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Summary: This paper presents the research and analysis of tool wear in turning of hardened bearing steel 100Cr6 using carbide tools. Machining of the mentioned steel is almost impossible using standard machining conditions and uses of carbide cutting tools. In this study, cutting process is carried out using HPJAM dosing technique in which a jet of cooling and lubrication fluid, under high pressure (50 MPa), leads to the zone between the cutting tool edge and workpiece. Experimental measurements were performed for different input process parameters. Process of cutting tool wear is analyzed by monitoring of width of flank wear on carbide tool inserts.
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1. INTRODUCTION

The use of tool condition monitoring systems is an important requirement for realizing automated manufacturing, since tool condition affects the quality of the product and the efficiency of the process [1]. However, due to very complex and highly nonlinear phenomena involved in wear, predicting or monitoring tool wear is a very difficult task. Accurate cutting tool life prediction is critical to achieve to effective condition based on reducing overall maintenance cost. Increasing of productivity required utilization of modern tools and tool machines, modern types of cooling and lubrication fluids (CLF), CLF dosing techniques, and modern equipment [2]. 

The basic functions of cutting fluid are the reduction of the friction, the reduction of generated heat and the improvement of chip evacuation [3]. The positive effects on machinability are reflected in increasing tool life, reducing energy consumption, improving of the surface roughness, etc. The effect of cooling and lubricating depends on fluid flow parameters, fluid characteristics and delivery technique. One of these techniques is high pressure jet assisted machining (HPJAM). The concept of HPJAM is to inject a high pressure jet of cutting fluid in the cutting zone, between chip and tool edge [3]. HPJAM is established as a method for a substantial increase of removal rate and productivity in machining of advanced materials such as hardened steels and Ti-based alloys [5, 6]. The advantage of this method is reduction of cutting temperature, reduction of tool wear and improvement of chip breakability and evacuation [7]. This paper shows that the application of HPJAM offers great advantages in regarding of tool wear of hardened material.

In this paper, tool wear in turning of 100Cr6 steel with HPJAM and carbide tool is analyzed. Main target was capabilities of hardened steel processing analysis with carbide tool insert, because mentioned material are processed dominantly with CBN tool inserts, which are much more expensive than the carbide tool inserts.
2. TOOL WEAR
In practice, the most common measured and analyzed parameter is flank tool wear (VB), which is manifested by a series of furrows on the flank surface of the tool (Fig. 1). The measurement of the selected parameter of tool wear during cutting enables the formation of the experimental curves of wear [1, 2]. On the curve of wear on the three parts or three stages of wear: the initial phase or intensive wear (zone I), stage of uniform wear (zone II) and the phase of progressive or catastrophic wear (zone III).
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Fig. 1 Flank tool wear
Due to the occurrence of critical tool wear, the cutting tool loses capabilities and further using of tools leads to its break. By defining the wear resistance of tools for a given criterion VBk, can be determined the tool life T. According to ISO 3685, the tool life is defined as the time when the size of width trace of wear achieves a value of     0.3 mm. For describes the tool wear with a high degree of correlation, approximate models can be found in the literature, as polynomial function of the third degree:
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where C1 and C3 are constant with positive and C2 are constant with negative value.
In other hand, tool life can be modelled with different modelling techniques with cutting parameter as a variable [7, 8, 9]. Also, in this category of tool wear models can be introduced parameters related to cooling and lubrication techniques, tool geometry and materials, work piece materials, and etc.:
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3. EXPERIMENTAL SETUP
Experimental research has been carried out on alloy steel 100Cr6, which is used to make bearings because it has a high resistance to wear. It is a heat treated - hardened. Material tensile strength is 1100 MPa, hardness of 62 HRc. The cutting tool in experiment is carbide insert with nano-coating CNMG 1204 08 MF5, SECO producer, internal designation TH1000. Tool was applied is recommended for the machining of alloy steel hardness with lower hardness than hardened steel 100Cr6. Tool holder is PCBNR 2525 M12. Experimental research was performed on conventional lathe BOEHRINGER equipped with HP plunger pump HAMMELMANN (Fig 2). Experimental researches were performed for different cutting parameter: feed f (mm/rev) and cutting speed vc (m/min). Depth of cut was ap = 0.5 mm for all combination of mentioned two other cutting parameters.
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Fig. 2 Experimental setup: scheme of HPJAM (left) and initial jet (right) 
In HPJAM, the jet is normally directed to the cutting edge at a low angle directly between the rake face and the chip. For this application, conventional universal lathe was fitted with high pressure plunger pump. Pressure was set at 50 MPa and flow rate at 2.0 l·min-1. Standard sapphire nozzle with diameter 0.4 mm commonly used in water jet cutting applications was installed on the distance of 30 mm from tool cutting edge in order to assure its use in the jet core zone, and avoid variations in the jet diameter and radial distribution of the pressure. The jet was directed normal to the cutting edge and 30° from clearance face at a low angle 5° with the tool rake face.
Monitoring and measurement of tool wear was performed using a tool microscope TM-MITOTOYO 510 equipped with high-resolution camera. Surface roughness was measured using a mobile measuring device MITOTOYO SURFTEST SJ-301. During the experiments a chip formation process was monitored as well.
4. ANALYSIS AND MODELING
Table 1 presents data of tool wear and parameters of surface roughness for different combinations of machining parameters. The maximum and mean heights of surface roughness given to the first and last measurement of tool wear (at the time immediately before dismissal tools). 

Table 1 Results of tool wear and surface roughness for turning of 100Cr6 with HPJAM
	Depth of cut
ap [mm]
	Feed 

f [mm/rev]
	Cutting speed
vc [m/min]
	Measured tool life
T [min]
	Ra [μm]
	Rmax [μm]

	
	
	
	
	On start
	On end
	On start
	On end

	0.5
	0.200
	85
	4.0
	0.91
	0.96
	3.98
	4.51

	0.5
	0.125
	85
	13.2
	0.48
	0.50
	2.51
	2.88

	0.5
	0.125
	120
	4.0
	0.52
	0.57
	2.61
	2.93

	0.5
	0.125
	100
	5.1
	0.53
	0.58
	2.86
	3.62

	0.5
	0.125
	65
	17.1
	0.58
	0.63
	3.18
	3.28

	0.5
	0.180
	85
	3.5
	0.86
	0.99
	3.93
	4.67

	0.5
	0.160
	85
	4.5
	0.85
	0.97
	3.90
	4.22

	0.5
	0.008
	85
	22.7
	0.36
	0.62
	2.12
	3.35


Fig. 3 presents curves of flank tool wear in machining 100Cr6 for different combination of machining parameters. Can be concluded that higher values of feed and cutting speed causes intensive tool wear and quickly reaching the limits of flak tool wear. The best relation between process productivity and intensity of wear is obtained by feed f = 0.125 mm/rev and cutting speed vc = 85 m/min.
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Fig. 3 Tool wears progression for different cutting parameters
From the Fig. 4 can be seen to shape chips changed due to tool wear. Unfavourable shape chips appeared prior to catastrophic damage of tools. Measurements demonstrated that materials with high hardness can be successfully treated if used HPJAM technique dosing of CLF. With respect of machinability materials, HPJAM technique has a great advantage in the processing.
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Fig. 4 Flank tool wear and chip shape in turning of 100Cr6
For some different combination of cutting parameters, in Table 2 are shown some models based on polynomial representation of tool wear curve which is obtained in using of Least Squares Method. Also, there are R-squared values for each approximation function. It can be concluded that polynomial representation has high correlation with real values of tool wear.
Table 2 Models of tool wear for turning of 100Cr6 with HPJAM (ap = 0.5 mm)
	Depth of cut

ap [mm]
	Feed 

f [mm/rev]
	Cutting speed

vc [m/min]
	Flank tool wear

VB [mm]
	R-squared value

	0.5
	0.125
	100
	VB = 0.003T3 - 0.022T2 + 0.070T
	0.985

	0.5
	0.125
	65
	VB = 0.0007T3 - 0.002T2 + 0.027T + 0.005
	0.969

	0.5
	0.200
	85
	VB = 0.009T3 - 0.063T2 + 0.158T
	0.998


Based on regression analysis of measured data, there are model based on impact of cutting speed in m/min and feed f in mm/rev, for depth of cut ap = 0.5 mm, as follow: 
T = 45015 · f -0.488 · vc-2.207
Value of correlation coefficient for this model is on very low value - only 0,78.

5. CONCLUSION
Modelling of the cutting process has an important role in monitoring and optimal management of machining processes. Experimental investigations on bearing steel 100Cr6 are showed that the HPJAM offers good results in machining. Expected improvements by applying HPJAM are in increase of tool life for several times with coated carbide due to reduction of friction, reduction of cutting temperature in contact zone [8, 9]. HPJAM technique requires a large initial investment, but taking into account the price of the cutting tools commonly used in the cutting of hardened steels, it can be concluded that the investments can be quickly return.
In future, will be conducted experimental research on processing of hard-to-machining material with advanced cutting technologies. Based on the experimental research, database of technology parameters will be developed.

6. ACKNOWLEDGEMENT

This research is part of the research on bilateral project BI-BA/14-15-001 between Laboratory for Cutting from FME in Ljubljana and Laboratory for cutting technologies and machining systems from FME in Banja Luka.

REFERENCES
[1] Grzesik, W. (2008). Advanced machining processes of metallic materials: theory, modeling and applications. Elsevier B.V., Oxford.

[2] Globočki-Lakić, G., Kramar, D., Kopač, J. (2014). Metal cutting-theory and applications. Faculty of Mechanical Engineering, Ljubljana and Banja Luka.

[3] Kramar, D., Krajnik, P., Kopac J. (2010). Capability  of  high  pressure  cooling  in  the turning  of  surface  hardened  piston  rods.  Journal of Materials Processing Technology, vol. 210, p. 212 - 218.

[4] Sredanovic, B., Globocki, L. G, Cica, D., Kramar, D. (2013). Influence of Different Cooling and Lubrication Techniques on Material Machinability in Machining, Strojniški vestnik - Journal of Mechanical Engineering, vol. 59, no. 12, p. 748-754.

[5] Courbon, C., Kramar, D., Krajnik, P., Pusavec, F., Rech, J., Kopac, J. (2009). Investigation of machining performance in high-pressure jet assisted turning of Inconel 718: an experimental study. International Journal of Machine Tools & Manufacture, vol. 49, no. 14, p. 1114-1125.

[6] Sahma, V., Dogra, M., Suri, N. (2010). Cooling techniques for improved productivity in turning. International Journal of Machine Tool & Manufacturing, vol. 49, no. 6, p. 435-453.

[7] Diniz, A. E., Micaroni, R. (2007). Influence of the Direction and Flow Rate of the Cutting Fluid on Tool Life in Turning Process of AISI 1045 Steel. International Journal of Machine Tools & Manufacture, vol. 47, no. 2, p. 247-254.

[8] Kramar, D., Kopac, J. (2009). High pressure cooling in the machining of hard-to-machine materials. Strojniški vestnik - Journal of Mechanical Engineering, vol. 55, no. 11, p. 685-694.

[9] Cica, D., Sredanovic, B., Kramar, D. (2015). Modelling of tool life and surface roughness in hard turning using soft computing techniques: A comparative study. International Journal of Materials and Product Technology, vol. 50, no.1, p. 49 - 64.
LOGO WILL BE HERE








� MSc Branislav Sredanović, University of Banjaluka, Faculty of Mech. Engineering, sredanovic@gmail.com


� PhD Gordana Globočki - Lakić, Univ. of Banjaluka, Faculty of Mech. Eng., gordana.globocki@gmail.com


� PhD Davorin Kramar, University of Ljubljana, Faculty of Mech. Engineering, davorin.kramar@uni-lj.fs.si


� PhD Janez Kopač, University of Ljubljana, Faculty of Mech. Engineering, janez.kopac@uni-lj.fs.si





6
5

_1493533090.unknown

_1493540158.unknown

