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Abstract - Edge condition of machined features plays a vital role in their functionality. For micro-parts, the edges generated 

during machining need to be free of burrs. Bulk metallic glass (BMG), an amorphous alloy is an important material that is 

used in making micro-devices and parts. The present study focusses on the understanding of the influence of the cutting 

parameters on the width of top burrs formed in full immersion micro end milling of Zr-based bulk metallic glass. To evaluate 

the influence of cutting parameters on the top burr width, experimental plan has been designed following design of 

experiments (DOE). Modelling of the width of top burrs has been carried out using response surface methodology. The 

experimental results showed that feed per tooth and axial depth of cut have significant influence on the burr size. In the 

chosen domain of cutting parameters, top burr width increased with increase of axial depth of cut. Furthermore, the analysis 

revealed that burr size decreased with increase in feed rate. At very low feed rate, increased ploughing effect resulted in 

increased burr width. 
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I. INTRODUCTION 

 

Formation of burrs, a phenomenon that occurs in 

machining processes causes difficulty during post 

machining use of the machined feature. Burrs are 

undesirable material projecting from the edges 

formed at different locations of the machined edges. 

Micro end milling being a microcutting process 

develop burrs having sizes comparable to feature 

sizes and are difficult to remove due to miniature 

shape of the machined features [1]. To remove burrs, 

edge finishing process known as deburring is carried 

out at the edges. Uncontrolled attempt to remove 

burrs may cause dimensional errors and affect the 

functionality. To reduce the effort of deburring, 

cutting conditions may be suitably controlled to 

minimize the formation of burrs. Control of burrs 

needs proper understanding of the mechanism of burr 

formation and the impact of the cutting parameters on 

the cutting process and development of burrs. In 

micro milling, cutting tool edge radius, low ratio of 

uncut material thickness to edge radius and ploughing 

effect plays a crucial role in burr formation. As 

cutting progresses, tool wear and blunting of the 

cutting edge further influences chip removal and the 

cutting process. In end milling process, burrs are 

generated when the cutting tool enters, moves 

through and exits the workpiece. In full immersion 

micro end milling process, the burrs are mainly 

rollover and Poisson burrs. Burrs at the exit of the up-

milling side and the entrance of the down-milling side 

are rollover burrs. Top burrs formed at the top edges 

in end milling process are Poisson burrs. Burrs 

generated at various locations during full immersion 

micro milling process have been shown in Fig. 1. 

 

 
Fig. 1: (a) Full immersion micro end milling. (b) Burrs in different locations of a completed micro channel 
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Several studies on the modelling and characterization 

of burr formation related to macro and micro 

machining of different materials have been reported. 

Aurich et al. [2] presented a detailed discussion on 

several aspects of burrs, such as burr formation 

mechanisms, influence of different parameters on 

burr formation etc. They presented several case 

studies from different manufacturing sectors 

providing an insight on the relevance of burr issues in 

industrial practice along with their economic 

implications. Gillespie and Blotter [3] explained the 

mechanisms behind the formation of different types 

of burrs during machining. They mentioned that burr 

formation is inevitable in machining processes; 

however, the burrsize can be minimized by suitably 

choosing the machining parameters. Nakayama et al. 

[4] classified burrs according to mode and direction 

of formation and discussed several aspects related to 

sideward and forward burrs. Hashimura et al. [5] 

presented a conceptual understanding on the burr 

formation process using finite element method based 

on the material properties of ductile and brittle 

materials.Luo et al. [6] carried out experimental 

characterization of burr formation in slot milling of 

aluminium alloy under various exit angles and 

oblique cutting angles. Their experimental analysis 

showed that exit burr size increased with exit angle 

and size of side exit burr increased with oblique angle 

of cutting. Lekkala et al. [7] carried out experimental 

characterization of burr formation in aluminium and 

stainless steel material during micro end milling 

process and proposed an analytical model for exit 

burrs for similar materials. They analysed the 

influence of cutting speed, feed rate, depth of cut, tool 

diameter etc. on the formation of exit burrs and top 

burrs formed during full immersion micro end 

milling. Bajpai et al. [8] explored several aspects 

related to burr formation and surface quality in high 

speed micro milling of titanium alloy. Their 

experimental investigation revealed that top burrs in 

down milling side were comparatively larger than up 

milling side burrs. In their analysis, they found that 

depth of cut has significant influence on burr size and 

width of burrs increases with increase in depth of cut. 

Piquard et al. [9] studied the effect of cutting 

parameters, width of cut, machining strategy, 

microstructure of work material on the formation of 

top burrs in micro-end milling of nickel-titanium 

shape memory alloys. Their analysis revealed that 

increase of feed per tooth and decrease of width of 

cut developed smaller burrs. In their experimentation, 

they obtained wider burrs in up milling side 

compared to down milling side. Biermann et al. [10] 

carried out experimental investigation to analyse the 

effect of cutting conditions including use of different 

lubricants on micro burr formation in austenitic 

stainless steel. Kiswanto et al. [11] analysed the effect 

of spindle speed, feed rate, machining time on surface 

roughness and burr formation of aluminium alloy in 

micro milling operation. Kuo et al. [12] proposed a 

burr control method in micro milling process using 

proper supporting material. They carried out their 

experimentation on beryllium bronze workpiece and 

obtained burr free components following their 

proposed method. 

 

 
Fig. 2:(a) Geometry of full immersion micro end milling 

process with two fluted cutter and location of Poisson burr 

formation. (b) Cross sectional geometry of top burr. [hmax 

denotes maximum uncut chip thickness, R denotes radius of 

the end mill.] 

 

The present study is focussed to analyse the influence 

of cutting parameters on the top burrs formed in full 

immersion micro end milling of Zr-based bulk 

metallic glass (Zr68.0 Cu12.0 Ni9.0 Ti11.0), an amorphous 

metallic alloy. Bulk metallic glass (BMG), is an 

emerging class of material that has gained huge 

importance in making micro devices and parts. This 

class of material has high yield strength, high fracture 

toughness, high elastic strain limit, low density, 

increased strength to weight ratio etc. Combination of 

these fascinating properties in a single class of 

material is of huge engineering importance. In some 

Zr-based bulk metallic glasses, high strain rate 

deformation during machining processes activates 

multiple shear bands leading to branching and 

interaction within the shear bands. Deformation is 

therefore accommodated by the formation of multiple 

shear bands and the presence of high density of shear 

bands results in increased plasticity. Quality of micro 

components that are made using precision fabrication 

techniques depends strongly on surface and edge 

quality. Presence or absence of burrs on the edges of 

these micro components plays a vital role in their 

performance. In practical machining process, 

important factors related to burr size are the material 

properties and cutting conditions. Very few research 

works have been reported on burr generation by 

micro milling process carried out on bulk metallic 

glass.Understanding the characteristics of the edge 

quality of micro- devices made of BMG and analysis 

of the microburrs are highly relevant in the present 

state of the art of micro-component manufacturing. 

Therefore, an attempt has been made in the present 

research work to examine the effects of cutting 

parameters like spindle speed (N), feed per tooth (ft) 

and axial depth of cut (ap) on the width of top burrs 
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(Wb) produced in full immersionmicro end milling of 

bulk metallic glass material.The experiments have 

been carried out in dry condition using solid carbide 

uncoated micro end mill.As evident from cross 

sectional geometry of top burrs shown in Fig. 2, the 

width of the top burrs (Wb) represents the extent of 

burr size produced in the similar features. The end 

milling process created micro channels of desired 

width (W) equal to the diameter of the cutter and 

height equal to the axial depth of cut (ap) on the 

cylindrical workpiece. To evaluate the influence of 

cutting parameters on the top burr width, 

experimental plan has been designed according 

todesign of experiments. Average value of the width 

of top burrsin both up milling and down milling 

sidesof the micro channel has been taken as the 

measure of the width of top burrs (Wb) for a 

particular cutting condition. Modelling of width of 

top burrs has been carried out using response surface 

methodology along with extensive analysis. 

 

II. EXPERIMENTAL DESIGN 

 

In the present work, a second order (full quadratic) 

model has been adopted for the purpose of modelling 

the width of top burrs (Wb)based on response surface 

methodology (RSM). The model establishes the 

mathematical relationship among the cutting 

parameters and the machining response. The width of 

top burrs has been considered as the machining 

response. This model, also called regression equation, 

is given as, 

 

Y = b0 +  biXi +  bij Xi Xj +  bii Xi 
2k

i=1
k
i,j

k
i=1                                      

… (1) 

 

where, Y is the response variable, b0 is the constant 

term of the regression equation, Xi, Xj (for i, j = 1, 2; . 

. . ; k and i< j) are the independent variables, bi and bii 

are the coefficients of linear and the quadratic terms, 

respectively, while bij (i< j) are the coefficients of 

interaction terms. In the present work, three factors, 

i.e., spindle speed(N), feed per tooth (ft) and axial 

depth of cut (ap) have been chosen to examine their 

effects on the width of top burrs (Wb).  

 

 
Table 1: Cutting parameters and their coded levels 

 

A well designed experimental plan substantially 

reduces the total number of experiments without loss 

of accuracy in results and provides sufficient 

information on response characteristics. Experiments 

have been carried out according to the experimental 

plan based on central composite rotatable second 

order design (CCD). The cutting parameters along 

with their levels and appropriate coding have been 

shown in Table 1. Twenty experimental runs, 

comprising eight runs at corner points, six runsat the 

centre point and six axial runs represented on the 

factorial space have been carried out as per central 

composite design. 

 

III. EXPERIMENTAL DETAILS 

 

Machining experiment has been performed using a 

tool based micro machining set-up equipped with 

precision motion stages in X-,Y- and Z- directions 

having stepper motors, spindle, high accuracy motion 

controllers etc. The resolution of the stages is 1 µm. 

The cutting tools used are solid carbide uncoated two-

flute flat micro end milling cutter (code: SC2FEM 

E9661, Axis). The tool has cutting diameter 0.3 mm, 

with cutting edge radius of 3 µm. The cutting tool has 

a helix angle of 30 deg. The workpiece material used 

is aZr-based bulk metallic glass (an amorphous alloy- 

Zr68.0 Cu12.0 Ni9.0 Ti11.0). The workpiece is cylindrical 

in shape with 10 mm diameter and 5 mm 

thickness.Burr images are obtained using field 

emission scanning electron microscope (FE-SEM) 

(Model: Zeiss Sigma HD, Carl Zeiss). The FE-SEM 

delivers high resolution, high contrast, low noise 

images and surface information with superior 

material contrast. Fig. 3 showed the arrangement of 

micro end milling of the workpiece in the machining 

set up. 

 

 
Fig. 3: Arrangement of micro milling 
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Table 2: Experimental design matrix and experimental results  

 

IV. EXPERIMENTAL RESULTS AND 

ANALYSIS 

 

The complete design matrix with experimental results 

(responses) has been shown in Table 2.Based on 

RSM, the mathematical model correlating top burr 

width (Wb) with spindle speed (N), feed per tooth (ft) 

and axial depth of cut (ap) has been developed. The 

initial analysis of the response obtained from the 

RSM included all parameters in a full quadratic 

model. It has been found that some of the terms are 

insignificant at 95% level of confidence in the 

modelling of Wb. Hence, the model has been suitably 

reduced by eliminating the insignificant terms 

through backward elimination process following 

hierarchy rules. Thus, the regression equations of Wb 

expressed in terms of different influencing cutting 

parameters has been established in coded units and is 

given in Eqn.2. 

 

Wb = 8.824 - 0.350N - 0.715ft + 0.735ap + 0.173N
2
 

+ 0.120ft
2
 + 0.156N.ft ... (2) 

 

The ANOVA summary has been listed in Table 3. 

The percentage contribution (%C) listed in ANOVA 

summary table gives an indication of the relative 

importance of each model term. From Table 3, it is 

observed that feed rate (ft) axial depth of cut (ap) are 

highly significant and have great influence on 

Wb.Results summarized in Table 3 showed that 

contribution of ft in the variation of Wb1 is 40.3% 

whereas Nshowed much larger contribution of 

42.54% for the width of top burrs (Wb) in micro end 

milling of bulk metallic glass. 
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Table 3: ANOVA for width of burrs Wb 

 

For a particular source of variation to be significant at 

a 95% confidence level, the P value should be lesser 

than 0.05. Emphasis is given to maximize the 

‘adjusted R
2
’ and the ‘predicted R

2
’ in an empirical 

model for its acceptance. R
2
 is a measure of the 

amount of reduction in the variability of Y obtained 

by using the model. The excellence of the developed 

model depends on the degree of closeness of the 

values of coefficients of multiple determinations, R
2
, 

Predicted R
2
 and Adjusted R

2
 to unity. This also 

confirms the suitability of the multiple regression 

equations and correctness of the calculated constants. 

The various R
2
 statistics (R

2
, adjusted R

2
, predicted 

R
2
) are shown ANOVA summary Table. The value of 

R
2
 = 97.08% for top burr width (Wb) indicates that 

97.08% of the total variations are explained by the 

model. The adjusted R
2
 is a statistic that is adjusted 

for the size of the model that is for the number of 

factors considered in the study. The value of the 

adjusted R
2
 for Wb(i.e. 95.74%) indicates that 95.74% 

of total variability is explained by the model after 

considering the significant factors. Analysis of the 

influence of cutting parameters such as spindle speed, 

feed per tooth and axial depth of cut on the top burr 

width in full immersion micro end milling of 

amorphous BMG under has been made based on the 

developed model established through response 

surface methodology and the response surface 

analysis. 

 

Response Surface Analysis 

Response surface plots revealed the pattern of the 

influence of the cutting parameters on the width of 

top burrs during full immersion (slot) milling. The 

response surface plots have been shown in Fig. 4 to 

Fig. 6. Fig. 4 showed the response surface of Wb 

under combined effects of ft (feed per tooth) and N 

(spindle speed) when ap (axial depth of cut) is at 

constant value of 20 µm. It has been observed that Wb 

decreased with increase of ft (feed rate). Lateral 

bulging of the severely ploughed and plastically 

deformed material underneath the cutter edge caused 

formation of top burr at the top edges of the sidewall. 

Therefore at low values of ft, ploughing occurs for a 

longer time till chip formation starts, as a result of 

which lateral bulging of material occurs more 

intensely at low ft values than for higher ft values. 

Fig. 4 further showed that at lower ft values, Wb 

decreased at higher rate with increase of N than at 

higher ft values. When spindle speed increased the 

corresponding higher cutting speed causes ease of 

chip removal resulting in low shear strain of the work 

material. Study on burr formation [4] indicated that 

low shear strain results in low lateral deformation and 

lower burr size. At higher feed rates, the variation of 

Wb with N has not been observed clearly. 

 

Fig. 5 depicted the response surface plot that showed 

the combined effect of ft and ap on the variation of 

Wb. For this response plot, the value of N has been 

taken a constant value of 4000 rpm. Fig. 5 indicated 

that Wb increased with increase in ap for the entire 

range of ft considered in the present study. The 

amount of material displaced laterally by cutting edge 

increased proportionally with increase of axial depth 

of cut resulting in increase of burr size (Wb). At 

higher feed rates, the rate of increase in Wb with 

increase of ap has been less sharper than the increase 
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of Wb with increase of apat lower feed rate. Decreased 

ploughing effect and associated lower lateral bulging 

at higher feed rate may be attributed to this effect. 

 

 
Fig. 4: Surface plot of Wb with ft and N at ap = 20 μm 

 

 
Fig. 5: Surface plot of Wb with ft and apat N = 3000 rpm. 

 

Fig. 6 depicted the response surface plot of Wb under 

the combined effects of N (spindle speed) and 

ap(axial depth of cut) when ft (feed rate) is at constant 

value of 5 µm. The surface plot showed that at all 

levels of ap, Wb decreased with increase of spindle 

speed (N). However the decrease of Wb with increase 

of spindle speed in the range (2318-4000 rpm) has 

been much sharper than in the range (4000-5682 rpm) 

of spindle speed. 

 
Fig. 6: Surface plot of Wb1 with Nand apat ft = 4 μm 

Fig. 7-8, illustrated the top view of the top burrs 

formed in the up-milling and down-milling side of the 

micro channels formed under different cutting 

conditions. 

 

 
Fig.7: Burr formation at up-milling side during full immersion 

micro-end milling at cutting condition of N = 3000 rpm, ft = 

4μm, ap = 25 μm 

 

 
Fig.8: Burr formation at down-milling side during full 

immersion micro-end milling at cutting condition of N = 4000 

rpm, ft = 5μm, ap = 20 μm 

 

V. CONCLUSIONS 

 

The present work investigated the influence of cutting 

parameters on the burr width of top burrs in full 

immersion micro end milling of a Zr-based 

amorphous bulk metallic glass through experimental 

approach. Parametric study has been carried out to 

analyse the burr size of the top burrs. As the width of 

burrs has been measured from the burrs formed at 

both up-milling and down-milling sides, therefore the 

influence of strategy of milling on the burr size has 

not been considered in the study. As the 

experimentation has been carried out with micro end 

mill having helix angle, the top burrs have 

contributions from both upward plastic flow and 

exiting effect of the work material during the cut. 
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Summarizing the results as obtained from the 

experiment and subsequent analysis, the salient points 

that emerge out are as follows, 

 

1. Effect of axial depth of cut on the top burr 

width has been remarkably significant. 

Analysis showed that increase in axial depth 

of cut increased burr size. 

2. For the chosen range of feed rates, higher 

feed rate showed better control of burr size 

resulting in less sized burrs. The analysis 

revealed that burr size decreased with 

increase in feed rate. At very low feed rate, 

increased ploughing effect resulted in 

increased burr width. 

3. For the chosen range of spindle speeds, 

higher spindle speed resulted in burrs having 

smaller width. 
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