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ABSTRACT 

 
Thin-walled components are widely adopted in 

aircraft structures due to the eminent characteristics 
such as light weight, high strength to weight ratio, high 
usability and ergonomics. However, the lower stiffness 
of these components results in static and dynamic 
instabilities during their machining. Thus, there is a 
requirement to reduce the deflection, stresses and 
unwanted vibrations during machining of thin-walled 
components. Adoption of serrated end mill can cause 
non-uniform distribution of chip thickness, reduction 
of effective axial depth of cut and cutting forces and 
improvement of chatter stability. This paper focuses on 
investigating the effect of serrated end mill geomet-
rical parameters such as the number of flutes (2, 3, and 
4), helix angle (30o, 35o, and 45o) and serration geom-
etry (sinusoidal, median, and interrupted) on machin-
ing responses of thin-walled components. The deflec-
tions and stresses were computed using ANSYS 
explicit dynamics module. The thin wall deflection 
was mainly influenced by number of flutes and 
stresses by helix angle. The machining responses 
could be simultaneously minimized when maximum 
number of flutes, intermediate helix angle and median 
serration geometry were adopted. 
 

INTRODUCTION 
 
Thin-walled components are widely used in 

aircraft structures due to their eminent properties such 
 
 
 
 
 
 
 
 
 

as low weight, high strength to weight ratio and 
contribution to aircraft fuel efficiency. 

Machining of these components is the major 
challenge faced during aircraft manufacturing due to 
productivity issues, static and dynamic instabilities of 
the thin wall during machining. These parts are 
manufactured by removing a bulk amount of material 
from the stock by achieving a 30:1 buy to fly ratio 
(Herranz et al., 2005). Typically, 90-95 % of material 
is removed from the monolithic block to arrive at the 
required thin-walled component (Kersting and 
Biermann, 2014), which leads to consumption of high 
amount of production time and also an increase in the 
cutting tool cost due to high tool wear. Thin-walled 
parts generally have lower stiffness which results in 
static and dynamic problems during their machining. 
The clamping forces due to work holding and cutting 
forces induced by cutting tools produce elastic 
deformation during machining, which can affect the 
final dimensionality and the surface roughness of the 
machined part (Chen et al., 2009; Rai and Xirouchakis, 
2009). The residual stresses induced during machining 
also adversely affects the final geometry of the 
machined part (Jiang et al., 2018). Serrated endmills 
are cutter tools used in milling operation with 
serrations along the periphery of its cutting edges. A 
standard serrated endmill is as shown in Fig. 1. These 
types of endmills are used in the applications which 
requires low cutting forces, chatter free operation, 
superior chip breaking and high Material removal rate 
(Guo et al., 2019). Due to the serration, the diameter 
of the serrated endmill continuously changes along its 
axis whereas the diameter of the conventional endmill 
is constant throughout its length (Bari et al., 2019). 
The serration parameters such as serration profile and 
phase shift lead to the variation in local rake and 
oblique angles, which affects the mechanics and 
dynamics of machining. The serrations along the 
length of the cutting-edge results in non-uniform 
distribution of chip thickness, which results in a 
decrease of effective axial depth of cut, thus reducing 
the cutting forces and improving chatter stability 
(Jiang et al., 2013). 
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Fig. 1. Serrated Endmill 

The effects of tool geometry (Izamshah et al., 
2013) tool path strategies (Wan et al., 2011) and the 
machining parameters (li et al., 2019) on the thin wall 
properties such as deformation, surface texture, resid-
ual stress were reported by many of the researchers. 
(Wan et al., 2011) proposed a thin wall deflection pre-
diction and tool path adjustment model to reduce the 
machining error that are caused due to deflection of 
thin wall during machining. The experimental results 
showed that the tool path adjustment can avoid the 
problems such as undercutting and over cutting that 
leads to thin wall deflection and also reduce the geo-
metric errors such as dimension error, profile error and 
parallelism error in the machined thin-walled part. 
(Junbai et al., 2011) applied multipoint location theory 
for manufacturing large scale thin wall workpiece 
using flexible tooling system. They reported a 
decrease in the machining error and manufacturing 
cycle time, when flexible tooling system coupled with 
the multi-point location/support algorithm was used 
for thin wall machining. (Zeng et al., 2012) proposed 
a new fixture design method to reduce the vibrations 
in the flexible structural components during machin-
ing. They observed that the proposed method could 
effectively predict the vibrational characteristics of the 
workpiece being machined and also reduce the profile 
errors such as surface waviness on the machined 
region. 

Joshi et al. (2017) performed numerical 
simulations on machining of thin-walled Al 2024 
components to predict the product quality in terms 
of deflection and section thickening during 
machining. The authors reported that the simulation 
results (thin wall deflection) were in good 
agreement with the experimental results with 
maximum percentage error of 20.17 %. (Wu et al., 
2020) developed a new predictive model to analyze 
the effect of cutting load on the part deformation 
during milling of thin-walled parts. The model 
included the effects of tool wear and temperature 
developed in the tool-workpiece contact region 
based on oblique cutting analysis. They concluded 
that prediction of thin wall deformation in the 
presence of tool wear and proper choice of cutting 
parameters play an important role to avoid chatter 
damage and improve the surface quality of the 
machined surface. (Gang, 2009) performed FEA 
simulation and experimental analysis of milling of 
a thin-walled workpiece with a cantilever plate 
structure using a helical fluted end mill. The 
simulated model was in a reasonable agreement 

with the experimental results with percentage error 
of 21.56 % between the simulation and 
experimental results. (Aijun et al., 2008) developed 
an analytical model to study the deformations of 
thin-walled plates caused by end milling forces, 
where the deformations were predicted using 
reciprocal theorem. The simulation results showed 
that linear loads, milling cutter location and 
thickness of the thin wall plate have a significant 
influence on thin wall deflection. 

To predict the cutting forces observed in the 
milling process using serration endmills, some of 
the researchers have proposed cutting force models 
(Dombovari et al., 2010; Tehranizadeh et al. 2019). 
(Koca and Budak, 2013) investigated the effect of 
tool geometry on the mechanics and dynamics of 
the serration endmills by developing a milling force 
model. The developed model was used to optimize 
the serrated endmills to lower the milling forces. 
The experimental investigation showed 10 % 
decrease in cutting forces when compared to com-
mercially available serrated endmills. (Bari et al., 
2019) developed a geometric force model (GFM) to 
study the effects of serration geometry parameters 
on cutting force during milling operations using 
serrated end mill cutters. The developed force 
model was experimentally validated and it was 
further subjected to sensitivity analysis to evaluate 
the effects of serration parameters between succes-
sive teeth on cutting force. There results showed 
that cutting force is very sensitive to the change in 
serration wavelength, serration phase shift and less 
sensitive to the change in serration amplitude. 

Burek et al. (2019) performed experimental 
studies on the High-performance milling of 
AlZn5.5MgCu aluminum alloy using end mill 
cutters incorporating continuous, interrupted and 
wavy serration geometry. They reported the reduc-
tion in the cutting force by up to 35 % in feed direc-
tion, 25 % in normal to feed direction and 18 % in 
axial direction cutting force components. And also 
showed the cutting force components independency 
from depth of cut for the optimized serrated endmill, 
suggesting increased milling efficiency that can be 
achieved using higher depth of cut compared to con-
vention endmills, without affecting the tool life. 
(Okafor and Sultan et.al., 2016) developed a mech-
anistic cutting force prediction model for the wavy-
edge, bull-nose, helical endmill (WEBNHE) in 
order to investigate the effects of the geometrical 
parameters on the cutting force components and 
their resultant during high-speed end-milling of 
Inconel 718. The experimental analysis showed that 
the cutting force components were in good agree-
ment both in magnitude and trend with the simu-
lated results and lower cutting forces were observed 
when the WEBNHE was used at higher spindle 
speed of 92 rpm. 

From the review of literatures, it was found 
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that researchers have mainly focused on improving 
the quality and productivity of machining of thin 
wall components using standard helical end mills. 
Also, the end milling process was simulated by 
considering the various parameters such as cutting 
speed, feed rate, and depth of cut and so on. The 
adoption of serrated endmill in the applications 
which requires low cutting forces imposes chal-
lenges in terms of chatter free operation, superior 
chip breaking and achieving higher material 
removal rate. Machining of thin-walled aircraft 
components imposes technical challenges such as 
large deformations due to low rigidity of workpiece 
and surface errors due to chatter phenomenon 
during machining. Hence, the research pertaining to 
the simulation of machining of these thin-walled 
components using serration profile endmills 
assumes utmost importance and needs to be 
explored yet. The present research focusses on 
investigating the effect of geometrical parameters 
such as number of flutes, helix angle and serration 
geometry on the quality of Al 2024 machined com-
ponent measured in terms of thin wall deflection 
and stress distribution. The numerical simulation 
was performed using ANSYS Explicit Dynamics V 
18.1 finite element analysis package. Simulation 
runs were designed based on L9 orthogonal array. 
The significant factors were identified through 
ANOVA and multi objective optimization was 
carried out based on Grey Relational Analysis 
(GRA). The optimal solution was also confirmed 
through simulation runs. 

 
SIMULATION OF MILLING OF AL 

2024 THIN WALL PART USING 
SERRATED ENDMILL 

 
The milling simulation of aluminum alloy 

2024 thin-walled part, machined using serrated 
endmill was performed using ANSYS Explicit 
Dynamics. The geometrical parameters considered 
were the number of flutes, helix angle and serration 
geometry profile of endmills. The factors and their 
respective levels are as shown in the Table 1. 

 
Table 1. Serrated endmill geometric parameters and 

their levels 
 Factors Level 1 Level 2 Level 3 
1 Number of flutes 2 3 4 
2 Helix angle 300 350 450 
3 Serration Geometry Sinusoidal Median Interrupted 

The simulation layout for performing the 
numerical analysis of machining of a thin-walled 
part using serrated endmill based on Taguchi L9 
orthogonal array is as shown in Table 2. 

 

 

Table 2. Simulation layout using L9 OA to perform 
numerical simulation 

Run 
No. 

Parameters 
No of Flutes Helix angle Serration Geometry 

1 2 300 Sinusoidal 
2 2 350 Median 
3 2 450 Interrupted 
4 3 300 Median 
5 3 350 Interrupted 
6 3 450 Sinusoidal 
7 4 300 Interrupted 
8 4 350 Sinusoidal 
9 4 450 Median 

 
Geometry of the thin-walled workpiece and 
serrated endmill 

The cutting tool used for performing the thin 
wall machining was a helical end mill cutters with 
serrations along its flutes. The endmill diameter of 
12 mm, overall length 70 mm and length of cut of 
30 mm were considered for the modeling of tools. 
The three-dimensional geometric models of ser-
rated endmills and thin-walled work pieces were 
created using CATIA V5 software. The required 
dimensions of the thin-walled workpiece used for 
modelling were considered from (Joshi et al 2017). 
The thickness for the thin wall was maintained at 5 
mm. The assembly of thin-walled work piece and 
serrated end mill is as shown in the Fig. 2. The 
sinusoidal, median and interrupted serration 
geometrical profiles are as shown in Fig. 3(a) – (c). 

 

 
Fig. 2. Thin-walled workpiece and serrated 

endmill assembly 
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Fig. 2 (a) – (c) Serration geometrical profiles 

 
Material properties and Dynamic failure model 

The serrated cutters were assigned Tungsten 
Carbide (WC) material and the thin-walled 
workpiece was assigned aluminium alloy 2024 
material to perform the numerical simulation. 
Johnson-cook constitutive equation was used to 
describe the plastic behavior of the aluminium alloy 
material in simulating the chip flow during the 
milling process. The flow stress or effective stress 
considering the effects of strain hardening, strain 
rate hardening and thermal softening was described 
as given by Equation (1) (Li et al., 2021). The 
parameters of Johnson-cook constitutive equation 
for the Aluminium alloy 2024 material used in the 
simulation (Joshi et al 2017) are as given in Table 3. 
𝜎𝜎� = (𝐴𝐴 + 𝐵𝐵𝜀𝜀�̅�𝑛) �1 + 𝐶𝐶 ln � 𝜀𝜀�̇

𝜀𝜀0���̇
�� �1 − � 𝑇𝑇−𝑇𝑇𝑟𝑟

𝑇𝑇𝑚𝑚−𝑇𝑇𝑟𝑟
�
𝑚𝑚
�              (1) 

Where 𝜎𝜎� is the flow stress, A is initial yield stress, B 
hardening constant, C strain rate constant, n hardening 
exponent and m is thermal softening exponent. 𝜀𝜀  ̅ is 
the effective plastic strain, 𝜀𝜀 ̅̇  is the effective plastic 
strain rate and 𝜀𝜀0�̇   is the reference effective plastic 
strain. T is the instantaneous temperature of workpiece, 
Tr is the room temperature and Tm is the melting 
temperature of the workpiece. 

Table 3. Johnson and Cook material coefficients for 
AL 2024-T351 

Parameter A (MPa) B (MPa) C N M 
Value 352 440 0.0083 0.42 1 

Johnson-cook dynamic failure model was used 
in conjunction to Johnson-cook plasticity model to 
specify the damage initiation and evolution that 
govern the degradation and removal of the elements 
from a given mesh. Table 4 shows the values of the 

Johnson-cook failure parameters of the alloy 2024 
material used in the simulation, where D represents the 
damage constants (Joshi et al. 2017). According to 
(Masmali and Mathew, 2017), the amplitude of 
displacement and cutting forces induced in the 
workpiece in normal direction during up milling 
process was less than those induced during down 
milling process. Thus, vibration levels of end mills 
could be reduced by adopting the up milling process. 
Thus, the finite element model of up milling process 
was adopted. 

 
Table 4. Johnson–Cook failure parameters for AL 

2024-T351 
Parameter D1 D2 D3 D4 D5 
Value 0.13 0.13 -1.5 0.011 0 

 
Meshing and boundary conditions 

The stiffness of the cutting tool was defined as 
‘Rigid’, whereas workpiece stiffness behaviour was 
defined as ‘Flexible’, as tool deflection during machin-
ing was negligible compared to the workpiece deflec-
tion. The contact between the cutter tool and the work-
piece is important to be specified because it defines the 
chip formation process during the milling operation. 
The contact type between the cutting tool and the 
workpiece was defined using modified coulombs fric-
tion law. The friction coefficient between the cutter 
tool and the workpiece was assigned as 0.17. For 
meshing the workpiece geometry, hexahedral elements 
were used throughout the body to balance the accuracy 
of the simulation and computation time of the solution. 
The Higher mesh density with element size of 0.35 
mm was used near workpiece area which was to be 
machined. For meshing the cutter tool geometry, tetra-
hedral elements were used throughout the body. The 
flutes of the serrated endmills were finely meshed with 
the element size of 0.5 mm and the other regions of the 
tool were coarsely meshed. 

The boundary conditions used for the 
simulation is as shown in the Fig. 4.  

 
Fig. 4. Tool workpiece meshing and boundary 

conditions 
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The thin-walled component was fixed at the bottom 
face of the part (Ux=Uy=Uz=0), thus restricting all 
of the degrees of freedoms in that face. The cutting 
tool was provided with the translatory (Uy=47mm, 
Ux=0 and Uz=0) as well as rotary motion (θz=-
2600o, θx=0o, θy=0o) according to the machining 
parameters specified in Table 5. 

Table 5. Machining parameters considered for 
simulation 

Parameter Value Units 
Radial depth of cut 1 mm 
Axial depth of cut 23 mm 
Spindle speed 6000 RPM 
Feed rate 11.75 mm/s 
Milling type Up milling   

 

RESULTS AND DISCUSSIONS 
 

Effect of endmill geometrical parameters on thin 
wall deflection 

The thin wall deflection and stress distribu-
tion results obtained from each simulation is pre-
sented in the Table 6. The deflection at the free end 
of the thin-walled part was measured, since thin 
wall section is analogous to a cantilever system, for 
which maximum deflection occurs at the free end. 
The maximum and minimum deflection of 1.032 
mm and 0.72 mm was observed in the thin-walled 
part corresponding to 2 flutes, 300 helix angle, 
sinusoidal serration geometry endmill (Run no 1) 
and 4 flutes, 450 helix angle, median serration 
endmill (Run no 9) respectively. 

 
Table 6. Response table for thin wall deflection and stresses 

Run No. 
Parameters Responses 

No of Flutes Helix angle Serration Geometry Deflection (mm) Stress distribution (MPa) 
1 2 300 Sinusoidal 1.032 544.16 
2 2 350 Median 0.955 487.76 
3 2 450 Interrupted 0.831 517.5 
4 3 300 Median 0.816 538.16 
5 3 350 Interrupted 0.835 505.72 
6 3 450 Sinusoidal 0.859 542.36 
7 4 300 Interrupted 0.77 561.56 
8 4 350 Sinusoidal 0.812 541.38 
9 4 450 Median 0.72 541.63 

 
The maximum and minimum deflections 

observed in the thin-walled component is as shown 
in the Fig. 5(a) – (b). As the thin wall deflection 
increases, the un-machined area also increases lead-
ing to undesired surface errors. Also, the thickness 
is lower at the bottom and gradually increases 
towards the top in the machined area which is a 
form of surface error caused due to wall deflection. 

 
Fig. 5(a) – (b). Thin wall deflection results 

Fig. 6 shows the thin wall deflection at 
discrete points measured along the tool feed 
direction at top, middle and bottom portions of the 
thin wall. This deflection corresponds to 4 flute, 450 
helix angle, median serration geometry (Run no-9) 
and the trend remains similar for other conditions 
also. The maximum deflection was observed at the 
start and end of the thin wall because the thin wall 

is more rigid at the center than at the edges hence 
deflect more at the free ends due to the action of the 
cutting forces (Izamshah et al., 2013); (Li et al., 
2019). 

 
Fig. 6. Thin wall deflections along the length of 

the workpiece 

Fig. 7 shows the main effects plot for deflec-
tion of thin-walled component. As the number of 
flutes increases, the thin wall deflection decreases. 
The increase in the number of flutes leads to a 
decrease in engagement time between the cutting 
tooth and the workpiece. This in turn leads to a 
decrease in cutting forces induced on the workpiece 
due to a decrease in the chip load (Li et al., 2021). 
This reduction in the cutting forces leads to a 
decrease in the workpiece deflection. As the helix 
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angle increases, the thin wall deflection decreases. 
As the helix angle of end mill decreases, the cutting 
force increases which cause higher workpiece 
deflection due to chatter and reduction in tool-
workpiece engagement time. Hence an increase in 
helix angle leads to a decrease in thin wall deflec-
tion (Izamshah et al., 2013). Maximum thin wall 
deflection was observed for sinusoidal serrated 
endmill and minimum deflection for interrupted ser-
rated geometry end mill. The variation in the cutting 
forces becomes minimum with change in tool rota-
tion angle for Interrupted serration geometry when 
compared to that of sinusoidal or circular geometry. 
This results in reduction of workpiece deflection 
(Tehranizadeh and Budak, 2017). However, the 
number of flutes was the most influential factor 
effecting the thin wall deflection (Naveed Iqbal 
Ansari et al., 2021). 

 
Fig. 7. Main effects plot for thin wall deflection 

 
ANOVA for thin wall deflection 

ANOVA was carried out to determine the 
significance and percentage of the contribution of 
each factor towards the thin wall deflection. Table 
7 shows the results of ANOVA obtained for the 
thin wall deflection. 

Table 7. ANOVA for thin wall deflection 
Factor DoF Seq SS Contribution(%) Adj MS p-value Fcal F0.05 

Number of flutes 2 0.040982 66.19 0.020491 0.034 28.36 19 

Helix angles 2 0.008738 14.11 0.004369 0.142 6.03 19 

Serration geometry 2 0.010743 17.35 0.005372 0.119 7.41 19 

Error 2 0.00145 2.34  0.000725  

Total 8 0.061913 100  

 
The Number of flutes parameter had the 

largest percentage contribution of 66.2 % followed 
by Serration profile at 17.35 % and Helix angles at 
14.1 %. Since Fcal value for the number of flutes 
parameter was greater than the critical F-value (F0.05, 

2, 2) with 95 % confidence level, the number of flutes 
was the most significant parameter in this case. 

 
Effect of endmill geometrical parameters on stress 
distribution in the thin wall 

Table 6 shows the maximum stress in the thin 
wall obtained from the simulation. The maximum 
and minimum stresses of 561.56 MPa and 487.76 
MPa observed in the thin-walled part corresponded 
to 4 flutes, 300 helix angle, interrupted serration 
geometry endmill (Run no 7) and 2 flutes, 350 helix 
angle, median serration endmill (Run no 2) 
respectively and is as shown in the Fig. 8. The 
maximum stresses in the machined region were 
greater than the material yield strength because of 
plastic deformation in the region causing metal 
removal. 

 
Fig. 3(a) - (b). Stress distribution in the thin wall 

Fig. 9 shows the variation of von misses stress 
in the machined region of thin wall during the 
milling operation for simulation Run no 2 (2 flutes, 
30o helix angle, and median serration geometry) and 
the trend remains similar for other conditions also. 

 
Fig. 9. Stress variation in the thin-walled 

workpiece during machining 

It can be observed that at the start of 
machining, before the tool interacts with the 
workpiece, the stress is zero. As the machining 
begins and the cutter tool starts removing the 
workpiece material in the form of chips, the stresses 
in the workpiece increases and reaches maximum at 
the middle of the workpiece where workpiece offers 
large resistance to cutter tool due to high local 
stiffness of the thin wall (Joshi and G. Bolar., 2020). 
The stresses eventually decreases at the end of the 
machining and lower von- mises stresses could be 
observed at the end of 0.4 ms. 
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Fig. 10 shows the main effects plot for stress 
distribution in the thin wall. As the number of flutes 
increases, the stress in the thin wall increases. This 
result is in agreement with the results of jiang et al, 
that the residual stress increases with increase in the 
number of cutting teethes according to their 
proposed mathematical model (Joshi and G. Bolar., 
2021). The stresses in the thin wall initially 
decreased as the helix angle increased from 300 to 
350 but stresses increased for change in helix angle 
from 350 to 450. An increase in helix angle results in 
a significant decrease in the radial cutting force 
component and thus the resultant cutting force (Li 
et al 2021). These milling forces induce residual 
compressive and tensile stresses which decreases 
with a decrease in the cutting force (Tehranizadeh 
and Budak, 2017). Hence a decreasing trend was 
observed in the residual stresses with an increase in 
the helix angle. The stresses in the thin wall were 
observed to be minimum when median serration 
endmill was used and maximum when sinusoidal 
serration profile endmill was used. The results 
(Tehranizadeh, 2019), shows that for same cutting 
conditions, the maximum cutting forces in the 
trapezoidal serrated endmill was less than the forces 
observed using circular serration geometry. This 
reduction in the cutting forces results in the 
reduction in the stresses in the workpiece during and 
after machining. Similarly, we have observed lesser 

stresses in the median serration geometry compared 
to the sinusoidal serration geometry. The helix 
angle parameter was the most influential parameter 
contributing to stress distribution in the thin wall. 

 
Fig. 10. Main effects plot for stress distribution in 

the thin wall 

ANOVA for stress distribution in thin wall 
Table 8 shows the results of ANOVA 

obtained for the stress distribution in the thin wall. 
According to the ANOVA, the helix angle 
parameter has the largest percentage contribution of 
47.98 % followed by number of flutes at 37.33 % 
and serration profile at 14.6 %. The calculated F-
value (Fcal) for all the three parameters was greater 
than the critical F-value (F0.05, 2, 2) with 95 % 
confidence level, hence all three factors have a 
significant influence on the stress distribution in the 
thin wall. 

Table 8 ANOVA for Stress distribution in the thin wall 
Source DoF Seq SS Contribution (%) Adj MS p-value Fcal F0.05 

Number of flutes 2 1487.33 37.33 743.664 0.003 378.41 19 
Helix angle 2 1911.82 47.98 955.911 0.002 486.41 19 
Serration geometry 2 581.71 14.60 290.856 0.007 148 19 
Error 2 3.93 0.10  1.965  
Total 8 3984.79 100  

 
Grey relational analysis 

Grey relational analysis is an optimization 
technique based on grey system theory. This 
method is used to optimize the control factors 
having multiple responses by assigning certain 
grades (Girish et al. 2019). While Taguchi method 
is used to optimize the single response problems, 
GRA method is used for multi response optimiza-
tion (Jeyaprakash et al. 2020). The reduction in the 
deflection and stress in the thin wall induced during 
machining operations can lead to improved product 
quality in terms of reduction in surface form errors 
and improvement in the machining productivity due 
to decrease in the additional machining require-
ments. Hence it is desirable to have as minimum 
amount of deflection and stress in the thin-walled 
components during and post machining. Hence, 
“Smaller the better” was selected as the desirable 
quality characteristic for the performance parame-
ters such as deflection and stresses induced in the 
thin wall during the grey relational analysis. The nu-

merical results of the performance parameters were 
normalized using Equation (2) (Zuo et al. 2020). 

xi(k)′ = xi(k)−min xi(k)
maxxi(k)−min xi(k)

                            (2) 

Where 𝑥𝑥𝑖𝑖(𝑘𝑘)′  is the normalized data of 
tabulated SN ratios, 𝑥𝑥𝑖𝑖(𝑘𝑘) is the kth response of the ith 
experiment, max 𝑥𝑥𝑖𝑖 (𝑘𝑘)  is the largest value of 
𝑥𝑥𝑖𝑖(𝑘𝑘) for the kth response and min 𝑥𝑥𝑖𝑖 (𝑘𝑘)  is the 
smallest value of 𝑥𝑥𝑖𝑖(𝑘𝑘) for the kth response. The grey 
relational coefficient (GRC) was calculated for the 
normalized values using Equation (3) (Manjunatha C 
et.al 2020). 

ξi(k) = ∆min+𝑙𝑙∆max
∆(k)+𝑙𝑙∆max

                            (3) 
Where 𝜉𝜉𝑖𝑖(𝑘𝑘) is the grey relational coefficient 

for the ith experiment for the kth response, l is the 
resolution coefficient whose value is defined between 
the range 0 to 1 and in general, l=0.5. ∆(𝑘𝑘) =
|𝑥𝑥𝑜𝑜(𝑘𝑘) − 𝑥𝑥𝑖𝑖(𝑘𝑘)′| , ∆𝑚𝑚𝑚𝑚𝑚𝑚= 𝑚𝑚𝑚𝑚𝑥𝑥|𝑥𝑥𝑜𝑜(𝑘𝑘) − 𝑥𝑥𝑖𝑖(𝑘𝑘)′| , 
∆𝑚𝑚𝑖𝑖𝑛𝑛= 𝑚𝑚𝑚𝑚𝑚𝑚|𝑥𝑥𝑜𝑜(𝑘𝑘) − 𝑥𝑥𝑖𝑖(𝑘𝑘)′|, 𝑥𝑥𝑜𝑜(𝑘𝑘) is the reference 
sequence and 𝑥𝑥𝑖𝑖(𝑘𝑘) is the comparison sequence. 
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The grey relational grade (GRG) 𝜉𝜉𝚥𝚥�  is 
calculated using (Jena et.al 2019) the Equation (4). 
Table 9 predicts the grey relational coefficients and 
grey relational grades. 

ξȷ� = 1
k
∑ ξijm
i=1                         (4) 

Where 𝜉𝜉𝚥𝚥�   is the grey relational grade for the jth 

experiment. 
Grey relational analysis showed that 4 flutes, 

450 helix angle and median serration geometry were 
the optimal process parameters and resulted in grey 
relational grade of 0.703. 

Table 9. Grey relational coefficients and grey relational grade for the responses 
Run No. Normalized values Grey relational coefficient 

Grey relational 
grade Rank  Deflection 

(mm) 
Stress distribution 

(MPa) 
Deflection 

(mm) 
Stress distribution 

(MPa) 
1 0.000 0.236 0.333 0.395 0.364 9 
2 0.247 1.000 0.399 1.000 0.699 2 
3 0.644 0.597 0.584 0.554 0.569 4 
4 0.692 0.317 0.619 0.423 0.521 6 
5 0.631 0.757 0.576 0.673 0.624 3 
6 0.554 0.260 0.529 0.403 0.466 8 
7 0.840 0.000 0.757 0.333 0.545 5 
8 0.705 0.273 0.629 0.408 0.518 7 
9 1.000 0.270 1.000 0.407 0.703 1 

 
Table 10 shows the main effects of mean of grey 

relational grades for each level of factors. The optimal 
levels of process parameters were obtained at 4 flutes, 
350 helix angle and median serration geometry which 
corresponded to maximum grey relational grade at 
each column of Table 10. 

Table 10. Main effects of grey relational grades 
Level No of Flutes Helix angle Serration Geometry 
1 0.544 0.477 0.450 

2 0.537 0.614 0.641 
3 0.589 0.579 0.580 
Delta 0.052 0.137 0.192 
Rank 3 2 1 

 
Validation of the Simulation results  

The simulation results obtained for serrated 
end mills were compared with experimental data 
available in the open literature as shown in Table 11. 

Table 11. Validation of the Simulation results obtained for serrated end mills 
References End mill parameters Material Observations 

Majed Masmali, 
Philip Mathew 

The milling cutter is 10 mm in diameter, four fluted 
with a 30° helix angle and 50° helix angle, Cutting 
Conditions; speed: 50 m/min, feed: 0.04 mm/tooth, 
width: 0.50 mm, depth: 10 mm 

Al 6061 alloy 
and 0.2% C 
plain carbon 
steel 

The peak displacement of    
0.00783 mm was observed.  

Bolar, Gururaj 
Joshi, 
Shrikrishna 

The cutting tool used was ‘Flat end mill’. The 
diameters of the end mills was 8mm with 4 flutes 
and 45o helix angle. The machining condition were 
4500 r/min spindle speed, 0.1 mm/tooth feed, 1 mm 
radial depth of cut and 25 mm axial depth of cut. 

Aluminum alloy 
2024-T351 with 
thin wall 
thickness of 2.5 
mm. 

The maximum deflection of 0.13 
mm was observed in the ends of 
the thin wall and the maximum 
induced stress in the machined 
area was found to be 700 MPa.  

Lukic Dejan 

An 8 mm diameter end mill with 30o helix angle, 2 
flutes and with corner radius 0.6 mm was used for 
machining 70mm x 40 mm x 40 mm prismatic 
workpiece into thin wall of thicknesses of 0.5mm, 1 
mm and 1.5 mm. 

Aluminum alloy 
7075  

Maximum wall thickness 
deviation of 0.042 mm, 0.06mm 
and 0.066 mm were observed 
when the thin wall thickness 
changed from 0.5mm, 1mm and 
1.5 mm respectively. 

Huang et.al 

A three-fluted tungsten steel flat end-mill of 10 mm 
diameter and helix angle 45◦ was used to reduce the 
thin wall thickness from 2 mm to 0.8 mm with 1500 
r/min speed and 360 mm/min feed rate in wet 
condition. 

Aluminum alloy 
6061  

The maximum wall thickness 
error (wall deflection) is 0.1227 
mm.  

Present 
Research  

4 flutes, 45° helix angle and median serration 
geometry Tungsten carbide serrated endmill. 

Aluminium 
alloy 2024 

The maximum deflection 
observed in the thin wall was 
1.032 mm and stress distribution 
in the thin wall was 561.56 MPa. 

 
CONCLUSIONS 

 
The present paper aimed at analyzing defor-

mation and stresses induced during simulation of 

thin wall machining using serrated end mill tool. 
The maximum deflection was obtained when mini-
mum number of flutes, minimum helix angle and 
sinusoidal serration were adopted. Similarly, mini-
mum deflection was obtained at maximum number 
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of flutes, maximum helix angle and median serra-
tion geometry. The stresses in the thin wall got min-
imized when minimum number of flutes, intermedi-
ate helix angle, and median serration geometry were 
adopted. While the number of flutes significantly 
affected the thin wall deflection, the helix angle 
significantly influenced the failure stresses. Accord-
ing to grey relational analysis, the thin wall deflec-
tion and stresses could be simultaneously mini-
mized when maximum number of flutes, intermedi-
ate helix angle and median serration geometry was 
adopted. 
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