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Abstract: 

In any case, deburring of small-parts is not conceivable because of bad accessibility and tight tolerances in small segments. One of 

the methods to min imize small burr formation in  small milling is by enhancing the geometry of the device. As minimization  of 

small burrs still remains a key test in small machin ing, not many researchers have worked in this field. The main aim of the 

research work is to present finite element analysis of flat end mill s mall cut ters used in small milling by varying geometry of the 

tools. Apart from this, study has been done in detail on burr formation in small milling and what factors affect it. Burr for mat ion 

simulation has been carried out while vary ing the tool geometry. The outcome of the research will be a static fin ite element 

analysis of small burrs formed during s mall-milling which can help in determining tool life and a detailed dynamic analysis of 

small burrs formed during s mall-milling operation in Al6061-T6 which can benefit the aerospace industry in various ways. The 

results obtained during the analysis may be used for further research for burr minimizat ion through tool optimizat ion and pro cess 

control. 

 

1. Introduction: 

 

The fabricat ion of a wide variety of parts and products in 

various fields, like aeronautics, automotives, biomedical, 

medical and electronics requires proper finishing for proper 

mat ing and functioning of products. A variety of operations 

like milling, d rilling, turning, g rinding, EDM and water jet  

cutting are utilized to fabricate and finish parts.  

 

One of the most common and important form of machin ing 

is the milling operation, in which material is cut away from 

the work piece in the form of small chips by feeding it into a 

rotating cutter to create the desired shape. 

 

Keywords: Modeling, Analysis. 

 

2. Mechanism of Micro Burr Formation: 

 

  According to Min and Dornfeld [2004], burr formation has 

eight basic stages. The process starts with the continuous 

cutting stage in which burr format ion is unaffected by the 

deformation and stress distribution, as long as the work 

piece edge does not affect it.  

 

  In the pre-init iation stage, the work piece edge bends due to 

elastic deformation and a p lastic deformat ion zone is formed  

around the primary shear zone. Th is is followed by burr 

initiat ion in which the plastic deformat ion zone and the 

primary shear zone both extend.  

 

A pivoting point appears on the work p iece edge in  the 

pivoting stage, and cutting forces decrease, leading to a 

large deformation. As the burr develops, it enters the 

negative shear zone development stage in which  the large 

deformation in  the pivoting point expands and connects with 

the primary shear zone.  

 

 The burr size increases as the tool approaches the work piece 

edge. Following this stage, there are three more stages – 

crack init iation, crack growth and positive (in case of ductile 

materials) or negative (in case of brittle materials) burr 

formation. These final three stages are characterized by the 

ductile or brittle nature exh ibited by the material. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Analysis and Simulation: 

 

Once a 3D CAD model of micro end mill cutter is 

developed, a no. of downstream applicat ions can be 

performed, one of which is detailed fin ite element analysis 

and simulation of micro end mill during micro machining. 

Here, the static analysis of the micro end mill and simulat ion 

of burr fo rmation process in micro milling has been carried 

out. In this work, tool material used is Tungsten Carbide 

(WC). Cemented carbides (WC-Co) are recently being used 

instead of tungsten carbides. Cemented carbide is a 

composite material containing a b inder like cobalt  (Co) 

which provides increased tool hardness . The work p iece is a 

cuboidal block of aluminium alloy Al6061-T6 which is used 

in many  aerospace applications. Al6061-T6 is a T6 

tempered aluminium alloy containing magnesium and 

silicon as its major alloying elements. 

 

 

Figure.1. Burr Format ion  
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Elements  

 

Minimum 

(%  by weight) 

Maximum 

(% by weight) 

   

Silicon 0.4 0.8 

   

Iron 0 0.7 

   

Copper 0.15 0.4 

   

Manganese 0 0.15 

   

Magnesium 0.8 1.2 

   

   

Table.1 - Cuboidal Block of A lumin ium A lloy Al6061-T6 

In research work done, it has been observed that, in case 

of micro milling, the depth of cut and the tool diameter 

are the main parameters, which influence the burr height 

and thickness significantly. The speed and the feed rate 

have been seen to have small to neglig ible effect on the 

burr thickness and height. 

 

In the proposed method, different sets of machining 

parameters have been used for static and dynamic 

analysis as show in Tab le.2. These parameters have been 

kept constant during each analysis. 

 

Properties  Static analysis 

Dynamic 

analysis 

   

Cutting speed 10,000 rpm 20,000 rpm 

   

Feed rate 150 mm/min  500mm/sec  

   

Depth of cut 0.2 mm 0.1 mm 

   

Table.2 - Machining Parameters 

 

Five d ifferent sets of relief and rake angles each have been 

used in the case of two  flute and four flute micro end mill as 

input as listed in Table. 

 

4. Meshing:  

 

Meshing can be done by using tetrahedral or hexahedral 

elements. More the no. of nodes in the element type, the 

greater is the accuracy of the results obtained. Tetrahedral 

meshing is a robust meshing routine and is easier way of 

meshing. However, linear tetrahedral elements perform 

poorly in problems with plasticity, nearly incompressible 

materials, and acute bending. Also, tetrahedral elements 

consider a lot  of approximat ions, even more so in  

complicated structures.  

 

Hexahedral elements, on the other hand, g ive more accurate 

results than tetrahedral elements, in case of complex 

structures. They also consider lesser amount of 

approximations. However, hexahedral elements face 

difficult ies at corners of parts/elements. Also, automatic 

mesh generation is often not feasible for build ing many  

three dimensional hexahedral meshes. 

 

Meshing and analysis of the micro milling machining  

operation has been carried out using ANSYS 13.0 software. 

The mesh generated for the end mill cutters in th is work is a 

tetrahedral mesh, the properties of which are g iven below. 

 

Parameters  

Two flute 

micro cutter  

Four Flute         

microcutter 

Nodes 5257 7190 

Elements 2920 4039 

 

 

5. Meshing Information for Micro End Mill Cutter: 
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6. Analysis: 

For static analysis at any particular instantaneous time, 

forces are considered on a single flute in feed direction 

(Fx), normal direction (Fy), and axial direct ion (Fz) fo r an 

axial depth of 0.2mm. The input forces for this analysis are 

obtained from the work done by Zaman et  al. [2005] in 

which the analyt ical cutting force expressions developed in 

were simulated for a set of cutting conditions and were 

found to be comparable to experimental results.. 

 

Figure.2. Meshing performed on  

 (a) two flute and (b) four flute micro end mill 

           Figure.3. Meshing performed on the work p iece 
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The applied forces in feed, normal and axial d irections are 

Fx = 3.82 N, Fy = 4.01 N and Fz = -0.34 N. 

 

Force in feed direction (Fx) 3.82 N 

Force in normal direct ion (Fy) 4.01 N 

Force in axial direct ion (Fz) -0.34 N 

Cutting force applied (Fc) 5.548 N 

Table.3 - Cutting Forces used as Input 

Figure.4. Shows the result for static analysis with deformed 

mesh and Von Mises stress respectively for the applied 

load for two flute flat end mill of d iameter 0.3 mm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    (a) Rake angle = 0º, Relief angle = 10º   

    (b) Rake angle = -2º, Relief angle = 6º  

    (c) Rake angle = 3º, Relief angle =8º  

    (d) Rake angle = 5º, Relief angle = 5º  

    (e) Rake angle = 5º, Relief angle = 6º  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure.5. Static Analysis  

 

 

 

 

 

 

 

 

 

 

 

 

Figure.6. Static Analysis 

 

(a) Rake angle = 0º, Relief angle = 10      

(b) Rake angle = -2º, Relief angle = 6º  

(c) Rake angle = 3º, Relief angle =8º  

(d) Rake angle = 5º, Relief angle = 5º (e) Rake angle = 5º, 

Relief angle = 6º 

Figures.5 & 6 Shows the result for static analysis with 

deformed mesh and Von Mises stress respectively for the 

applied load for four flute flat end mill of diameter 0.3 mm.  

 

 

 

 

 

 

 

 

 

Figure.7. Static Analysis in case of four flute micro end 

mills  

 

 

 

 

 

 

 

 

 

 

 

 

Figure.8.Von Mises stress in the case of four flute micro end 

mills  

(a) Rake angle = 0º, Relief angle = 10º    

(b) Rake angle = -2º, Relief angle = 6º   

(c) Rake angle = 3º, Relief angle =8º 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure.9 

 

 

 

 

 

 

 

 

 

 

 

 

Figure.10. Total deformat ion in the case of four flute micro 

end mills 

Figure.4. Static Analysis  
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(a) Rake angle = 0º, Relief angle = 10º   

(b) Rake angle = -2º, Relief angle = 6º   

(c) Rake angle = 3º, Relief angle =8º  

(d) Rake angle = 5º, Relief angle = 5º  

(e) Rake angle = 5º, Relief angle = 6º  

 

7. Results: 

It is observed that a two flute micro end mill cutter with 

rake angle -2º and relief angle 6º takes the least amount of 

Von  Mises equivalent stress. In case of four flute micro 

end mills, the least amount of Von  Mises stress is taken by 

tool with rake angle 3º and relie f angle 8º. 

The deformation values shown in the above figures 

actually occur momentarily due to vibration of the cutter 

which is not taken into account during the analysis. 

 

8. Dynamic Finite Element Analysis and Simulation of 

Burr Formation of Two Flute Micro End Mill:  

 

In order to observe burr formation and chip  flow 

mechanis m in a virtual environment, an explicit analysis 

has to be done on the tool and work piece interaction. In  

this paper, we have achieved the same using ANSYS 

software. Two d ifferent two flute micro end mills have 

been used for dynamic finite element analysis. ALE has 

been used for carrying out the analysis. Reference frame 

for the tool is chosen to be Langrangian and that for the 

work piece is chosen to be Eulerian. 

In order to get required interaction between the two bodies, 

the required body interaction constraints among them must 

be defined properly. Since the desired result is the 

simulation of machin ing operation, the contact between the 

tool and the work piece has to be frictional in nature. When 

the tool runs over the work p iece, the frict ion generates heat 

energy. The chip carries the heat from the work piece and 

releases it in the environment. So a frictional contact is 

defined between the tool and the work p iece. The static 

coefficient of frict ion is kept to be 0.39 and the dynamic 

coefficient of frict ion is kept to be 0.32 (Raczy et al.).  

The work p iece is fixed  from three faces. The two  side faces 

are given zero degree of freedom as they are constrained 

using mechanical fixtures while machining. The lower 

surface is given zero degree of freedom as they are held 

using vacuum fixtures. The tool is provided with an angular 

velocity of 20,000 rpm (Campos et al. [2013]). In the input 

variables, tool is provided with a linear velocity, which  

represents the feed rate of our machining operation. The 

feed rate in our setup is fixed to be 500 mm/sec (Campos et 

al. [2013]). The end t ime specifies the no. of iterations to be 

performed by the solver and informs the solver when to stop 

the process. Since the work piece is 20 mm in length, and 

the feed rate is 500 mm/sec, an end time of 0.05 seconds 

was chosen so that the entire tool length can be covered in  

the simulation. The total t ime taken in order to solve is 120 

hours. 

 

 

 

 

 

Figure (a) 

 

 

 

 

 

 

Figure (b) 

 

(a) Entry of tool into the work piece  

(b) Chip formation init iation          

(c) Chip sflow (d) Chip separation 

 

 

 

 

 

 

 

 

 

 

Figure(c) 

 

 

 

 

 

 

 

 

 

 

 

Figure (d) 

 

(a) Entry of tool into the work piece    

(b) Chip formation init iation  

(c) Chip flow                              

(d) Chip separation             

(e) Exit  of tool from work p iece 

(e) Exit  of tool  

 

9. Conclusions: 

 

This paper concludes the technical sum-up of the thesis 

work on three-d imensional geometric modeling and analysis 

of micro end milling cutters and simulation of micro burrs 

formed during micro milling of Al6061-T6 alloy by using a 

tungsten carbide two flute micro end mill cutter. This is 

followed by direct ions for future work.  

 

To minimize format ion of burrs in case of micro milling, 

either the cutting conditions or the tool geometry can be 

optimized. In this work, tool geometry optimizat ion has 

been tried to be achieved by performing FE analysis on tools 

with d ifferent sets of rake and relief angles, for both two 

flute and four flute micro end mills. The results of the static 

fin ite element analysis of the tungsten carbide flat end micro  

milling tools offer the conclusion that in the given cutting 

conditions, the least amount of Von Mises stress generated 

in case of a two flute flat end micro mill cutter is for a cutter 

having rake angle -2º and relief angles of 6º and that in the 

case of four flute end micro  mill cutter is for a cutter having 
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rake angle 3º and relief angle 8º.  

 

FE dynamic analysis of the tool-chip interaction in the micro  

milling process as performed and micro burr format ion 

process was simulated using ANSYS 13.0 software.  

 

10. Future Scope: 

 

The results obtained from static FE analysis of micro end 

mills can be used in future to predict tool life and to choose 

the correct cutter geometry from availab le options for 

performing various micro milling operations. 

 

The results obtained from dynamic analysis of micro burrs 

formed during micro-milling operation in Al6061T6 can 

benefit the aerospace industry, which utilizes this alloy for 

fabrication of a large number of components. 

 

The results obtained during the analysis may also be used 

for further research for burr min imization through tool 

optimization and process control. 
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