approximately
250 m/min with increasing cutting speed and then tends to decrease.

In order to improve the surface quality of the workpiece, Fc values should be minimized. The

decrease in Fc reduces Ra in direct proportion. The minimization of Fc depends on the optimization

of the processing parameters. The values showing the ranges in which the processing parameters and
cutting conditions should be used are given in Table 6.

Table 6. Response optimization for Fc.

Inputs Optimum Machining Parameters RSM Prediction

Parameter Goal Vg, f,

(m/min) (mm/rev)

Ht

Ct Lower Target Predicted Upper Desirability

response

Fc (N) Minimum 252.525 0.16

None CVD 302.73 30273  339.99 703.12 0.906

Table 6 shows the lowest Fc target in the experiments. The lowest optimized Fc value was
determined as 339.99. To obtain this value, V¢ 252.525 m/min and F 0.16 mm/rev should be selected.
In addition, a cutting tool without cryogenic heat treatment and with CVD coating is also needed for
optimum Fc. Figure 4 shows the comparison of the Fc values measured as a result of real experiments

with the Fc values estimated by the RSM

method.
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Figure 4. Comparison of experimental and estimated values of Fc.

When Figure 4 is examined, it is seen that the estimated Fc results are very close to the
experimental results. Thus, the success of the estimated model has been revealed. The results of the
ANOVA analysis showing the interaction of Ra with the control factors are given in Table 7.

Table 7. ANOVA output of the relationship between Ra and control parameters.

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value
Model 12 158.219 99.74% 158.219 13.185 739.09 0.000
Linear 4 149.797 94.43% 149.797 37.449 2099.25 0.000
Ve 1 0.002 0.00% 0.002 0.002 0.14 0.715
F 1 110.056 69.38% 110.056 110.056 6169.29 0.000
Ht 1 0.122 0.08% 0.122 0.122 6.84 0.015
Ct 1 39.616 24.97% 39.616 39.616 2220.72 0.000
Square 2 1.159 0.73% 1.159 0.579 32.48 0.000
Vc*Ve 1 0.280 0.18% 0.280 0.280 15.68 0.001
F*F 1 0.879 0.55% 0.879 0.879 49.28 0.000
2-Way 6 7.264 4.58% 7.264 1.211 67.86 0.000
Interaction
Vc*F 1 0.012 0.01% 0.012 0.012 0.65 0.429
Vc*Ht 1 0.033 0.02% 0.033 0.033 1.83 0.190
Vc*Ct 1 0.022 0.01% 0.022 0.022 1.25 0.276
F*Ht 1 0.114 0.07% 0.114 0.114 6.39 0.019
F*Ct 1 7.080 4.46% 7.080 7.080 396.87 0.000
Ht*Ct 1 0.003 0.00% 0.003 0.003 0.18 0.673
Error 23 0.410 0.26% 0.410 0.018

Total 35 158.629 100.00%
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In Table 7, it is stated that the most influential parameter on Ra is F, with a rate of 69.38%. The
second parameter is Ct, with a rate of 24.97%. Since the effect of Vc and Ht is below 1%, it is difficult
to talk about any interaction. The success of the numerical model is exceptionally high at 99.74%.

In the estimation of Ra, the second-order estimation equations developed by regression analysis
are given in Table 8.

Table 8. Second-order predictive equations of Ra for different combinations of Ht and Ct.

Ht Ct Equation

None None Ra =4.97 — 0.03746 Vc — 5.70 F + 0.000075 Vc? + 51.79 F2 + 0.00672 V¢ * F
Cryogenic None Ra = 5.66 —0.03894 V¢ —7.42 F + 0.000075 Vc? + 51.79 F? + 0.00672 V¢ * F
None CVD  Ra=4.13-0.03868 Vc —7.88 F + 0.000075 Vc? + 51.79 F2 + 0.00672 V¢ * F
Cryogenic CVD  Ra = 4.78 — 0.04015 V¢ — 6.15 F + 0.000075 Vc? + 51.79 F? + 0.00672 V¢  F

In addition, the general estimation equation giving Ra is given in Equation 2. The Ra values
estimated with RSM were calculated using this equation.

Ra = 4.89 — 0.03881Vc + 0.23 F — 0.333 Ht, + 0.333 Ht, + 0.428 Ct, — 0.428 Ct,
+ 0.000075 Vc? + 51.79 F2 + 0.00672 Vc * F + 0.000737 Vc * Ht,
— 0.000737 Vc * Ht, + 0.000609 Vc % Cty — 0.000609 Vc x Ct,
+ 0.861F x Hty — 0.861F  Ht; — 6.789 F x Cty + 6.789 F + Ct,

0.0095 Ht * Cty0 + 0.0095 Ht * Ct,0 + 0.0095 Ht * Ctyl

0.0095 Ht * Ct, 1

Contour plots showing the effects of control factors on Ra are given in Figure 5.
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Figure 5. Effect of control factors on Ra.

Figure 5 shows that Ra increases significantly with increasing feed rate, valid for both heat
treatment and coating cases. In addition, Ra increases slightly with increasing Vc and then tends to
decrease again.
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Minimization of Ra depends on the optimization of processing parameters. The values showing
the ranges in which processing parameters and cutting conditions should be used are given in Table

9.
Table 9. Response optimization for Ra.
Inputs Optimum Machining Parameters RSM Prediction
Parameter Goal Ve, f, Ht Ct Lower Target Predicted Upper Desirability

(m/min) (mm/rev) response

Ra (um) Minimum 243.434 0.16 None None 1.04 1.04 0.96 7.7323 0.960

Table 9 shows the lowest Ra target in the experiments. The lowest optimized Ra value was
determined as 1.04. To obtain this value, Vc 243.434 m/min and f 0.16 mm/rev should be selected. In
addition, a cutting tool without cryogenic heat treatment and coating is also needed for optimum Ra.
Figure 6 compares the Ra values measured as a result of actual experiments with the Ra values
estimated by the RSM method.
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Figure 6. Comparison of experimental and estimated values of Ra.

When Figure 6 is examined, it is seen that the predicted Ra results are very close to the
experimental results. This reveals the success of the prediction model.

4. Effect of Cryogenic Treatment on Tool Wear

Tool wear results from friction and temperature occurring in the areas where the cutting tool
material comes into contact with the workpiece. The most crucial reason for wear is friction. Since
temperature reduces the resistance of the tool against wear, it is a factor that accelerates the wear
process. One of the most common types of wear that occurs in machining is nose wear [21,22]. Wear
tests were carried out until the value determined for tool life (0.3 mm - TS 10329 June 1992) was
reached. The processing time was between 30 s and 210 s. As a result of wear tests, nose wears
occurring on the tools was examined. The nose wear values occurring at the end of the processing
times were measured linearly and precisely on the cutting tool microscope. The best tool life results
were seen in coated and uncoated cryogenically treated tools in the processing performed at 200
m/min cutting speed and 0.08 mm/rev feed rate. When looking at the graph in Figure 7a, it is seen
that the uncoated and coated tools that were not cryogenically treated completed their life in 2.5 and
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3 minutes, respectively, while the uncoated and coated carbide tool that was cryogenically treated
completed its life after 3.5 minutes of processing. In light of these data, it is possible to say that the
cryogenically treated tools provided an average 27% increase in life compared to the others. In Figure
7b, increasing the feed rate from 0.08 mm/rev to 0.16 mm/rev accelerated the wear times of the cutting
tools and slightly decreased the tool life. While the uncoated and coated cutting tools were worn for
a total of 330 seconds when the feed rate was 0.08 mm/rev, this period decreased to 300 seconds when
it was 0.16 mm/rev. This situation is associated with the increase in the chip cross-sectional area with
the increase in feed rate, and therefore, the need for more power and energy to tear the chip off the
surface and, as a result, the difficulty of the cutting process. The difficulty of the cutting process also
means that the tool wears out in a shorter time. After machining at a cutting speed of 200 m/min and
a feed rate of 0.16 mm/rev, uncoated and coated cryogenically treated tools wore out in 2.5 minutes,
while cryogenically treated uncoated and cryogenically treated coated tools completed their lifespan
in 3.5 and 3 minutes, respectively. Again, as can be seen from this graph, cryogenic treatment
provided positive increases in cutting tool life.
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Figure 7. Nose wear over time at a) 0.08 mm/rev feed rate, b) 0.16 mm/rev feed rate at 200 m/min
cutting speed.

Figure 8 shows the change in cutting tool life according to the cutting tool type as a result of the
processes carried out at 250 m/min cutting speed and 0.08 mm/rev feed rate. The graph shows that
uncoated, cryogenically treated, and coated tools are worn after 3 minutes. The coated and
cryogenically treated tool has completed its life after 3.5 minutes. Although the tool life is the same
for these tools, there are differences between the wear amounts. In general, the cryogenically treated
tools have worn less because of the processes carried out for these parameters.
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Figure 8. Nose wear over time at a cutting speed of 250 m/min a) 0.08 mm/rev feed rate, b) 0.16 mm/rev
feed rate.

Figure 8 shows the changes in cutting tool life according to cutting tool type as a result of
machining at 250 m/min cutting speed and 0.08 and 0.16 mm/rev feed rates. When we examine Figure
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8a, it is seen that uncoated, cryogenically treated uncoated, and coated tools are worn after 3 minutes.
The cryogenically treated coated tool has completed its life after 3.5 minutes. Although the tool life is
the same for these tools, there are differences between the wear amounts. In general, as a result of the
processes carried out for these parameters, cryogenically treated tools have worn less. In Figure 8b,
there is a slight decrease in tool life with the increase in feed rate. This situation is again associated
with the increase in cutting force and greater tool wear with the increase in feed rate. While the coated
tool has completed its life after 2.5 minutes, uncoated, cryogenically treated uncoated, and
cryogenically treated coated tools have passed the wear criterion and completed their lives after 3
minutes. Here again, we can say that cryogenic treatment has a slightly positive effect on life. When
all nose wear graphs are evaluated together, the positive effect of cryogenic treatment on tool life is
clearly seen. Cutting tools subjected to cryogenic treatment wore out later than untreated tools and
exhibited longer tool life. When cutting tools are compared among themselves, it is seen that the
cryogenic treated coated cutting tool provides the most extended machining times. Then come the
non-heat-treated coated, cryogenically treated uncoated, and non-heat-treated uncoated coded tools.
In the literature studies, it has been reported that cryogenic treatment has positive effects on
increasing cutting tool life and wear resistance [15,16,23,24]. This improvement in tool life has been
associated with the cryogenic treatment changing the morphological structure of the cutting tip
[25,26]. Another factor affecting tool life is wear resistance. Having good wear resistance or
improving it with different processes positively affects tool life and provides an increase in life.
However, the increase in temperature in the cutting zone is a factor that negatively affects the wear
resistance and hardness of the cutting tool, and the increased heat causes dimensional changes in the
processed parts. This makes it challenging to control dimensional accuracy. In addition, the effect of
increasing the cryogenic process's thermal conductivity increases the cutting tool's heat dissipation
capacity. Since the high thermal conductivity of the cutting tool material means that the high
temperatures formed in the cutting zone during cutting are removed more quickly and easily, it
means that the cutting tools used mainly in the chip removal process wear later [27-29]. In addition,
the increase in thermal conductivity helps to reduce the tool tip temperature. As a result, the cutting
tool maintains its hot hardness during machining, and less wear occurs in cryogenically treated tools
than in untreated tools [30].

4.1. SEM and EDX Analyses

In order to better understand the wear mechanisms, SEM photographs of each processed corner
of the cutting tools were taken, EDX analysis was performed, and images were taken to determine
the type of elements on the formed chip and accumulation layer. Figure 9 shows the SEM images of
the wear occurring in uncoated cryogenically treated and untreated cutting tools at 250 m/min and
0.16 mm/rev feed.
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Figure 9. Wear experienced by uncoated cutting tools at a cutting speed of 250 m/min and a feed rate
of 0.16 mm/rev. a) Cutting tool without cryogenic treatment b) Cutting tool with cryogenic treatment.

It is observed that wear decreases in uncoated cutting tools due to the effect of cryogenic
treatment in Figure 9. In addition, the EDX results of the numbered regions are shown in Figure 10.
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Figure 10. EDX analysis of regions 1, 2, and 3 formed at 250 m/min cutting speed and 0.16 mm/rev
feed rate for the cryogenically treated uncoated cutting tool.

When the elements detected at point 1 in Figure 10 are examined, it is seen that they consist of
wolfram (W), carbon (C), cobalt (Co), titanium (Ti), and tantalum (Ta) elements found in the uncoated
carbide (WC+Co+TiC+TaC) tool. The elements at point 2 are also similar. However, when the
elements at point 3 are examined, it is seen that the elements are C, Co, Cr, Mn, V, P, and Si, which
are also found in the microstructure of the AISI O2 cold work tool steel workpiece. This result is
evidence that there is adhesion at this point. At the point indicated by 3, agglomerated chip formation
has occurred. Figure 11 shows the SEM wear image of the coated cutting tool without cryogenic
treatment.
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Figure 11. Wear image of the coated cutting tool that was not cryogenically treated at a cutting speed
of 200 m/min and a feed rate of 0.08 mm/rev.

The EDX results of the points indicated with numbers 1, 2, 3, and 4 in Figure 11 are given in
Figure 12.
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Figure 12. EDX analysis of regions 1, 2, 3, and 4 occurring at 200 m/min cutting speed and 0.08 mm/rev
feed rate for the coated cutting tool that has not been cryogenically treated.

As shown in Figure 12, chip formation occurred at points 1 and 3. The elements belonging to the
workpiece material were seen at these points as a result of the EDX analysis. Points 2 and 4 contain
elements belonging to the coated carbide cutting tool material. Coating removal was suspected in
area number 2. However, the EDX analysis showed that there was no coating removal. When coating
removal occurs, the elements belonging to the coatings can't appear in the EDX analysis. However, it
was seen that TiC, Alz0s, and TiN compounds belonging to the coating materials were determined
here. The SEM wear image of the coated cutting tool applied to cryogenic heat treatment is shown in
Figure 13.
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Figure 13. SEM image of coated cutting tool subjected to cryogenic treatment at 200 m/min cutting

speed and 0.16 rpm feed.

The EDX results of the points indicated with numbers 1, 2, 3, and 4 in Figure 13 are given in

Figure 14.
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Figure 14. EDX analysis in regions 1, 2, 3, and 4 formed at 200 m/min cutting speed and 0.16 mm/rev

feed rate for the cryogenically treated coated cutting tool.

Figure 14 shows that the elements TI, C, N, Al, and O belonging to the coated carbide cutting
tool were obtained in regions 1 and 2. Similar to the cutting tool without heat treatment, the formation
of built-up chips occurred in regions 3 and 4. This type of wear was confirmed by the elements

obtained as a result of EDX analysis.

4.2. Rietveld Analysis

Rietveld analysis was applied to the tools in order to determine how the carbide ratios in the
microstructure of the cutting tools changed after the cryogenic treatment. In order to obtain XRD
samples from 4 uncoated and coated WC-Co cutting tools, the samples were cut using the wet cutting
method using a diamond disc. In order to determine the Co phase used as a binder in the cutting
tools in the XRD analysis, the samples were subjected to deep etching by applying a 9-volt current in
the Murakami solution. Rietveld analysis was performed using the XRD data taken from the etched
samples using the MAUD program, and the amounts of a-Co and e-Co phases were determined.
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XRD diagrams of deeply etched cutting tools are given in Figure 15. The graph shows an increase in
carbide peaks after the cryogenic treatment.
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Figure 15. XRD diagrams of deeply etched cutting tools.

In order to obtain XRD samples of cutting tools, samples were cut using the wet cutting method
using a diamond disk. In order to determine the Co phase used as a binder in cutting tools in XRD
analysis, samples were subjected to a deep etching process by applying a 9-volt current in the
Murakami solution. Rietveld analysis was performed by the MAUD program using XRD data taken
from etched samples, and amounts of a-Co and €-Co phases were determined. Table 10 shows the
ratios of a—Co and €-Co phases calculated as a result of Rietveld analysis.

Table 10. Ratios of a—Co and €-Co phases calculated as a result of Rietveld analysis and percentage

change of €-Co.

Coated Coated + Cryogenic Uncoated Uncoated + Cryogenic
a-Co (%) 21.353 36.542 26.421 34.463
€-Co (%) 8.768 11.410 18.142 27.332

The results obtained from the analyses performed on the samples are given below. As a result
of the Rietveld analyses performed, it was observed that the samples were etched at different rates
and, therefore, had different WC ratios. Deep etching is a process performed to increase the intensity
of the peaks belonging to the Co phases so that the changes in these phases can be detected by
Rietveld analysis. Since it was seen from the obtained XRD diagrams that the peaks belonging to
these phases were of sufficient intensity, the deep etching process was not repeated. Since the
volumetric ratios of the a-Co and €-Co phases will be compared in the calculations, the WC phase
was not included in the calculations, and the change amounts of the phases were determined based
on the corrected ratios. When Table 10 is examined, it is seen that the ratios of the a-Co and €-Co
carbides increased significantly after the cryogenic treatment. These results are similar to literature
studies.

4.3. Hardness Analysis

Hardness measurements were made to determine the effect of cryogenic treatment on the
hardness of the tool. The wear resistance of cutting tools is directly related to the hardness of the
tools. Therefore, increasing the hardness of cutting tools is essential in terms of increasing the
performance of the tools. It is stated in the literature that the hardness of the tools increases with the
cryogenic treatment applied to cutting tools [31]. For this purpose, the hardness values of the tools
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were measured after the deep cryogenic treatment was applied to uncoated and coated carbide
cutting tools used in turning AISI O2 material. The results obtained are given in Figure 16. When the
figure is examined, we can say that the hardness of both uncoated and coated carbide tools increased
after the cryogenic treatment. If the hardness measurements are given from largest to smallest, the
highest values were measured in coated and coated tools with cryogenic treatment, uncoated and
uncoated tools with cryogenic treatment, respectively. The hardness value of the uncoated carbide
tool before the cryogenic treatment was 1708 HV, while it increased by 4.8% after the cryogenic
treatment and became 1790.5 HV. In the coated carbide tool, the hardness value was initially
determined as 1843 HV, while this value increased by 5% after the cryogenic treatment and became
1943 HV. As a result, cryogenic treatment significantly increases the hardness of carbide-cutting tools.

COATED + CRYOGENIC 1943

COATED 1843
UNCOATED + CROGENIC 1790.5
UNCOATED 1708

1500 1600 1700 1800 1900 2000
M1CRO HARDNESS (HV)

CUTTING TOOL TYPES

Figure 16. Hardness effect of cryogenic treatment on cutting tools.

Many studies in the literature have reported that the hardness of cutting tools applied to
cryogenic treatment increases [31]. Collins suggested in his research that cryogenic treatment
increases the hardness of the tool material. Collins associates this situation with the precipitation of
fine carbides during cryogenic treatment, which leads to an increase in wear resistance and tool
toughness and a slight increase in hardness [32]. Although minor, Thakur et al. also reported that
cryogenic treatment increases the microhardness of carbide tips [33]. Gill et al. observed a 5% increase
in hardness in carbide tips [34]. This positive increase in hardness is thought to be related to the
secondary carbide precipitation in the cutting tool microstructure and the formation of a harder and
more homogeneous microstructure by cryogenic treatment [17,34-36]. It has also been emphasized
that the increase in wear resistance, toughness, and fatigue resistance is an inevitable result of
cryogenic treatment applied to cutting tools [37]. For this reason, the increase in hardness in carbide
tools is consistent with the literature studies. The hardness increases obtained with cryogenic
treatment are realized by the formation of fine eta (n-phase) carbides (fine eta carbide) formed in the
microstructure of the tools [38]. Eta carbides are formed in the areas covered by the cobalt binders (3-
phase) in the carbide tools. This change in the microstructure results in hardness increases with the
formation of eta carbides, which are harder than cobalt binders, in the places of the binders [36]. Kalsi
et al. explained the increase in the hardness of the tools with the cryogenic treatment applied to
carbide tools as the cobalt binder concentration as a result of the cryogenic treatment. The hardness
of the tool increased slightly with shallow cryogenic treatment. However, deep cryogenic treatment
detected a significant increase in the cutting tools' hardness [39].

5. Conclusions

AISI O2 cold work tool steel was turned with cutting tools subjected to deep cryogenic heat
treatment. In the study's first phase, the cutting parameters were determined, along with the Fc and
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Ra output parameters, and optimized using the RSM method. In addition, it was numerically

interpreted with ANOVA analysis, and the estimated values were calculated by preparing regression

equations. In the second phase, the wear performance of the cutting tool tips with and without deep
cryogenic treatment was explained with the support of SEM images, EDX, XRD, and microhardness
analyses.

The results of the optimization of the cutting and output parameters considered in the first phase
with the RSM method and their statistical analyses are listed below.

* It was determined that the most influential parameter on Fc was feed (F), with 78.89%. Ct, which
was in second place, affected the Fc output parameter with 8.25%. The effect of the Ht and Vc
parameters was minimal. The success of the numerical model created to estimate Fc was 93.28%.

¢ [t has been determined that Fc increases dramatically with the increase of F, which is valid for
all heat treatment and coating types. In addition, it is possible to say that Fc increases up to
approximately 250 m/min with the increase of cutting speed (Vc) and then tends to decrease.

¢ The lowest optimized Fc value with the RSM method was determined as 339.99 N. In order to
obtain this value, Vc should be selected as 252.525 m/min and F 0.16 mm/rev. In addition, a
cutting tool without cryogenic heat treatment and with CVD coating should be preferred for
optimum Fc.

¢ [t was found that the most influential parameter on Ra was F, with a rate of 69.38%. The second
parameter is Ct, with a rate of 24.97%. Since the effect of Vc and Ht is below 1%, no interaction
can be mentioned. The success of the numerical prediction model is exceptionally high and has
been realized at a rate of 99.74%.

¢ It was determined that Ra increased significantly with increasing feed rate, which is valid for
both heat treatment and coating cases. In addition, it was determined that Ra increased slightly
with increasing Vc and then tended to decrease again.

*  The smallest Ra value optimized with the RSM method was determined as 1.04 um. To obtain
this value, Vc 243.434 m/min and F 0.16 mm/rev should be selected. In addition, a cutting tool
without cryogenic heat treatment and coating is also needed for optimum Ra.

In the second stage, the analysis results confirming the effects of deep cryogenic heat treatment
on the wear performance of cutting tools were expressed.

*  The best tool life results were seen in coated and uncoated cryogenically treated tools in the
operations performed at 200 m/min cutting speed and 0.08 mm/rev feed rate. In light of the data,
cryogenically treated tools provided a minimum 16% life increase compared to the others. After
the operations performed at the same cutting speed and 0.16 mm/rev feed rate, cryogenically
treated coated and uncoated tools provided a minimum 20% life increase compared to the
others.

e  After the operations performed at 250 m/min cutting speed and 0.08 mm/rev feed rate,
cryogenically treated coated tools provided a minimum 16% life increase compared to the others.
When the feed rate was increased to 0.16 mm/rev, the coated tool with cryogenic treatment, the
uncoated tool with cryogenic treatment, and exceptionally, the uncoated tool without cryogenic
treatment provided a 20% increase in life compared to the cryogenic treated tool.

*  When the SEM images were examined, it was observed that wear was reduced in uncoated
cutting tools due to the effect of the cryogenic treatment.

¢ When the elements detected in the EDX analysis of the uncoated cryogenic treated cutting tool
at point 1 were examined, it was seen that the uncoated carbide (WC+Co+TiC+TaC) tool
consisted of wolfram (W), carbon (C), cobalt (Co), titanium (Ti) and tantalum (Ta) elements. The
elements at point 2 were also similar. However, when the elements at point 3 were examined, it
was seen that the elements were C, Co, Cr, Mn, V, P, and Si, which were also found in the
microstructure of the AISI O2 cold work tool steel workpiece. This result determined that there
was adhesion at this point. It was determined that agglomerate chip formation occurred at the
point indicated by 3.

¢ Agglomerate chip formation occurred at points 1 and 3 in the SEM image of the coated cutting
tool that was not cryogenically treated. The elements belonging to the workpiece material were
seen at these points as a result of the EDX analysis. Points 2 and 4 contain elements belonging to
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the coated carbide cutting tool material. A similar situation applies to the coated cutting tool that
was cryogenically treated.

¢  The XRD diagram of the deeply etched cutting tools showed that there was an increase in the
carbide peaks after the cryogenic treatment.

* As a result of the Rietveld analyses performed, it was seen that the samples were etched at
different rates and, therefore, had different WC ratios. Since the peaks belonging to these phases
were seen to be of sufficient intensity from the obtained XRD diagrams, the deep etching process
was not repeated. It is seen that the ratios of a-Co and €-Co carbides increased significantly after
the cryogenic treatment. These results are similar to literature studies.

*  After the cryogenic treatment was applied to the coated cutting tool, the a-Co ratio increased by
approximately 71%, and the €-Co ratio increased by 31%.

¢ After the cryogenic treatment was applied to the uncoated cutting tool, the a-Co increased by
approximately 30%, and the €-Co increased by approximately 50%.

*  While the hardness value of the uncoated carbide tool before the cryogenic treatment was 1708
HYV, it increased by 4.8% after the cryogenic treatment and became 1790.5 HV. In the coated
carbide tool, the hardness value was initially determined as 1843 HV, and this value increased
by 5% after the cryogenic treatment and was obtained as 1943 HV.

When all these results were evaluated, it was determined that when AISI O2 cold work tool steel
was processed with deep cryogenic treated cutting tools, nose wear decreased, and tool life clearly
increased. However, as a result of the RSM, it was stated that there was no need for cryogenic
treatment to optimize the Fc and Ra parameters.
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