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INFLUENCE OF TYPE OF CUTTING FLUID IN DRILLING OF ALUMINUM ALLOY 
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Abstract. Considering that aluminum alloy A356 is widely used for automotive industry, it is very important to study its machining performance. Also it is important to remember that machining performance of aluminum alloy depends on the relative machining performance which can be related directly to the size, shape and distribution of the abrasive silicon phase in the alloy as well as the cutting tool material and the cutting conditions. Thus the aim of this work is to evaluate drilling of aluminum alloy A 356 identifying how the influence of different kinds of cutting fluid in terms of diameter deviations and surface roughness is. The results show that is impossible drilling without cutting fluid and the quality of holes is influenced by type of fluid base.
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1. INTRODUCTION 

The cutting fluid use is important in a machining process due to its cooling and lubricant abilities. Also, it makes tool life longer and guaranteeing the workpiece quality. In some operations such as drilling, cutting fluid is used to remove the chips from inside the holes; it prevents drill breakage (Braga et al, 2002).
Many efforts to reduce the use of lubricant in machining processes are being made in order to reduce cost, ecological and human health impacts. Dry cutting and Minimal Quantity of Lubricant (MQL) are some solutions to reduce the amount of cutting fluids. In processes where dry cutting is not possible or not economical, a second technique can be tried to reach the goal to minimize the cutting fluid use (Itoigawa et al, 2005 and Braga et al, 2002).

It should be considered that due to the high ductility of the workpiece material, the drilling of aluminum-silicon alloys is a process where dry machining is very difficult. Also when the process is not cooling and lubricant, the chip adheres to the tool and breaks it in a very short time during cutting (Braga et al, 2002).

Cutting fluids can be classified into four major categories: synthetic (chemical), semi-synthetic, soluble oil (emulsion) and cutting oil. These categories differ from one another in their chemical and performance characteristics. Some of them are listed in Tab. (1). No fluid however, can be considered ideal in all aspects. Each of them must be evaluated on the basis of the requirements and limitations of the process, tool life, and quality of workpiece. Equipment capabilities and environmental considerations must also be taken into account (Webster, 1995).

Table 1. Cutting fluids characteristics (Webster, 1995)

	1= poor

4=best
	Synthetic
	Semi synthetic
	Soluble oil
	Cutting oil

	Heat removal by convection
	4
	3
	2
	1

	Lubricity
	1
	2
	3
	4

	Maintenance
	3
	2
	1
	4

	Filterability
	4
	3
	2
	1

	Environmental
	4
	3
	2
	1


 The selection of cutting fluid is a factor that is sometimes misunderstood and neglected in machining processes. Considerable efforts are usually applied to choose the correct tooling, workpiece stock and machining parameters. Review is not made of existing cutting fluids technology that it is very important in selecting an appropriate cutting fluid. According to Kelly (2002) the choice of cutting fluid is influenced by requirements of machining processes (tolerances, tool life, surface finish, etc), the fluid characteristics, the workpiece material and the machining operation.
Therefore, the goal of this work is to evaluate and compare different cutting fluids in the drilling of aluminum-silicon alloys, largely used in automobilist industry. The main aspects that influence the performance of the cutting fluid during the drilling operation are presented. The parameters of evaluation used were roughness and tolerance dimensional of holes.
2. MACHINING OF ALUMINUM ALLOYS
      Several metallurgical factors can influence the machinability of aluminum-silicon alloys. According to Kishawy et al (2005) the relative machining performance can be related directly to the size, shape and distribution of the abrasive silicon phase of an alloy’s microstructure.

      Aluminum alloys are one of the most machinable of the common metals. As aluminum is a good conductor of heat the cutting forces are generally low, also cutting temperatures and tool wear are low because the most aluminum alloys melt at temperatures between 500 and 600 (C (Kelly and Cotterell, 2002).
      For aluminum machining, high speed steel, diamond and carbide tooling are used. It is important to comment that silicon nitride-based ceramic tools are generally not use with aluminum because of the high solubility of silicon in aluminum. Under normal conditions, this material forms continuous chips at all cutting speeds (Trent, 1977 and Kishawy et al, 2002)
     The drill recommended for drilling in aluminum alloys is standard twist drill but for deep holes, high spiral drills with a helix of 40-48( instead of the normal 24-28( are recommended. In order to produce a narrower chip the point angle may also be increased, this chip shape is more easily expelled through the flutes of the drill. The two main problems of drilling process are evacuation of chips and welding to the drill flutes which may be solved by using an adequate supply of cutting fluid (Kelly and Cotterell, 2002).
      In machining processes, tool life is usually determined using criteria based on tool wear. Fig. 1 shows the intensity of tool wear (() as a function of cutting temperature (T), for different wear mechanisms (Carrilero et al, 2002)
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Figure 1. Wear mechanism as a function of temperature (source: Carrilero et al, 2002)
      Through Fig. 1 it can be observed that the adhesion mechanism of wear operates in the widest range of cutting temperatures. Adhesion wear involves transfer of tool particles to the metallic chips, but the tool wear may take place also by the incorporation of macroscopic fragments from the workpiece to the tool surface (Carrilero et al, 2002).  As it already cited above the cutting temperatures in aluminum machining is low, then according to Fig. 1 the main wear mechanism will be adhesion. This fact was observed in many works (Braga et al, 2002, Nouari et al, 2003, Carrileiro et al, 2002, Nouari et al 2005).  Nouari et al (2005) verified that abrasion wear appears particulary when aluminum alloy contains inclusions, but in the majoriaty of cases, the wear is caused by adhesion of the machined material on the tool surface. According to Carrilero et al (2002) the adhesion of material occurs in two different forms. The first one involves the formation of a Built-up Edge (BUE) by adhesion of the workpiece material to the cutting edge of the tool and the second one; the material transferred is poured to wider areas on the rake face of tool, giving rise to the called Built-up Layer (BUL).
3. EXPERIMENTAL SET UP AND PROCEDURE
      A series of tests were carried out on a instrumented CNC machine with power of 7640 KW and a maximum rotation 5000 rpm. The holes were produced with a depth of 30 mm and a diameter of 12.8 mm. The following parameters were used to evaluate the holes quality: the surface roughness, dimensional tolerance and consumed power. Table 2 presents a description of drilling conditions.
Table 2. Cutting conditions used in the drilling tests of Aluminum alloy 356.

	Description
	Characteristics

	Workpiece
	Aluminum alloy SAE 356  with hardness of 51 HB

dimensions: 355 mm x 246 mm x 38 mm

	Cutting fluids
	Semi-synthetic cutting fluids 6% (two nozzles with flow of 21.9 l/h each one)

	Tools
	Drill of high speed steel, without coating, 12,8 mm of diameter.
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	Cutting conditions
	Cutting speed (Vc) =  100 m/min

Cut depth (ap) = 30 mm

Feed speed (Vf) = 500 mm/min (2500 rpm)

	Output parameters
	Tool wear, consumed electrical power by motor, roughness (Ra) and hole diameter.




The workpiece material used for all machining tests is A 356 “as cast”, an aluminum-silicon alloy, widely used in automotive industry. This alloy structure contains silicon particles and intermetallic compounds crystallized in the aluminum matrix. The high hardness intermetallic compounds considerably increase the material strength, but also decrease its machinability. The chemical composition of A356 is presented in Table 3.
Table 3. Chemical Composition (% in weight) of aluminum alloy 356.

	Elements
	Si
	Fe
	Cu
	Mn
	Mg

	% in weight
	6,5 a 7,5
	0,15 max
	0,03 max
	0,10 max
	0,30 a 0,45


The electrical power consumed by motor was measured through the monitoring of electrical current by Hall Effect sensor. The signals were acquired by amplifier and the software was developed to analyze the signals. The machined surface roughness was measured, using a RANK TAYLOR HOBSON form talysurf plus equipment. The arithmetic mean deviation Ra (µm) with a cut-off 2.5 was applied as a surface finish evaluation criterion.
The cutting fluids used in drilling tests were presented in Table 4. Information about oil based and additives were described for each cutting fluid. All cutting fluids are semi-synthetic fluids. Also, in Table 4 the % is expressed in weight of oil base and additives in each cutting fluid formula.
Table 4: Description of cutting fluids used in drilling tests.

	Type of cutting fluid
	Oil base
	Additives
	Density (g/cm3)
	PH

	Type A
	Mineral oil (35%) + ester (10%)
	EP additives  (5%)
	0.978
	9.0/9.5

	Type B
	Ester (25%)
	EP additives (10%)
	0.941
	9.0

	Type C
	Mineral oil (50%)
	EP additives  (10%)
	1.020
	9.0


4. RESULTS AND DISCUSSION
      The results presented in this section were obtained maintaining the cutting conditions and varying just the cutting fluids types.

Although workpiece material adhesion on tool surface was always observed, the use of cutting fluids plays a significant role in quantifying the volume of adhered material. This fact can be observed in images of Fig. 2.  The dry drilling presented a complete filling of flutes with workpiece material and this was observed just after 4 roles were made. Therefore using cutting fluids 126 roles were made, observing a thin adhered layer. Adhesion levels can be reduced when different cutting fluids has been used. Observing the thickness of adhered layer with different cutting fluids, can verify that cutting fluid C gave a more uniform and smaller thickness, following by Cutting fluid B and Cutting fluid A. 

     The temperature of chip-tool interface can reach high values in aluminum machining (Nouari et al, 2005), this was observed during tests, because in the last role of dry drilling, deformation occurred in this role and consequently a complete filling of region between the flutes.  Braga et al (2002) verified similar behavior in drilling of aluminum-silicon alloy, the amount of chip can be stuck on the nose of the drill due to the low cutting speed in this region, the drill negative geometry close to the center and also due to the high ductility of the aluminum-silicon alloy.
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Figure 2. Adhesion of aluminum alloy on cutting tool (drill): a) superior view of drill used in dry drilling, b) ) superior view of drill used in drilling with cutting fluid A, c superior view of drill used in drilling with cutting fluid Be d) superior view of drill used in drilling with cutting fluid C.
4.1. Consumed power
       Considering the electrical power consumed by the motor, it is observed that electrical power values practically maintain constant during drilling with cutting fluids and increase abrupt in dry drilling, as shown in Fig. 3. Of course, the increase of power consumed was caused by amount of material adhered to drill. Lower values of consumed power were observed to cutting fluids A and C. When cutting fluid is used the power consumed is low because its ability of rapidly dissipating heat that builds up during machining. Then the workpiece and the cutting zone do not heat so much as dry drilling.
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Figure 03.  Power consumed by motor in function of cutting fluid used.

4.2. Surface Quality

The roughness and diameter variations are shown in Figs. 4 e 5, respectively, considering the different conditions of lubrication (dry and flood coolant). In industry, the diameter variation is important information, frequently used to evaluate the quality and dimensional precision of machining holes.

Values of superficial roughness were measured each 10 holes, the results are presented in Fig. 4.  The behaviors in this Figure show that drilling with cutting fluids C and B produce similar behaviors, but with different values. The cutting fluid C presented better finish. A higher variation of holes roughness was observed when the cutting fluid A was used, about 4 µm. Also, it verifies that roughness values increase with number of machining holes. The roughness decreases with flood lubrication.
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Figure 4: Roughness in function of number of holes considering different types of cutting fluids.

      The holes diameters were within tolerance for machining parameters when cutting fluids were used, but for dry drilling the holes variation was higher. This is attributable to thermal expansion of material, excessive temperatures can lead to rapidly increased tool wear, micro-structural changes and tensile residual stresses in the surface layers of the woerkpiece and dimensional errors (Kelly and Cotterell, 2002). As can be observed in Fig. 5, the cutting fluid A presented a greater variation of role diameter, while that cutting fluid C and B present a more uniform behavior. Holes made with cutting fluid C gave roles with diameter closer to nominal diameter (12.8 mm). Thus, it can be concluded that cooling/lubrication condition should be used to drilling aluminum alloy in order to avoid damage in diameter of the hole.
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Figure 5: Diameter role in function of number of holes considering different types of cutting fluids.
4.3 Selection of cutting fluid for the machining of aluminum alloy

Some care should be taken when a cutting fluid is selected for machining of aluminum. The aluminum alloys when machined develops a hard aluminum oxide film on exposed surface, then a good cutting fluid need to suppress the formation of this oxide, because aluminum oxide accelerates tool wear. Also, aluminum alloy normally contain significant amounts of silicon which cause them to be adhesive, thus it is necessary that additives of extreme pressure (EP) and lubrication are added in order to avoid chip welding and built-up-edge on tool. Due to the fact that aluminum and its alloys have one of the highest coefficients of thermal expansion among the base metals, it is very important to choose a cutting fluid capable of rapidly dissipating heat. Considering theses commentaries and obtained results during this work, a better cutting fluid can be chosen to machining aluminum. The three cutting fluid evaluated had as differences percentage of oil (or ester) and EP additives.  According to experimental results the cutting fluid C presented better performance. This product has 50% of mineral oil and 10% of EP additives, while cutting fluid A has 35% of mineral oil and 10% of ester and 5% of EP additives, the cutting fluid C has 25% of ester and 10% EP additives. Thus a possible conclusion is that better cutting fluid for machining of aluminum alloy A356 shall contain higher percentage of mineral oil and additives EP. A higher amount of mineral oil provides a lubricant character and the presence of EP additives decrease adhesion, because this additive reacts with metal surface forming a protector layer (Iliuc, 1980).

5. CONCLUSIONS

Based on the results, some conclusions can be drawn:

· Dry machining is possible for aluminum alloy, resulting in lower productivity and more costs.
· During drilling of aluminum alloy, adhesion of aluminum on tool surface was observed mainly in dry drilling.
· Considering the cutting fluids studied in aluminum machining, it verified that the cutting fluid with better performance was cutting fluid C, because it gave smaller variation of role diameter, smaller variation of roughness and more uniform and smaller adhered layer than other cutting fluids. Cutting fluid A and C had results inferior to cutting fluid C, respectively

· For a correct choice of cutting fluid for machining of aluminum alloy cutting fluid lubricant characteristics and presence of EP additives should be considered in order to avoid the heat generation, chip welding and formation of built-up edges.
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