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Abstract - In this study, the cutting performance of two ceramic cutting tools namely, TiN coated 

mixed ceramic CC6050 and uncoated mixed ceramic CC650 when machining hardened hot work 

steel X38CrMoV5-1 [AISI H11] treated at 50 HRC is determined. The cutting performance was 

evaluated by cutting force and surface roughness. The planning of experiments was based on 

Taguchi’s L36 orthogonal array. The response surface methodology (RSM) and analysis of variance 

(ANOVA) were used to check the validity of multiple linear regression models and to determine the 

significant parameter affecting the cutting force and the surface roughness (Rt). From the 

parametric analysis, it is revealed that, the CC650 insert performs better with reference to cutting 

force and surface roughness, than the CC6050.  

Keywords: ANOVA; MSR; ceramic; hard turning; AISI H11 steel. 

Nomenclature

ap  Depth of cut, (mm) 

f  Feed rate, (mm/rev) 

Vc      Cutting speed, (m/min) 

rε    Cutting radius, (mm) 

Rt          Total roughness, ( m) 

Ft Tangential force, (N) 

α Clearance angle, (degree) 

γ Rake angle, (degree) 

λ Inclination angle, (degree) 

χ Major cutting edge angle, (degree) 

1. Introduction   

In recent years, ceramic tools have attracted the attention of researchers and some works can be 

highlighted. With the development of ceramic tool materials, they are more and more widely used 

in the field of metal cutting, because their mechanical properties and cutting performances have 

been greatly improved. They have been sought in many applications due to their improved 

properties like good thermal shock resistance, good high-temperature strength, creep resistance, low 

density, high hardness and wear resistance, electrical resistively, and better chemical resistance [1, 

2].  

Various studies were conducted to investigate the performance of ceramic tool in the cutting of 

various hardened materials. D’Errico et al. [3] investigated the cutting performances of different 

ceramic grades (oxide nitride, mixed and whisker reinforced ceramics) in terms of wear resistance, 

mechanical toughness and resistance to thermal shock. Experimental results are discussed with 

application to turning of work material (nickel based alloy, tempered steel and grey cast iron) with 
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diverse machinability. In another study, Fnides et al. [4] conducted experimental study to determine 

statistical models of surface roughness criteria in turning hardened AISI H11 (X38CrMoV5-1) steel 

(50 HRC) with mixed ceramic tool. Mathematical models were elaborated based on the software 

Minitab in order to express the influence degree of each cutting regime on surface roughness. The 

results indicate that feed rate is the dominant factor affecting surface roughness, followed by cutting 

speed. As for the depth of cut, its effect is not very important. Jenn-Tsong et al. [5] developed RSM 

model using CCD in the hard turning using uncoated Al2O3/TiC mixed ceramics tool for flank 

wear and surface roughness. Flank wear was influenced principally by the cutting speed and the 

interaction effect of feed rate with nose radius of tool. The cutting speed and the tool corner radius 

affected surface roughness significantly. Recently, Elbah et al. [6] compared the values of surface 

roughness obtained with wiper and conventional ceramic inserts during hard turning of AISI 4140 

steel. They disclosed that the improved surface quality is achieved with wiper geometry. 

The current study investigates the influence of cutting parameters (cutting radius (r, mm), 

cutting speed (Vc, m/min), feed rate (f, mm/rev) and depth of cut (ap, mm)) in relation with the 

cutting force and the surface roughness (Ra) on machinability. The processing conditions are 

turning of hardened hot work steel (AISI H11) with two different ceramic tools (CC6050 coated 

with TiN and CC650 conventional) using response surface methodology (RSM) and ANOVA. This 

last is a computational technique that enables the estimation of relative contributions of each of the 

control factors to the overall measured response. In this work, the significant parameters will be 

used to develop mathematical models using response surface methodology (RSM). The RSM is a 

collection of mathematical and statistical techniques that are useful for the modeling and analysis of 

problems in which interest response is influenced by several variables and the objective is to 

optimize the response. 

2. Experimental conditions and procedures  

3  Material, work piece and tool   

Turning experiments were performed in dry conditions using a lathe from TOS TRENCIN 

company; mode SN 40C with 6.6 KW spindle power. The cutting conditions for finish hard turning 

under higher parametric condition are shown in Table 1. 

The work-piece material used for the experiments is grade AISI H11 steel, hot work steel bars 

with dimensions of 400 mm length and 75 mm, which is popularly used in hot form pressing. Its 

resistance to high temperature, its tenacity, its aptitude for polishing and its impact resistance 

thermal properties enable it to answer to the most severe requests in hot dieing and moulds under 

pressure [4]. Its chemical composition is given in Table 2. It is hardened to 50 HRC (quenching at 

1020°C followed by oil tempering at 250°C). Its hardness was measured by a digital durometer 

DM2D. 

A tool holder and insert geometry, having ISO designation as PSBNR2525K12 and 

SNGA120408T01020, respectively, were employed with tool geometry as follows: χ = 75°; α = 6°; 

  = -6°; λ = -6°.  The cutting forces were recorded using a standard quartz dynamometer (Kistler 

9257B) allowing measurements from -5 to 5 kN. 

The measurements of surface roughness (Rt) for each cutting condition were obtained from a 

Surftest 201 Mitutoyo roughness meter. It consists of a diamond point with a 5  m radius and 

moves linearly on the working surface. The length examined is 4.0 mm with a basic span of 0.8 

mm. The measured value of Ra is within the range 0.05 to 40  m. Roughness measurements were 

directly obtained on the same without disassembling the turned part in order to reduce uncertainties 

due to resumption operations. In addition, two measurements were made using a 3D surface 

topography with optical platform of metrology modular Altisurf 500. The three-dimensional 
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topographic maps of the machined surfaces were produced using the interferometry technique (Fig. 

1). 3D data were also taken along the pitch-surface generator, shape was removed and then 

parameters were calculated with the Gaussian filter (cut-off was 0.8 mm). 

Table 1. Cutting parameters and their levels for turning. 

 

Table 2. Chemical composition of AISI H11 steel. 

 

4 Response surface methodology   

The response surface methodology (RSM) is the procedure to determine the relationship 

between the independent process parameters with the desired response and to explore the effect of 

these parameters on responses, including six steps [7]. These are, in the order, (1) define the 

independent input variables and the desired responses with the design constants, (2) adopt an 

experimental design plan, (3) perform regression  analysis with the multiple linear model of RSM, 

(4) calculate the statistical analysis of variance (ANOVA) for the independent input variables in 

order to find which parameter significantly affects the desired response, then, (5) determine the 

situation of the multiple linear model of RSM and decide whether the model of RSM needs 

screening variables or not and finally, (6) optimize and conduct confirmation experiment and verify 

the predicted performance characteristics. 

In the current study, cutting radius (r, mm), cutting speed (Vc, m/min), feed rate (f, mm/rev) and 

depth of cut (ap, mm) for two different ceramics (CC6050 and CC650) have been chosen as process 

parameters. The cutting force (Ft) and the surface roughness parameter namely: total roughness (Rt) 

were been chosen as responses factors. The relationship between the input parameters and the 

output parameter is given as: 

),,,( DCBAY                                                                                              (1) 

Where Y is the desired machinability aspect and ϕ is the response function. The approximation 

of Y is proposed by using a multiple linear mathematical model, which is suitable for studying the 

interaction effects of process parameters on machinability characteristics. In the present work, the 

RMS based multiple linear mathematical model is given by the following: 

ji

k

ji iji

k

i i
XXbXbaY   ,10                                                                       (2) 

      where b0 is the free term of the regression equation, the coefficients  b1, b2,…..bK   and  b12, 

b13,…..bk-1  are the interacting terms. Xi represent input parameters (r, Vc, f and ap). The output Ft 

and Rt are also called the response factors. The experimental plan and result of the trials is reported 

in Table 3. Based on plan of Taguchi 2
1
×3

3
 full factorial design, a total of 36 tests were carried out. 
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Fig. 1 Illustration of measured surface roughness criteria 
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Table 3.  L36 (21×33) orthogonal array, experimental results for cutting force and surface roughness 

 

5 RESULTS AND DISCUSSION 

3.1.Statistical analysis 

Tables 4-5 show the results of ANOVA, for Ft and Rt for both ceramic cutting tools CC650 and 

CC6050. This analysis was out for a 5% significance level, i.e., for a 95% confidence level. In 

addition to freedom degree, mean of squares (MS), sum of squares (SS), F-value and probability 

(Prob.) associated with each factor level were presented. The last but one column of tables shows 

the factor contribution (percentage; Cont. %) on the total variation, indicating the degree of 

influence on the result. 
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Table 4 shows the results of ANOVA model for surface roughness (Rt) of coated ceramic 

(CC6050) and uncoated ceramic (CC650) tools. From the analysis of Table 4, it is observed that the 

parameters, feed rate (Cont. = 55.339% and Cont. = 93.084%) and cutting radius (Cont. = 15.660% 

and Cont. = 3.223%) have great influence on the total roughness (Rt) of CC650 and CC6050 

respectively, especially the feed rate. Earlier, Aouici et al. [8] observed that the effect of the feed 

rate was so notable on surface roughness criteria. Other model terms and interaction can be said to 

be not significant. The correlation coefficients R² of about (0.8624 and 0.9488) are considered as 

good. They represent the proportion of variation in the response which is explained by the model. 

The "Pred. R²" of (0.6860 and 0.8932) is in reasonable agreement with the "Adj. R²" of (0.8074 and 

0.9283) for both cutting ceramic tools respectively. 

Table 4. Analysis of variance for Rt 
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ANOVA table for response surface quadratic model for tangential force (Ft) using two ceramic 

tools (CC6050 and CC650) is shown in Table 5, the percentage contributions of factors A, B, C and 

D on the Ft for both ceramic tools CC6050 and CC650 are [(0.23 and 0.10), (0.38 and 0.28), (15.62 

and 15.65) and (81.56 and 78.06)] % respectively. In this case, the most effective parameter for the 

tangential force is factor D; namely, the depth of cut, because increasing depth of cut increases the 

chip volume removed. The next largest factor influencing Ft is feed rate (C) with (15.62 and 15.65) 

% for CC650 and CC6050 tools, respectively. The cutting speed and tool nose radius do not present 

any statistical significance on the tangential force. 

Table 5 ANOVA result for tangential force (Ft). 

 

 
 

6 Mathematical modeling  

Regression is a technique for investigating functional relationship between output and input 

decision variables of a process and may be useful for manufacturing process data description, 

parameter estimation and control [6]. The mathematical models determined by multiple linear 
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regression analysis for predicting the tangential force (Ft) and the surface roughness (Rt) during hard 

turning of AISI H11 hot work tool steel using different ceramic inserts are given by: 

CC650 

apfapVcfVcaprfr

VcrapfVcrRt
CC



 

512.46052.0105.0918.6319.25

10699.5824.3012.45037.0917.1876.1 3

650

            (3)

 

        (R
2
 = 86.24%) 

apfapVcfVc

aprfrVcr

apfVcrFt
CC







553.1387497.0802.1

715.62115.242072.0

655.68019.55403.0066.33384.13
650

                                                   (4)

 

 (R
2
 = 0.9750) 

CC6050 

apfapVcfVcaprfr

VcrapfVcrRt
CC








501.1010120.9093.0614.1420.6

022.0522.3324.2310886.51999.2240.0
3

3

6050

     (5)

 

        (R
2
 = 94.88%) 

apfapVcfVc

aprfrVcr

apfVcrFt
CC







512.803032.0953.1

250.0271.188299.0

563.143979.689120.0055.5415.34
6050

                                                 (6)

 

  (R
2
 = 0.9538) 

7 Surface topography 

The two-factor interaction effects due to feed rate (f)–cutting radius (r) and depth of cut (ap)–

cutting speed (Vc) on the surface roughness (Rt) during hard turning of AISI H11 (50HRC) hot work 

tool steel were analyzed for two different ceramic inserts, namely CC650 and CC6050 through 

surface plots (Figs. 2‒ 3). The 3D response surface plots were generated considering two machining 

parameters at a time, while the other parameters were kept at the middle levels. 

From interaction plot Fig. 1 it can be observed that, at constant cutting radius, the surface 

roughness sharply increases with the increase of the feed rate. This is because its increase generates 

helicoid furrows, the result of tool shape and helicoid movement tool-workpiece. These furrows are 

deeper and broader as the feed rate increases [6]. On the other hand, surface roughness has a 

tendency to decrease with an increase in cutting radius at constant feed rate.  

Fig. 3 shows the relation of depth of cut (ap)–cutting speed (Vc) for both ceramic tools CC650 

and CC6050. It indicates that for a given depth of cut, the surface roughness decrease with the 

increase of cutting speed. On the other hand, depth of cut has less effect on surface roughness. In 

general, the CC650 tool gives lower (better) value results than CC6050 tool.  
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Fig. 2 3D surface plots for interaction effects of feed rate and cutting radius on total roughness for Rt 

(CC6050 and CC650) 

 

Fig. 3 3D surface plots for interaction effects of depth of cut and cutting speed on total roughness Rt for 

(CC6050 and CC650) 

8 3D surface topography  

The representative examples of 3D images of hard turned surfaces are visualized by means of 

four isometric views and contour maps. It must be noted that the both 3D profiles have represented 

pure roughness values, i.e. the turned surface topography in Figs 6a and 6b shows well-defined peaks 

and valleys. This is mainly because when the turning operation process uses a single cutting edge 

generates helicoids furrows the result of tool shape and helicoids movement tool–workpiece. The 2D 

surface profiles of the hard turned surfaces along the feed direction are shown in Figs. 4a and 4b. It 

must be noted that all the 2D profiles have represented pure roughness values, i.e. the waviness 

components have been filtered out. 
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Fig. 4 3D topography for turning with; (a) CC6050 and (b) CC650 inserts at r = 0.8 mm. 

 

11. CONCLUSION 

Based on the above results for the hard turning of AISI H11 steel with 50 HRC using coated 

CC6050 and uncoated CC650 ceramic under conditions similar to those used in this work, the 

following conclusions are made: 

• The analysis of machining parameters using RSM technique allows investigating the 

influence of each one on the cutting process progress output such as roughness. Additionally, this 
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study shows that the feed rate and cutting radius have significant statistical influences on the surface 

roughness [(55.339; 93.084) and (15.660; 3.223)] % for CC650 and CC6050 tools, respectively. 

• The depth of cut has the highest physical as well statistical influence on the tangential force

(Ft) to perform the machining operation followed by feed rate [(81.56; 78.06) and (15.62; 15.65)] % 

for CC6050 and CC650 tools, respectively. From the parametric analysis, it is revealed that, the 

CC650 insert performs better with reference to cutting force, while the CC6050. 

• In general, uncoated ceramic cutting tool CC650 has the better performance compared with

coated ceramic cutting tool CC6050. The ratios mean value for RtCC6050/RtCC650, is 0.85. 

• 3D visualization confirmed some characteristic features of surfaces produced with both

inserts tested. 
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