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DEVELOPMENT ON DIAMOND TOOL WITH FORCED COOLING SY STEM
FOR HIGH SPEED CUTTING OF AERONAUTIC AND ASTRONAUTI C PARTS

Recently titanium alloys and nick#bgs have become eminent for making aeronautic @sttbnautic parts.
Since both nickel alloys and titanium alloys haveeay small thermal conductivity, the being used! twill
suffer from a huge damage by heat generated dattiing process. Therefore, there is a requirenfemt
a durable tool with excellent cooling capacity.ttis research, a new electro-deposited diamondftwdtigh
speed cutting of nickel alloys and titanium alleyas developed and evaluated. The new tool is ashaped
end mill, its body is made from copper (due tositgerior heat conduction characteristics) and th#img
layer for bonding the diamond grains #120 is nickéle cooling system is an advancement of the foused
heat pipe. Water is supplied from outside throudhima tube, that is integrated in the tool bodyefdby the
effect of water evaporation, featuring a very laog®ling capacity, could be applied. The assayeterniads
were Ti6Al4V and Inconel 718. The cutting condisomwere investigated by some pre-experiments. It is
concluded from the results that; (1) The coolingawty of the new tool using water evaporation éyv
effective to maintain the grinding potential of @l®-deposited diamond tools, (2) The new tooffisative for
high speed grinding of nickel alloys and titaniuloys (3) The new tool and compulsory cooling sgstere
economical and eco-friendly.

1. INTRODUCTION

Recently titanium alloys and nickel alloys have dmae eminent for construction
of aeronautic and astronautic parts, due to thgh ktrength to weight ratio as well as their
superior corrosion and thermal resistance. At Ta@Al4V and Inconel 718 are the most
widely used for titanium alloy and nickel alloy pestively. Cutting with low speed, high
feed and a large depth of cut is recommended faigla chip removal rate, whereas high
speed cutting with low depth of cut is recommenddtere high accuracy and excellent
surface finish is needed as well as for machiniitg geometrical undefined cutting edges.
[1] However profitable machining of titanium allogs nickel alloys is a major production
problem, as traditional deployed tools receavbuge damage by heat, plastic deformation
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and chemical reaction especially during high spmeting because of the material properties
of titanium alloys or nickel alloys. [2,3,4].

Therefore a strong tool with excellent cooling @eipy is required. Cutting edges made
of polycrystalline diamond (PCD) were assumed tothe optimal approach, as they
combine distinguished strength and low chemicattreiy. Though it is crucial to keep the
temperature of cutting point around 300°C to manmgdhe cutting potential of PCD tools.
[3],[5] In previous studies the cutting of cementaabides with a electro deposited diamond
tool was investigated. The cooling of tool was jded by the function of a heat pipe in the
tool body. However, if titanium alloys or nickeloalys were machined by this tool, its
cooling capacity was not sufficient for temperasuoecuring during high speed cutting with
a revolution of tool up to 50,000 rpm. [7]

For that reason, in this research a new coolintesygor a electro deposited diamond tool
was developed and its cooling capability for higlked cutting of Ti6Al4V and Inconel 718
was evaluated. The new approach is an advancerh¢hé dormer investigated heat pipe
tool. The form of body is a cup shaped end millj &owdy material is copper. The cooling
system is integrated in the tool body and the ogothedium is water. It is supplied from
outside through a thin tube, and piped inside ® tih of tool where it evaporates. The
emerging water vapor is channeled out through dloé and spindle. Afterwords the total
cutting volume, tool temperature and tool life betnew tool, the heat pipe tool and a
conventional electro deposited diamond tool wer@asueed and compared to demonstrate
the progressive productivity of the new approach.

2. EXPLANATION OF NEW APPROACH

2.1. PHYSICAL BACKGROUND

Titanium alloys like Ti6Al4V and nickel alloys kkInconel 718 are difficult to machine.
This is manly caused by their physical and chenuvtalracteristics. They have a very low
thermal conductivity leading to strong head accatioih in the point of cutting. They also
feature a high stiffness and toughness even atteigperature and tend to work hardening
under influence of high cutting forces. Table legivan overview over relevant material
properties. In addition these alloys show a highnaical reativity with tool materials at
temperatures over 500°C [8,9],[10].

As titanium alloys and nickel alloys have numerapplications in the aerospace and marine
equipment industry as well as the medical indusbiyen a high accuracy and superior
surface finish is demanded. Therefore high spedtinguis the operation to achieve
requirements in practice. [1] But if tools for exalenmade from cemented carbides are used
a rapid tool wear associated with high costs habetdaced. The tool wear consists of
mechanical deformation of the cutting edge, causethe high modulus of elasticity and
hardness featured by these alloys and damagesdchydgeat accumulation in the cutting
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area which leads to thermal deformation on thel@rel and to chemical reactions between
the chip-tool as well as the work piece-tool suef§g 4],[11].

Tools with cutting edges made of polycrystallinardond offer mechanical properties
that can particularly reduce tool wear causeég mechanical impact and chemical
reactions with titanium alloy like chip adhesiorutBliamond is susceptible to the influence
of heat. Above temperatures over 300°C carbon skuwut of the crystalline structure and
a softening effect initiates as Fig. 1 shows [3§]5
So it is essential that the focus of research iaroexcellent cooling system to maintaine an
economical high speed cutting process for machiofripese alloys. [12] But actually many
traditional cooling liquids are being restrictededio environmental protection and high
costs. One of the most cost effective and ecolbdrendly cooling medium is water. It
furthermore owns the effect of evaporation undemmon circumstances. This
phenomenon features a high heat transfer capabslitgwn in Fig. 2, as water absorbs
a huge amount of latent energy while changingtatesof aggregation [13].

2.2. EXPLANATION OF NEW TOOL AND COOLING SYSTEM

The form, shown in Fig. 3 (a), used for the newl tare similar to the former
developed heat pipe tool. [7] The body is a dugped end mill, made from copper. The
dimensions are 60 mm in length, 6 mm in outer diamand 3.3 mm in inner diameter.

The cutting edge consists of polycrystallinentond grains SD #120 with a grain size
Table 1. Material properties of PCD and Ti6Al4V

Material property Diamond (PCDL Ti6AI4V In;igel
Thermal conductivitfW/mK] 2000 6.7 11.4
Modulus of elasticitf GPg 700-1200 114 209
Hardness, Knoop 8000 392 414
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Fig. 1. Thermal softening of PCD Fig. 2. Heansfer coefficient of water
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Fig. 1. Thermal softening of PCD Fig. 2. Heat sfan coefficient of water between 80
pum and 125um, bonded in a nickel layer. The length of theingtedge is 15 mm.

The cooling system is integrated in the tool badgoling medium is water at room
temperature. It is provided by a back up tank ampbed by a modified oil mist device over
a thin tube, with an inner diameter of 1.5 mmhie tip of the tool where it evaporates.
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Fig. 3. Composition of new tool, cooling system amaching setup]
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Fig. 4. FEM model for calculation ofmechanical sgth ~ Fig. 5. Calculation results of mechangtatngth
regarding new electro-deposited diamond tool regarding new electro-deposidedndiad tool

The emerging water vapor is drained off through ttth@ and exhausts through the
spindle. The water volume is controlled and meabbgethe oil mist device. The machining
setup is mapped in Fig. 3 (b). Then when copper wsed for tool body, mechanical
strength was investigated for machining data. FEbHeh regarding local of the tool is
shown in Fig. 4. Bottom surface is fixed and 4esicdurfaces are supported along each
surface (Roller support). Cutting force wasded from side direction on the diamond
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grain. Relation between cutting depth and maximtress (Von Mises) in the platting layer
are shown in Fig. 5. If copper is used for the tomdly, the tool can sufficiently cut about 50
um depth. Copper platting had rather strong angeldhermal conductivity than nickel

platting. However as electro depositing of diamgrain using copper platting was difficult,

we was nickel platting for the electro depositirigd@mond grain. Thermal conductivity of

Nickel is larger than one of the copper, howevgeldhickness is very thin, therefore that is
no problem.

3. CUTTING OF TITANIUM AND NICKEL ALLOYS FOR EVALUATION

3.1. EXPLANATION FOR EVALUATION

Cutting property of both titanium and nickel alloyre investigated by using new
diamond tool and its forced cooling system. ttidg condition and experimental view
are shown in Table 2 and Fig. 6 respectively. Tdw temperature is measured contactless
by an infrared radiation thermometer as shown @ Fi The method using thermocouples
which is assumed to feature a higher accuraoynat be deployed in this case, as the tool

Table 2. Grinding conditions for evaluation -~ Cooling water SUpply
Tool size ®6 mm x 60 mm length
Work pieces Ti6Al4V: Hardness HRC 39 w g LA
Specific grinding force 2470 MPa [ : » *w
Inconel 718: HardnessHRC 36, h "‘ 2
Specific grinding force 3220 MPa
Work piece size 50 mm x 50 mm x 25 mm
Spindle speed 50000 mtn
Grinding depth 1,2,3m
Feed speed 1250 mm/min
Contact length 8 mm
between tool and
work piece Fig. 6. Photogrggh of the cutting system using almztro-
deposited diamond tool and its forced cooling
Cutting distance 50 mm /1 pass system
Infrared radiatior I ¢6 95915

|
thermometer ‘

;

New too Used tool

) o Fig. 8. Photograph of electro-deposited diamond of
Fig. 7. Schematic view for measurement of tool both pre-grinding and after grinding and the

temperature on the electro-deposited diamond too work piece with laser mark
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rotates. Photograph of several diamond grain onableare shown in Fig. 8. When the edge
condition changed from the left (= new tool) to tight (wear is 0.085mm ), we judged that
the tool life is finish.

3.2. RESULTS OF TOOL TEMPERATURE

Results for measurement of tool temperature aravishio Fig. 9. There are 4 kinds
of cutting in the experiment; (1) Dry cutting usiagconventional tool with solid body, (2)
Heat pipe cooling with body made from SUS304, (3wNtool with body made from
SUS304 and with new forced cooling system, andN@ly tool with body made from copper
and with new forced cooling system. Ti6Al4V aihttonel 718 were used for work pieces,
and cutting condition in Table 2 was used for tkpegiment. Results in Fig. 9 were tool
temperatures when the cutting depth isiB0and cutting condition becomes at steady state.
And water of 180 ml/h was supplied in the new #arcooling system. Cooling capacity
of the new tool with its forced cooling system whtimes of that of the conventional tool
and 2 times of that of the heat pipe tool respettivCooling capacity of the new tool with
its forced cooling system and body of copper wéstiines of that with body of SUS 304.
The reasons are that generation heat on the diagraidis effectively conducted to center
of tool by copper body with large thermal conduityihand the conducted heat in the tool
was effectively and directly cooled by water evapion. Therefore the new tool with its
forced cooling system and body of copper was vdfgctve. Furthermore this forced
cooling system is economical and eco-friendly beeaaf using only water.

3.3. RESULTS OF TOOL LIFE

Results of tool life are shown in Fig. 10. Expennta parameters are similar to the
pervious section.
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Tool life of the new tool with its forced coolingsgem was 146 times and 163 times
of those of the conventional toolTi6Al4V and Inconel 718 respectively, and 40 dsrof
that of the heat pipe tool. Tool life of the newltavith its forced cooling system and body
of copper was 4.0 times of that with body of SU&.30tanium alloys and nickel alloys
have a very low thermal conductivity and its agtiis very difficult because of large
thermal load to the tool. However as the new toibh ws forced cooling system and body
of copper is excellent for countermeasure of thétosl, the tool life with this system was
improved for cutting of low thermal conductivity.

3.4. RESULTS OF SURFACE ROUGHNESS

Surface roughness regarding the new tool and iteéfbcooling system was measured
and evaluated. There are 2 kinds of cutting in éxperiment; (1) Dry cutting using
a conventional tool with solid body and (2) Newltagth body made from copper and with
new forced cooling system. Ti6Al4V and Inconel 7d@re used for work pieces, and
cutting condition in Table 2 was used for the expent. In each experiment, cutting depth
and water supplied for cooling are Juth and 120 ml/h, 2.9m and 150 mi/h and 3,0m
and 150 ml/h respectively. Results of surface hoags are shown in Fig. 11. Surface
roughness of the new tool with its forced coolingstem was better than that of the
conventional tool in both materials of Ti6AI4V arndconel 718. We are thinking that
hardness and other mechanical properties of gm@n the tool were maintained at
similar conditions of room temperature becausehefexcellent cooing system, and cutting
resistance of new tool was smaller than that ottreventional tool.
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Fig. 11 Result of surface roughness using seegkro-
deposited diamond tools
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4. CONCLUSIONS

The outstanding performance of the new approacexperiments is predominantly
occurred from the distinguished cooling capacityngiswater evaporation, even though
a conventional electro deposited diamond tool isassumed to be suitable for dry high
speed cutting of titanium alloy and nickel alloy@milarly the approach using heat pipe
cooling system meets its constraints, as it wasgded to cut cemented carbides which
feature decisive different material propertiess ikoncluded from the results that;

(1) The cooling capacity of the new approach ugingling with water evaporation is
effective to maintaine the cutting potential ofatte deposited diamond tools for high speed
cutting of titanium alloy.

(2) The productivity of high speed machining o&mtitum alloys and nickel alloys can be
considerable increased.

(3) The new approach and ecologically friendly.
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