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THE INFLUENCE OF CUTTING PARAMETERS  
ON THE TOOL WEAR AND CUTTING FORCES  

DURING TURNING OF HARDENED 18HGT STEEL 

Bogusław Pytlak  

S u m m a r y 

The experimental researches of the wear and cutting forces during finish turning of hardened 18HGT steel of 
with cubical boron nitride (CBN) tools of Wiper geometry are presented in the paper. For obtained results the 
mathematical models illustrating the influence of the particular cutting parameters and cutting distance on tool 
flank wear VBC and components of cutting force: Fc, Ft and Ff are worked out. 
Keywords: hard turning, cubical boron nitride, wear, cutting forces 

Wpływ parametrów skrawania na zużycie ostrza i siły skrawania podczas toczenia stali 18HGT w stanie 
zahartowanym 

S t r e s z c z e n i e 

W pracy omówiono wyniki badań eksperymentalnych zużycia ostrzy z regularnego azotku boru (CBN) 
o geometrii typu Wiper oraz składowych siły skrawania podczas toczenia wykańczającego stali 18HGT w 
stanie zahartowanym. Opracowano modele matematyczne obrazujące wpływ poszcze-gólnych parametrów 
skrawania i długości drogi toczenia na zużycie ostrza, określone wielkością zużycia na powierzchni 
przyłożenia VBC i składowe siły skrawania: Fc, Ft i Ff. 
Słowa kluczowe: toczenie na twardo, regularny azotek boru, zużycie ostrza, siły skrawania 

1. Introduction 

The progress in the field of cutting tool superhard materials, which has 
taken place in last years, caused the possibility of the machining of hardened 
materials with cutting tools with specified cutting edge geometry [1-3]. The hard 
turning has many advantages, like: possibility to obtain surface with comparable 
properties like after grinding, higher machining efficiency, flexibility, lower 
energy-consuming and possibility of cutting fluid elimination [4]. Taking into 
account the potential advantages, which gives the hard turning, it’s surprising 
that the application of this operation in the industry is very rare [2]. One of main 
reasons of lower popularity of hard turning is the very high cost of the tools of 
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cubical boron nitride (CBN) and necessity of machining on the very rigid 
machine tool. Hard turning of hardened materials differs from traditional turning 
of soft materials [5, 6]. The machined material has higher hardness, the values of 
the components of cutting forces are higher, than in case of traditional turning. 
Therefore, the depth of cut ap and feed f are limited [7]. Opposite to traditional 
turning, where cutting edges of zero or positive tool rake angle are used, the 
machining of hardened materials is characterized by large negative tool rake 
angle. The considerable brittleness of CBN causes that cutting edge must have 
proper edge preparation [8-13]. Large negative tool rake angle γn, in opposite to 
machining of traditional tools, causes the change of the values of component 
cutting forces. 

In the available literature lacks the research in the field of machining of 
hardened steels with lower contents of carbon, which are used on the toothed 
elements in reducers and motoreducers [14]. These steels presently are finished 
by grinding. Therefore, the aim of the work is to determine the influence of 
chosen cutting parameters on the tool wear and components of cutting forces 
during turning of hardened (59 HRC) 18HGT steel. 

2. Methodology 

The research of finish turning operation of 18HGT steel, with CBN tools of 
Wiper geometry, include the influence of cutting speed vc, feed f, depth of cut ap 
and cutting distance L on the tool wear determined by flank wear land width VBC 
and components of cutting force: cut force Fc, thrust force Ft and feed force Ff. 
In the research specimens made of 18HGT steel in the shape of steel bars on 
dimensions Ø60×300 mm in as-rolled condition are used. The specimens are 
next thermochemically treated: carburized on the depth 2 mm, hardened and 
tempered to hardness 59±2 HRC. Measurements of microhardness of carburized 
layer are carried out by means of the microhardness tester Durimet 20K (Leitz 
Wetzlar Co.) under load of 100 G. The value of maximal depth of hardened 
layer hmax = 1,44 mm. During the turning operation, the sum of particular passes 
for all specimens (shafts) did not exceed this value. The machining was carried 
out on the CNC lathe TUG 56-MN (AFM-Andrychów Co.). For finishing the 
monolithic CBN inserts TNGX1103085S-R-WZ of patented Crossbill™ Wiper 
geometry [15] are used (Fig. 1). 

The inserts are clamped in the tool holder CTJNR2525-M11. The inserts 
are made of the CBN100 grade, which is characterized by fine-grained structure 
and lower content of CBN. The fine-grained structure of CBN100 gives perfect 
quality of the cutting edge, and lower content of CBN decreases the wear [15]. 
In the Table 1 a composition and property of CBN100 grade are given. 
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Fig. 1. The insert of Wiper geometry (TNGX1103085S-R-WZ) of Seco Co. [15] 

 
Table 1. The composition and property of CBN100 grade [12] 

Content of CBN 50% 

Quantity of CBN grain 2 µm 

Binder TiC 

Thermal conductivity 29 W/m/K, for 20ºC 
 
 
The measurement of the tool wear determined by flank wear land width 

VBC, was carried out on the microscope ZKM 01-250C of Carl Zeiss-Jena Co. A 
digital camera was connected to microscope, to make photos of abrade stage of 
tool flank (every 200 m of cutting distance L). 

On the Fig. 2 typical symptoms of abrasive wear of cutting edges of Wiper 
geometry from CBN are showed. 

The measurement of components of cutting force: cut force Fc, thrust force 
Ft and feed force Ff was carried on piezoelectric dynamometer, which was 
designed by The Institute of Advanced Manufacturing Technology (IOS-
Kraków). The design of dynamometer is based on piezoelectric elements type 
9251 of Kistler Co., which have initial tension circa 25 kN. This dynamometer 
enables the measurement of forces in cut force Fc direction up to 5 kN and in 
thrust force Ft and feed force Ff direction up to 2,5 kN. The force measurement 
uncertainty is estimated as ±2 N. The readings of the force values: Fc, Ft, Ff ware 
taken every 1 ms with help of “Canvassing” software of IOS-Kraków, which 
enables recording of forces values as function of the time. 
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Fig. 2. The typical symptoms of abrasive wear of CBN inserts of 
Wiper geometry; VBC – flank wear land width, KT – maximal 
depth of crater wear, KB – maximal distance between initial  
 position of cutting edge and rear border of crater wear 

The evaluation of results was carried at using „Statistica” software. The 
verification of significance of mathematical models was carried by F-test. 
Whereas verification of significance of particular model coefficients was carried 
by Student’s t-test [16]. 

3. Results and discussion 

To describe the tool wear VBC in the function of cutting parameters and 
cutting distance VBC = g(vc, f, ap, L) the polynomial model of 2nd degree with 
interactions is assumed: 
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where: b0, b1, b2, b3, b4, b11, b22, b33, b44, b12, b13, b14, b23, b24, b34, b123, b234, b134, 
b1234 – constant coefficients of the model. 

In turn, to describe the components of force the exponential model was 
assumed Fc, Ft, Ff = g(vc, f, ap, L): 
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where: b0, b1, b2, b3, b4 – constant coefficients of the model. 

The values of cutting parameters of the finish turning of 18HGT steel, with 
CBN tools of Wiper geometry were assumed according to complete multifactor 
experiment design (Table 2). Supposing, that tool wear have essential influence 
on the values of cutting forces, the additional quantity of cutting length L was 
proposed. 

In the Table 3 are presented the values of cutting parameters and cutting 
length for particular layout of experiment design and mean values of the flank 
wear land width VBC. 

Table 2. The values of cutting parameters: vc, f and ap and cutting length L 

Investigated factors Values 
Cutting speed vc, m/min 100; 150; 200 

Feed f, mm/rev 0,1; 0,2; 0,3 
Depth of cut ap, mm 0,1; 0,2 
Cutting length L, m 200; 400; 600; 800; 1000; 1200; 1400; 1600; 1800; ... 

 

For each from layouts of experiment design was made three repetitions 

Table 3. The values of the flank wear land width VBC, mm 

L, m 
No. vc, 

m/min 
f, 

mm/rev 
ap, 

mm 200 400 600 800 1000 1200 1400 1600 1800 
1 100 0,1 0,1 0,071 0,087 0,100 0,115 0,123 0,133 0,144 0,155 0,170 
2 100 0,1 0,2 0,079 0,095 0,106 0,123 0,131 0,146 0,153 0,163 0,174 
3 100 0,2 0,1 0,082 0,096 0,107 0,119 0,129 0,136 0,147 0,159 0,171 
4 100 0,2 0,2 0,086 0,105 0,116 0,126 0,140 0,147 0,159 0,166 0,175 
5 100 0,3 0,1 0,082 0,099 0,113 0,122 0,132 0,138 0,159 0,165 0,172 
6 100 0,3 0,2 0,092 0,111 0,120 0,129 0,144 0,150 0,161 0,168 0,178 
7 150 0,1 0,1 0,075 0,091 0,106 0,119 0,132 0,144 0,154 0,165 0,173 
8 150 0,1 0,2 0,080 0,095 0,108 0,122 0,133 0,151 0,159 0,170 0,183 
9 150 0,2 0,1 0,089 0,100 0,113 0,125 0,138 0,150 0,162 0,171 0,182 

10 150 0,2 0,2 0,087 0,109 0,120 0,128 0,142 0,151 0,168 0,176 0,192 
11 150 0,3 0,1 0,090 0,106 0,117 0,126 0,142 0,160 0,169 0,186 0,200 
12 150 0,3 0,2 0,093 0,110 0,124 0,134 0,147 0,167 0,178 0,191 0,201 
13 200 0,1 0,1 0,078 0,091 0,108 0,122 0,134 0,154 0,180 0,205 0,219 
14 200 0,1 0,2 0,083 0,101 0,119 0,132 0,146 0,160 0,182 0,206 0,222 
15 200 0,2 0,1 0,092 0,111 0,131 0,141 0,158 0,176 0,196 0,210 0,229 
16 200 0,2 0,2 0,087 0,110 0,127 0,144 0,161 0,179 0,207 0,232 0,254 
17 200 0,3 0,1 0,093 0,112 0,134 0,153 0,179 0,196 0,220 0,235 0,256 
18 200 0,3 0,2 0,094 0,113 0,137 0,155 0,190 0,219 0,244 0,257 0,275 
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In turn, in the Table 1 mean values of components of cutting force: Fc, Ft 
and Ff  for selected values of cutting length L are presented. On the basis of the 
results of experimental research presented in the Table 3, by means of multiple 
regression, the values of constants coefficients of the model were calculated in 
the “Statistica” software. By inputting this coefficients in to polynomial (1) the 
following form of the mathematical model is obtained: 
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(3) 

Table 4. The values of cutting forces: cut Fc, thrust Ft and feed Ff, in N – for selected values  
of the cutting distance L = 200; 1000; 1800 m 

L=200 m L=1000 m L=1800 m 
No. vc, 

m/min 
f, 

mm/rev 
ap, 

mm Fc, N Ft, N Ff, N Fc, N Ft, N Ff, N Fc, N Ft, N Ff, N 
1 100 0,1 0,1 51,0 87,0 7,0 72,5 133,0 14,0 82,0 160,5 18,5 
2 100 0,1 0,2 70,5 119,5 23,5 101,5 183,0 37,0 117,5 213,5 42,0 
3 100 0,2 0,1 77,0 117,5 7,5 95,0 155,0 16,5 112,0 215,0 24,0 
4 100 0,2 0,2 122,5 160,5 27,5 141,5 196,0 46,5 163,5 239,5 53,5 
5 100 0,3 0,1 93,5 133,5 10,0 122,0 183,0 17,0 144,0 223,0 31,0 
6 100 0,3 0,2 157,0 194,0 39,5 193,0 244,5 52,0 205,5 271,5 60,5 
7 150 0,1 0,1 36,5 70,0 5,0 64,0 123,5 8,0 70,0 158,5 12,0 
8 150 0,1 0,2 66,5 114,5 21,0 94,5 158,0 33,0 110,5 201,5 36,5 
9 150 0,2 0,1 67,5 113,0 8,0 82,5 145,5 14,0 95,0 198,5 22,5 

10 150 0,2 0,2 115,0 156,0 25,5 139,5 187,0 41,0 148,5 211,0 48,5 
11 150 0,3 0,1 89,0 126,5 9,0 113,0 161,0 15,0 127,0 201,0 25,0 
12 150 0,3 0,2 146,5 182,5 36,5 175,5 224,5 46,5 198,5 262,5 59,5 
13 200 0,1 0,1 32,5 56,0 3,0 45,5 110,5 5,5 55,0 151,5 10,0 
14 200 0,1 0,2 55,0 109,5 7,5 71,0 153,0 24,5 80,5 201,0 31,0 
15 200 0,2 0,1 51,5 105,0 3,0 76,5 141,0 12,0 92,5 191,0 18,5 
16 200 0,2 0,2 112,0 131,5 26,5 135,0 161,0 36,0 147,0 203,0 46,0 
17 200 0,3 0,1 67,5 121,5 5,5 100,0 149,5 14,0 124,0 192,0 19,0 
18 200 0,3 0,2 136,5 165,0 27,5 164,0 214,0 40,0 191,5 258,0 48,5 

 
The results of the experimental research presented in the Table 4 was used 

to specify constant coefficients of exponential model, which values are 
determined in the „Statistica” software with the help of nonlinear estimation 
Levenberg-Marquardt’s least squares method. By inputting this coefficients in to 
equation (2) following mathematical models are obtained: 
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  (4) 
 
  (5) 
 
  (6) 

158012.0660314.0623620.0200600.0402604.993 LafvF pcc ⋅⋅⋅⋅= −

240112.0373255.0293166.0213734.0402695.320 LafvF ⋅⋅⋅⋅= −

285235.0502916.1386365.0388726.0912603.814 LafvF ⋅⋅⋅⋅= −

pct

pcf

Carry out the statistical analysis upper regression equations is confirmed, 
that this equations are significant and have high value of multiple correlation 
coefficient R = 0,982÷0,994. Exemplary detailed statistical analysis of the 
regression equation for the tool wear (3) is shown in the Table 5. 

Table 5. The summary of the multiple regression results for the polynomial model 

Regression Summary for Dependent Variable: VBC (VBC) 
R = 0,99361254; Adjusted R2 = 0,98562864; 

F18;140 = 603,00; p < 0,0000; Std. Error of estimate: 0,00500 N = 159 

B Std. Err. of B t(140) p-level 
Intercept 0,124670 0,082119 1,51817 0,131227 

vc -0,001069 0,000142 -7,53549 0,000000 
f -0,066125 0,073928 -0,89446 0,372610 

ap 0,116482 1,208867 0,09636 0,923376 
L 0,000031 0,000011 2,69746 0,007846 

vc
2 0,000003 0,000000 9,51446 0,000000 

f2 -0,015301 0,083874 -0,18243 0,855510 
ap

2 -0,432334 4,028431 -0,10732 0,914688 
L2 -0,000000 0,000000 -0,24738 0,804980 
vc·f 0,000996 0,000376 2,64682 0,009056 

vc·ap 0,000486 0,000696 0,69825 0,486178 
vc·L 0,000000 0,000000 4,09742 0,000070 
f·ap 1,227130 0,489157 2,50866 0,013259 
f·L 0,000004 0,000030 0,13779 0,890603 
ap·L 0,000112 0,000082 1,36771 0,173594 

vc·f·ap -0,008883 0,002860 -3,10582 0,002297 
f·ap·L -0,001301 0,000304 -4,28585 0,000034 

vc·ap·L -0,000001 0,000000 -1,75852 0,080843 
vc·f·ap·L 0,000010 0,000002 6,74848 0,000000 

 
Many coefficients are insignificant (bolded rows in the Table 5), therefore 

in the next steps of analysis they are eliminated, w. e. f. most insignificances. 
The elimination of the insignificances coefficients caused minimal increasing of 
the adjusted multiple correlation coefficient 2R , which confirms correctness of 
the elimination decision. Obtained regression equation has high multiple 
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correlation coefficient R = 0,99350624 and is significant (F12;146 = 927,68, 
p = 0,0000).  

Finally after elimination of the insignificant coefficients (Table 6) the 
regression equation for flank wear land width VBC has the following form: 
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Table 6. The summary of the multiple regression results for the polynomial model  
with eliminated insignificant coefficients 

Regression Summary for Dependent Variable: VBC (VBC) 
R = 0,99350624; Adjusted R2 = 0,98599066; 

F12;146 = 927,68; p < 0,0000; Std. Error of estimate: 0,00493 N = 159 

B Std. Err. of B t(146) p-level 
Intercept 0,126592 0,009714 13,03199 0,000000 

vc -0,001028 0,000111 -9,25415 0,000000 
L 0,000025 0,000007 3,67360 0,000335 

vc2 0,000003 0,000000 9,66573 0,000000 
vc·f 0,000572 0,000097 5,88402 0,000000 

vc·ap 0,000435 0,000180 2,41455 0,016992 
vc·L 0,000000 0,000000 6,10943 0,000000 
f·ap 0,929128 0,215354 4,31443 0,000029 
ap·L 0,000165 0,000033 4,98116 0,000002 

vc·f·ap -0,007191 0,001482 -4,85098 0,000003 
f·ap·L -0,001383 0,000198 -6,97714 0,000000 
vc·ap·L -0,000001 0,000000 -4,96861 0,000002 

vc·f·ap·L 0,000011 0,000001 8,52983 0,000000 

 
Relation (3) was shown using three dimensional graph (Fig. 3) and depth 

contour graph (Fig. 4). On the Figure 5 are shown exemplary graphs of the flank 
wear land width VBC in function of cutting distance L for selected finish turning 
parameters of the hardened 18HGT steel. 

For all matching of cutting parameters the increase of the cutting speed vc 
by 50 m/min causes slight increase of tool wear VBC, on average by about 
0,01 mm. It can be clearly seen that only for cutting distance L > 600 m, the 
increasing of cutting speed vc increases the tool wear VBC in a significant fashion 
(even by 0,07 mm). In turn, the increasing of the feed by 0,1 mm in whole range 
of cutting distance L, causes slight, constant increase of tool wear VBC by about 
0,02 mm. The influence of the depth of cut ap on the tool wear VBC is minimal. 
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Increase of the depth of cut ap by 0,1 mm causes slight increase of tool wear VBC 
on average by 0,01 mm. The analysis of the influence of cutting distance L on 
tool wear VBC, showed that increasing cutting distance L, causes value of tool 
wear VBC to increase too. This relationship has linear nature. 

 

 
Fig. 3. Three dimensional graph depicting the influence of cutting speed vc  
and cutting distance L on the flank wear land width VBC, at constant values  

of f = 0,2mm/rev and ap = 0,1mm 

 
Fig. 4. Depth contour graph depicting the influence of the cutting speed vc  
and cutting distance L on the flank wear land width VBC, at constant values  

of f = 0,2mm/rev and ap = 0,1mm 
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Fig. 5. The influence of the cutting distance L on the flank wear land width VBC, for different 

values of cutting speed vc: a) f = 0,1 mm/rev, ap = 0,1 mm; b) f = 0,3 mm/rev, ap = 0,2 mm 

 
The photographs of the tool wear on the tool flank of the same insert for 

cutting distance L = 200 m and 1400 m are shown on the Fig. 6. Except the most 
often used wear rate of cutting edge VBC, which describes the wear land width 
on the tool flank VBC (Fig. 6), the wear of CBN tools also progresses on the toll 
rake, which causes crater wear. 

On the photographs (Fig. 7) are shown particular formation stage of crater 
wear on the tool rake. 
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Fig. 6. The photographs of tool nose on the tool flank depicting influence of cutting distance L on 
the flank wear land width VBC, at: vc = 150 m/min, f = 0,1 mm/rev, ap = 0,2 mm; magnitude 50× 

 
On the tool rake main symptom of tool wear is crater wear of width KB and 

depth KT, which appears yet for cutting distance L = 200 m. Crater wear by 
increasing its depth KT causes slow change of tool rake angle γn from negative 
across zero degrees to positive. This change of tool rake angle contributes to 
gradual weakening cutting edge, which leads in result to its fracture. 

 
 

     
Fig. 7. The photographs of tool nose on the tool rake depicting influence of cutting distance L  
on formation of crater wear, at: vc = 150 m/min, f = 0,1 mm/rev, ap = 0,2 mm; magnitude 50× 

 
The mathematical models which are obtained for particular components of 

cutting forces: cut Fc – (4), thrust Ft – (5) and feed Ff – (6) are depicting with 
help of exemplars three dimensional graphs (Fig. 8, 10 and 12) and depth 
contour graphs (Fig. 9, 11 and 13). 
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Fig. 8. Three dimensional graph depicting the influence of cutting 
speed vc and cutting distance L on the value of cut force Fc,  
 at constant values of f = 0,2 mm/rev and ap = 0,1 mm 
 

 
Fig. 9. Depth contour graph depicting the influence of the cutting speed vc and 
cutting distance L on the value of cut force Fc, at constant values of f = 0,2 mm/rev  
 and ap = 0,1 mm 
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Fig. 10. Three dimensional graph depicting the influence of depth of cut ap and 
cutting distance L on the value of thrust force Ft, at constant values of vc =  
 150 m/min and f = 0,2 mm/rev 

 

 
Fig. 11. Depth contour graph depicting the influence of depth of cut ap and cutting distance L  

on the value of thrust force Ft, at constant values of vc = 150 m/min and f = 0,2 mm/rev 
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Fig. 12. Three dimensional graph depicting the influence of feed f and cutting distance L  

on the value of feed force Ff, at constant values of vc = 150 m/min and ap = 0,1 mm 

 
Fig. 13. Depth contour graph depicting the influence of feed f and cutting distance L  
on the value of feed force Ff, at constant values of vc = 150 m/min and ap = 0,1 mm 

 

On the Fig. 14 are shown exemplar time runs of particular cutting forces 
(Fc, Ft and Ff) for chosen cutting parameters and cutting distance. 
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Fig. 14. The exemplar time runs of forces: Fc, Ft and Ff for chosen association cutting parameters 

(vc = 100 m/min, f = 0,1 mm/rev, ap = 0,1 mm) and cutting distance L = 200 m 

 
The most significant influence on the value of components of cutting forces 

has depth of cut ap, which lead to increasing of cutting cross-section area, and 
thereby to considerable increasing values of cutting forces. On the second place 
is feed f, which increase causes considerable-increasing values of cutting forces 
too. Increase of cutting speed vc, as distinct from feed f and depth of cut ap, 
causes slight decrease of values of components of cutting forces. The decrease of 
cutting forces most probably is the result of increased temperature in the cutting 
zone, which leads to tempering of the stock [4, 17, 18]. In turn, the increase of 
cutting distance L practically in all cases causes increasing of values of 
components of cutting force F. Sources of this phenomenon should looked in 
tool wear progress. Comparing values of particular cutting forces (Fig. 14) one 
can see that the thrust force Ft has the greatest value. The cut force Fc is about 
1÷2 time smaller than Ft. Whereas value of feed force Ff is been about 0,1÷0,4 
smaller than value of cut force Fc. Notice that the value of thrust force is greater 
than value of cut force, which is typical for hard turning [4, 7, 19]. 

4. Conclusions 

The presented results of the experimental research show the possibility of 
turning of 18HGT steel hardened to 59±2 HRC with CBN tools of Wiper  
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geometry. The greatest influence on the tool wear determined by flank wear land 
width VBC has cutting speed vc. The influence of feed f and depth of cut ap is 
negligible in the practice. 

In order to minimize the value of tool wear the minimal values of the 
cutting parameters: vc = 100 m/min, f = 0,1 mm/rev, ap = 0,1 mm should be used. 
The wear of cutting edge from CBN was observed also on the tool rake as a 
crater wear, which influences the change of toll rake angle and can be object of 
further research. 

In turn, the values of components of cutting forces increase significantly 
along with the increase of the cutting cross-section area (f, ap). Whereas increase 
of the value of cutting speed vc causes minimal decrease of values of cutting 
forces. During hard turning the greatest value had thrust force Ft and it was 1÷2 
times greater than cut force Fc. 
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