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ADVANCED CUTTING TECHNOLOGY – HIGH-PRESSURE JET ASSISTED MACHINING
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Summary: High-pressure jet assisted machining (HPJAM) is starting to be established as a method for substantial increase of removal rate and productivity in the metal cutting industry. Cooling lubrication with high pressures in turning operations is an effective method for providing higher productivity, reducing temperature in the cutting zone and improving chip control depending on the pressure and flow rate of the fluid jet. The aim of this paper is to compare the capabilities of dry, conventional flooding and HPJAM of hard-to-machine materials. The performances of different cutting conditions are compared on the basis of chip breakability, technological windows which yield particular operational ranges, cooling lubrication efficiency by measuring local temperature, tool wear, and cutting forces.
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1. INTRODUCTION

In order to reduce the consumption of cutting fluids the trend in machining is moving towards dry or near dry cutting. But even with the most advanced tool materials and coatings, it seems that lubricants in the case of hard-to-cut materials such as hardened steels used for moulds, Cr-Co alloys used for prosthesis, Ti-based, and Ni-based alloys used in gas turbines and in the aerospace industry cannot be completely avoided. In order to keep increasing the machining performance, different assistance methods have been developed to replace the “conventional process”. One of them is the high pressure jet assisted machining (HPJAM), which aims at upgrading conventional machining by using the thermal and mechanical properties of a high pressure jet of water or emulsion directed into the cutting zone.
Pigott [1] was the first author to discuss the use of HPJAM in steel turning with high speed steel tools. He injected the coolant at a pressure of 2.76 MPa directly at the clearance of the tool. He found the temperature drop and that tool life increased by eight times. In addition, it was found that the use of a HPJAM led to an improved surface roughness compared to the conventional cooling. Moreover, the low speed of the coolant does not allow the lubricant to reach the cutting edge; a situation that favours the formation of built up edge and unfavourable heat dissipation due to which the chips are cooled to a higher extent than the tool and the workpiece. In Yankoff [2] solution, the orifice is placed atop the exposed surface of the insert for ejecting high speed coolant at 20 MPa across the rake face and beneath the chips. Experiments reported in [1, 2] were conducted within a limited pressure range. Since that time numerous researches have been performed on the field of HPJAM of different advanced materials [3-5], using higher fluid pressures and flow rates.
The machining of ‘hard-to-machine’ materials with coated carbide tools, conventional turning parameters and conventional cooling, usually results in significant problems concerning extremely long chips and severe adhesion wear mechanisms. By applying HPJAM at reduced flow rates, the friction and the heat induced in tool-chip interface can be reduced. Based on this technology turning of hard-to-machine materials with conventional cutting speeds and low cost coated carbide tools can be performed. The aim of this investigation is to compare the capabilities of dry, conventional and HPJAM turning of hard-to-machine materials. The performances of different cutting conditions are compared on the basis of chip breakability and cutting forces, technological windows which yield particular operational ranges, cooling efficiency, and tool wear.

2. HPJAM – WORKING PRINCIPLE 
To summarize statements indicated in introduction, it can be seen that HPJAM is applied differently depending on the type of equipment available: either employing pressures higher than 150 MPa and flow rates lower than 6 l/min while using small nozzle or lower pressures up to 30 MPa and high flow rates which can reach 50 l/min with larger nozzles. Due to their higher flexibility and non additional operations, external nozzles are widely utilized compared to internal channels which can also be found in the literature [3]. The simplest but efficient way to inject the jet into the cutting zone is at the tool-chip interface. Compared to the conventional cooling, the idea of HPJAM is to inject a high pressure jet of coolant in the cutting zone. The lathe should be fitted with high pressure equipment. This involves high pressure pump, high pressure tubing, and outlet nozzle fixed beside tool holder. A pump is supplied with filtered water or emulsion. A complete machine tool set is presented on Fig. 1.
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Fig. 1 HPJAM system components
The high-pressure jet of coolant can be applied in two ways:

•
With an external nozzle: the jet is injected directly in between the rake face and the chip or can be directed to the gap between the flank face and the workpiece.

•
Through internal channels: the fluid is injected through the tool using small holes in the insert.

The supply of high-pressure jet between the rake face and the chip decreases the length of their contact. On the other hand, the cutting zone can be reached by injecting the coolant below the flank face of the tool. The following method is the most efficient to reduce the temperature in the cutting zone, but has no influence on chip breakability. In this investigation jet is applied on the rake face through an external nozzle that can provide higher machining performances and is easier to set on the conventional lathe (Fig. 2).
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Fig. 2 Delivery of HP jet through an external nozzle
3. EXPERIMENTAL WORK

All the experiments were conducted in longitudinal turning process on a conventional lathe, fitted with a Hammelmann high pressure plunger pump of 150 MPa pressure and 8 l/min flow capacity. The fluid utilized was the Vasco 5000® cooling lubricant from Blaser, a 5.5% emulsion without chlorine on the basis of vegetable oil mixed with water (pH 8.5-9.2). Standard sapphire orifices, commonly used in water jet cutting applications, were set in a custom made clamping device that enabled an accurate jet adjustments. The jet was directed normal to the cutting edge at a low angle (about 5-6°) with the tool rake face (Fig. 1 and 2). The nozzle was located 22 mm far from the tool tip in order to assure its use in the core zone of the jet and avoid variations in the diameter of the jet and radial distribution of the pressure.

In the experiments hard chromium platted and surface induction hardened steel C45E (AISI 1045) and Ni alloy - Inconel 718 were tested. Both materials are known to induce chip control problems. That makes them suitable for HPJAM machining. The depth of the hardened surface layer for C45E was between 1.5 and 1.8 mm with a hardness of 58 HRc. The cutting tool inserts used in the experiments with C45E were coated carbide cutting tools – SANDVIK SNMA 120408 with Al2O3 coating, while Inconel with hardness 36 – 38 HRc was machined with coated carbide cutting tools – SANDVIK SNMG 12 04 08-23 with TiAlN coating. The inserts for C45E machining were flat-faced, while inserts for Inconel had positive geometry with rake angle of 13°.
3.1 
Experimental methodology
Considering the studies described in Introduction, it is clear that injecting a pressurized fluid in the cutting zone can drastically enhance the cutting process performance. Therefore in the first step, screening experiments were conducted in order to determine coolant pressures that yield adequate chip breakability and cooling capability. Within this experimental step the influence of coolant pressure on the chip formation and cutting forces was analysed. The next step was to determine the region of operability for selected tool-material pair (TMP), which sets the boundaries of the process cutting speed and feed rate in conventional flooding and HPJAM. The selected TMP methodology is based on the monitoring and analysis of the specific cutting pressure, chipbreaking mechanism and surface roughness while varying the cutting speed first and then the feed rate. The latter has been applied to HPJAM as well as flooding conditions. In the third step, experiments were performed with the cutting speed and the feed rate belonging to the cross-section of overlapped technological windows for particular cooling condition determined in the previous step. By measuring tool wear and local cutting temperature the assessment of cooling capability was conducted. Within this experimental step the depth of cut was also kept constant.
4. RESULTS AND DISCUSSION
In order to compare HPJAM to conventional flooding results are presented in manner of benefits and drawbacks. Some observations and results are gained on both materials, while some of them are only obtained on selected one. The following sections describe main machinability criterions analysed in our researches. 
4.1 
Cutting forces

In the initial experiments the influence of the cooling conditions and coolant pressure levels on the cutting forces was analysed. The feed and radial force decreased as soon as the HPJAM was applied but no real trend could be noticed with the increase of the pressure (Fig. 3). In the case of the main cutting force it was more difficult to verify a significant trend, whereas the small variations observed can be considered to be within the margin of measurement error.
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Fig. 3 The influence of the cooling conditions and coolant pressure on the feed and radial force in hardened C45E turning
4.2 
Region of operability
The procedure for regions of operability – technological windows definition for both materials and selected tools is described in detail in [6]. In this paper only results are presented.
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Fig. 4 Technological window for TMP in HPJAM and conventional cooling of hardened steel C45E
Firstly the TMP methodology was performed on hard chromium platted and surface induction hardened steel C45E. According to the maximum rotation speed limitation of the spindle, cutting speeds higher than 200 m/min were not tested and the upper limit was fixed to 158 m/min for safety reasons. Fig. 4 shows operational areas for TMP for the case of conventional cooling and HPJAM conditions. An extension of the operational area for both cutting parameters is achieved with HPJAM. More specifically, a 45% increase in the maximum achievable cutting speed and approximately 25% increase in the maximum achievable feed rate are shown.
In HPJAM of Inconel 718 two different orifice diameters were tested, namely 0.25 mm and 0.4 mm. The pressures were also set on two levels, 50 MPa and 130 MPa. These settings gave 4 different flows of coolant. TMP methodology was performed for all 4 conditions and the influences of cooling on the cutting capability were analysed.
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Fig. 5 Region of operability for four HPJAM conditions and for conventional cooling showing also a consumption of coolant, and jet momentum (Inconel 718)
At pressure 50 MPa no evident enlargement of the technological window in comparison to conventional flooding was achieved when smaller nozzle was applied (Fig. 5). This is probably because of a low contribution of HPJAM in chips breakability and insufficient cooling with such low jet momentum. The flow rate of coolant in this pressure/nozzle (50 MPa/0.25 mm) combination was only 0.6 l/min. At pressure of 130 MPa with the same nozzle, better results were achieved. The technological window was enlarged on the side of lower cutting speeds and lower feed rates. The results with a considerably better productivity and flexibility were achieved with a larger nozzle (0.4 mm). Even with lower pressure level the cutting performance was increased, which is shown with the technological window in Fig. 5 (red field). Both, higher and lower cutting speeds and feed rates compared to conventional cooling can be used with such a nozzle for both of the applied high pressures. Fig. 5 also shows the consumption of coolant at different cooling conditions. The highest improvement in the cutting performance in the connection with the lowest coolant consumption is achieved with a larger nozzle and lower pressure. In this case almost a quarter of cutting fluid is used compared to conventional cooling.

4.3 
Tool wear and tool life

The machinability can be characterised by tool wear and tool life. In order to assess and compare the capability of cooling conditions, experiments were carried out within the common cross-section of overlapped technological windows for a particular TMP and cooling condition (Fig. 4, 5). In this step of investigation the following cutting conditions were employed for machining of hardened steel C45E:
· Depth of cut ap = 2 mm

· Feed rate f = 0,25 mm/rev

· Cutting speed vc = 98.5 m/min

· Workpiece diameter d = 30 mm

· Cutting fluid concentration c = 5.5 %
Crater wear changes the effective rake face angle and leads to a changing cutting behaviour. Excessive crater wear weakens the tool just behind the cutting edge. As a result, a sudden break down of the cutting edge can occur. The flank wear occurs as a flattened area on the cutting tool flank face. The width of flank wear, referred to as the flank wear land width VB, is traditionally considered a good indicator of the state of the cutting tool. An increase in VB leads to increased friction between the cutting tool and the workpiece. Consequently, a higher specific cutting force and more heat are generated. It was discovered that a flank wear land width of VB = 0.1 mm does not lead to workpiece damage. In HPJAM condition the distribution of the wear along the flank face was also quite uniform, however some marks of notch wear at the depth of the cut line can also be noticed. Crater wear was also present on the rake face. The changes in the specific cutting force and roughness were noticed as a consequence of the increased tool wear.
Fig. 6 shows the tool flank wear trend in conventional cooling and HPJAM. For the selected criteria VB = 0.1 mm, tool life in the case of HPJAM of hardened steel C45E was about 10 minutes, which is approximately 5 times longer than in the case of conventional flooding. It should be pointed out that the consumption of cutting fluid in that case was more than 4 times lower as in the case of conventional cooling.
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Fig. 6 Tool wear development in conventional and HPJAM of hardened C45E
Similar tests as in case of steel C45E were performed also on Inconel 718. In order to assess and compare the capability of cooling conditions, experiments were carried out with HPJAM pressure set on 50 MPa, and nozzle of 0.3 mm diameter was used. The following cutting conditions were employed in this step of investigation:

· Depth of cut ap = 2 mm

· Feed rate f = 0,25 mm/rev

· Cutting speed vc = 55 m/min

· Workpiece diameter d = 140 mm

· Cutting fluid concentration c = 5.5 %

Tool flank wear development for both cooling conditions is shown in Fig. 7. In conventional cooling, for the chosen tool wear criteria of VB = 0.3 mm, the tool is rejected within 4.5 min. In HPJAM tool life was more than 8 min. A sudden increase of tool wear is typical for flooding condition, while in HPJAM a more uniform increase was noticed. The changes in the specific cutting force and roughness were noticed as a consequence of the increasing tool wear again.
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Fig. 7 Tool wear development in conventional and HPJAM of Inconel 718
4.4 
Cooling capability


In case of Inconel 718 cutting also temperature below the cutting zone was measured. A thermocouple was directly embedded in the insert to reach this aim. The main drawback of this measurement technique is that it does not reflect the maximum temperature and its exact location and hence cannot be used to measure the cutting temperature as the average overall temperature. The conducted measurement is thus qualitative, employed to assess the heat transmitted into the tool through a fixed reference point.
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Fig. 8 Comparison in temperature measurements between three cooling conditions
The efficiency of HPJAM in limiting the heat transmitted to the tool can be illustrated by the online measurements shown in Fig. 8. It can be stated that a 30% decrease in tool temperature compared to conventional cooling is achievable with a 450% reduction in coolant flow. The thermal advance is substantial compared to dry cutting with an approximate decrease of tool temperature by 70%. In consideration of the pressures used, the high speeds of the jet are governing a high convective heat transfer through the turbulent behaviour of the fluid. This attributes to the fluid increased heat dissipation capabilities, which prevents the cutting tool from excessive heating.
5. CONCLUSIONS
The presented research is based on experimental observation of two hard-to-machine materials, in turning processes, where the main difference is in the utilized cooling. The experimental work has proved that the turning of both materials, chromium platted and surface induction hardened steel C45E and Inconel 718 with coated carbide tools at conventional cutting speeds is not possible in dry cutting conditions. The process capabilities of conventional and HPJAM methods are compared with respect to chip breakability, cutting forces, and tool life. Both processes are characterized with technological windows that yield the operational area according to the employed tool-material pair. The major concluding remarks related to the HPJAM precedence over conventional cooling in the turning of both hard-to-machine materials with coated carbide tools are:

· An extension of the region of operability for a given tool-material pair. More specific, approximately 35% increase in both the maximum achievable cutting speed and the maximum achievable feed rate were obtained for hardened steel C45E. In the case of Inconel 718 more than 20% increase in the maximum achievable cutting speed and almost 30% increase in the maximum achievable feed rate at both pressures were shown.

· A significant increase in chip breakability.

· A five times increase in tool life (VB=0.1mm), from 2 minutes to 10 minutes was achieved for C45E and almost double tool life (VB=0.3mm), from 4.5 minutes to more than 8 minutes was achieved in case of Inconel 718 cutting.

· Temperature measurements exposed a major improvement compared to dry cutting and conventional cooling.

· All machining advantages mentioned above were achieved with a reduction of coolant consumption by several times.
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