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Abstract. Ti6Al4V is one of material that difficult to be machined, and the machining process
on thin-walled is also a challenge by the manufacturer. In order to avoid error in thin-walled
machining, the FEM simulation using DEFORM-3D is conducted to acquire characteristic
along the thin-wall. Dynamic deformation will be presented as stability of thin-wall, which is
depicted in movement of the point tracking. As validation in this investigation, the experiment
was conducted with 42-degree helical end-mill, which is connected to dynamometer that is
obtained the cutting force value. The results showed that the FEM-simulation is failed to
approach the experimental results. Some of the suspected reasons are the occurred
unpredictable vibration, too small depth of cut.

1. Introduction

Titanium application is most significant in jet engine and airframe components, and for other critical
structural parts, these components have the characteristics of a thin-wall monolithic part [1][2].
Aircraft components shaped thin wall such as flap track, pylon, components, spars/skins/ribs/frames,
main landing gear beam. Thin wall machining is generally defined as the machining of the thin wall
using a specific height to depth ratio (approx. 15:1) and wall thickness (approx. 3-5 mm). The
definition of thin wall component is based on dimensional accuracy. A thin wall component is where
elastic deformation of the wall is larger than or equal to the allowed tolerance requirement and can be
written as; 8 > T, where 0 is the elastic deformation of the wall and T is the allowed machining
tolerance. The study of resulting surface errors when machining a thin-wall monolithic component is
crucial to increase the part accuracy and productivity [3].

The surface quality and homogeneity microstructure are difficult to be achieved from the additive
manufacture process caused invisible defect inside thin-walled such as porosity, inclusion, and unmelt
powder. However, the machining process of thin-walled Ti6Al4V not as easy as thought, low thermal
conductivity lead the tool-chip sticking in cutting tool [5,6] and low modulus elasticity affected in
lobes stability that made tool jumps out from cutting zone caused by self-excited vibration (chatter)
[6,7].

A considerable in cutting process parameters such as helical angle, feed rate, depth cut and cutting
speed, even adding an object (layer) as a damper [8,9] or clamped has been conducted to aims reduced
errors in machining [10—12]. The evaluation to change from the experiment (physical modelling) by
machining into simulation modelling analysis has been conducted in several investigations; this aims
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to reduce cost by trial and error [13—16]. The forecasting uses finite element modelling (FEM)
simulation is the flexible observation until it has obtained the optimum parameter.

In previous studies, the milling process has been conducted in one revolution or less used
DEFORM-3D software, where the cutting tool movement in the rotation without translation movement
(feed rate) [17-19]. The milling process along of thin-wall has been conducted in other studies, where
the result just been taken on many time from cutting start that is aims to predict cutting force or
temperature effect [2,20]. However, the stability machining process along thin-walled has to be
considered, which represents a comparison machining process with another machining process.

In define stability of the thin-walled, several studies about dynamic deformation has been
conducted with several methods from analytic and experimental, i.e. FRF analytic prediction, sound
measurement [21], laser displacement sensor [22], PVDF thin-film sensor [23]. In this paper, the
dynamic point deformation will be presented as an alternative in analytic stability of thin-walled with
FEM simulation using DEFORM-3D software. The point tracking is placed along thin-wall that is
depicted with the dynamic point movement during machining process, where the tight accuracy of the
point and times interval can be assigned according in demand analysis.

2. Research Methodology

2.1. Experimental setup

Experimental setup (physical modelling) aims to validate the FEM-Simulation result, where the
experiment of thin-walled Ti6A14V used CNC MAHO DMC 835 V and the magnitude of cutting

force Fy, Fy and F; was achieved from a dynamometer Kistler type 9625B, which was connected to
amplifier Kistler type 5019 that transferred to a computer, as shown in Figure 1 (A).
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Figure 1. (A) Experimental setup end-milling of thin-walled Ti6Al4V; (B) Geometry of thin-
walled

The cutting process used the uncoated helical end-mill tool Carbide WC-Co (SECO-HPMT) with
42-degree helix angle, 4 flutes and diameter of 10 mm. The thin-walled (workpiece) used titanium
alloy Ti6Al4V grade 5 (equivalent to ASTM 381) with geometry as shown in Figure 1 (B).

2.2. FEM-Simulation setup
Before conducting FEM-Simulation, the tool used in the experiment was redrawn according to the
geometry delivered in a tool catalogue using CAD software SolidWorks. The result of SolidWorks is
formatted in STL file format extension. After this process, the redrawn end-mill must be converted to
KEY file format extension, to be compatible to FEM-Simulation software DEFORM-3D.

The milling simulation was applied in DEFORM-2D/3D Pre-Processor, where the limitation
features on 3D-Cutting Pre-Processor in input the machining simulation parameter. The object is
imported then assign type as elasto-plastic (thin-walled) and rigid (end-mill), then the end-mill cutting

set as a primary die. Material selection was obtained from the software library, thin-walled used
Ti6Al4V-machiningSFTC and end-mill used WC.
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In this study, the deformation in the machining process is to be analysed along thin-walled.
Furthermore, the depth of cutting in axial 7.07 mm and radial 0.32 mm have been set using object
positioning which regulates the tool and workpiece position. The uncoated tool under MQL
usin
coconut oil are used for heat transfer control in the simulation parameters, the temperature at ~ 25°Gs

assigned to environment and tools then the convection coefficient coconut oil at cutting speed 100
m/min in value 0.9254 N/sec/mm/C [24]

The magnitude mesh element and element size affected into simulation result, the meshing is used
tetrahedral mesh type with relative element magnitude in value 300.000 elements with size ratio 10 on
the thin-walled, and the mesh was controlled into cutting surface area for refining element size with
value 0.01 size ratio in element outside windows, as shown in Figure 2 (A). On the weighting factor
parameter, the value strain and strain rate distribution set on value 0.5 respectively, then for other
parameters set on zero value. The lousy element shape and plastic deformation on simulation made the
process to be aborted caused the element has to be distorted, which led to negative Jacobian. On
DEFORM-3D, the distortion element is replaced into new element used remeshing element method
with the local element re-mesh method on the relative interference depth value 0.001.

Fixed condition (ux, uy, uz)

Figure 2. (A) Boundary and mesh condition simulation in thin-walled;
(B) Element size measurement

The absolute mesh is better than the relative mesh element control size, but the limitation the
DEFORM-3D software provide element above 500.000 elements made the thin-walled element size
cannot reach with estimation size as shown in Figure 2 (B), and therefore the remeshing method is
used to help this problem.

The object movement was assigned into end-mill with translation and rotational movement.
Otherwise, thin-wall made as a fixed condition on the bottom surface of thin-walled. The speed type
was chosen with a constant value in 33.546 mm/sec for end-mill translation movement (feed rate) and
the rotation movement with constant angular velocity in value 3184.713 rpm.

Simulation control regulated the main simulation parameters. The Lagrangian incremental
formulation type was assigned in this process, where the plastic deformation in machining made
element distortion, and this element will be regenerated (re-mesh). Furthermore, the step magnitude
has to be calculated by considering several factors such as element size, feed/tooth, and length of thin-
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walled. In this study, the element size is obtained from half value of feed/tooth in value 0.158
mm/tooth, which is estimated the element size is 0.075 mm.

In DEFORM-3D simulation, the time and distance magnitude per step are set manually as a
domain. In the simulation process, theses step value changed automatically according to the magnitude
of the element contact between end-mill and thin-walled. The calculation of step increment aims to
predict the magnitude step along thin-walled, the improper calculation of step increment made the
machining process stopped in undesired condition [25]. After the step incremental size is obtained,
then the magnitude of step prediction along thin-wall is also obtained by calculating the length of the
milling process, where cutting length is set 110 mm and cutting time 3.279 second then the magnitude
step is predicted about 300 steps in one revolution/second. The time 0.01884 second is achieved for
one revolution, which this value will be divided with 300 step and obtained 6.28¢-05 second/step.

The iteration solver used Sparse and Newton-Raphson iteration method as default deformation
simulation control. The maximum iterations are set to the value 200 iterations per deformation step.
The contact condition relation between master (tools) and slave (workpieces) are set in inter-object
parameter, where the Coulomb friction set at value 0.2 in according several investigation contact
Ti6Al4V with WC in lubricant process [26]. However, several value has been used in other
investigation in defined heat transfer interface value between Ti6Al4V and WC with value 1000
kW/m* K [27], 2000 kW/m*>K [28], 10 kW/m>.C [29] and 83 N/sec/mm/C [30], the improper in
defined heat transfer coefficient value because the contact between solid component is not convection,
it is actually conduction unit. In DEFORM-3D software manuals book has been explained for the
condition without convection, it can be entered value 0.004(English) or 11(SI).

Step -1 ‘

Figure 3. Point tracking displacement calculation along thin-walled Ti6Al4V

The prediction force value from simulation with experiment from many investigations has been
explained from other studies. In this study tried to compare flow stress methods used tabular data
format Ti6Al4V-machiningSFTC from material library with the parameter from the Johnson-Cook
flow stress, which is expressed by equation 1.
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Where yield strength parameter denoted as A , the hardening modulus B , the strain rate sensitivity
coefficient C , the hardening coefficient N , the thermal softening coefficient M , equivalent straine ,
strain rate &, reference strain rate & , and T, TR ,TM is denoted as temperature of operation, room,
and melting respectively. Furthermore, the value of the Johnson-Cook has been obtained and validated
by two investigation that recommended the parameter value as shown in Table 1 [31,32].

Table 1.The recommended parameter of Johnson-Cook flow stress prediction by other

investigations

Set A (MPa) B (MPa) C n m

1[33] 968 380 0.0197 0.421 0.577 0.1
2 [34] 997.9 653.1 0.0198 0.45 0.7 1

The contrary prediction value between two parameters set in Table 1 that was used by other studies.
The different value will be obtained in same parameter if the step magnitude and element size are
assigned not correctly.

In DEFORM-2D/3D post processor, the cutting force resulted from simulation will be obtained and
compared with experimental value as validation. The deflection value along thin-walled is obtained
from point tracking by converting step domain into length domain. The point tracking is placed along
thin-walled according to the accuracy in data measuring. The point tracking set with 101 points (P1,
P2... P101) along 100 mm in thin-walled, where the range point accuracy is obtained until 1 mm as
shown in Figure 3. This analysis aims to determine the dominant effect between the force or lobes
stability in the contribution of the deflection effect.

3. Result and discussion
The simulation thin-walled using DEFORM-3D software is difficult due to the comparison of the size
of thin-walled with feed and depth cut size that made the significant ratio in element size. Generally,
several investigations used small component (workpiece) in DEFORM-3D simulation and single
movement (translation or rotation), where the chip formation is generated easier. The unpredicted chip
formation in this study, where the simulation used the relative remesh element size and complex
geometry of the helical end-mill.

In addition, several parameters must to be set in DEFORM-2D/3D Pre-Processor, where the value
0 of FUTHER IMPROVE_CONTACT ELEMENT in LOCAL REMESH.DAT file is set to 1. The
file STRAIN RATE DST.DAT and STRAIN DST.DAT must be created manually that will be
placed in folder directory. The elasto-plastic and dynamic displacement of thin-walled made the
process stopped in improper step during simulation process. The problem is caused remeshing process
cannot encounter in element contact or smaller time step is required. To solve this problem, the
fracture condition of Cockcroft -Latham (C-L) parameter is set to value 0.6 [35], but the disadvantage
of this parameter cannot generate chip formation then the C-L fracture condition was set to value 0,
which chip formation able to be generated

Figure 4. Chip formation in local relative remesh and element size quality
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As described in Figure 2 (B), chip formation is able to be generated if the element size smaller than
feeding value. In Figure 4, relative remesh has been generated element size until 0.09 mm, which
smaller than initial element size. The simulation in investigation of Ti6Al4V thin-walled used

DEFORM-3D software focus in dynamic deformation response along thin-walled. The result
discussion is limited in the x-axis parameter.

Cutting force in x-axis
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Figure 5. The comparison cutting force in x-axis between experimental and
simulation using default material Ti6 Al4V-machiningSFTC

Depicted in Figure 5, the result of the force between experimental with simulation was taken from

time tool contact the workpiece. The fluctuation of result in simulation caused several factors, which
the distinction of the time range.
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Figure 6. The comparison cutting force in x-axis between experimental and
simulation using Johnson-Cook, (A) Setl parameter value; (B) Set 2 parameter
value.

From result of cutting force, the Johnson-Cook in parameter set 2 showed more significant result
with experiment result. This result as a validation to continue the calculation in dynamic displacement
along thin-wall, but this value not able to be used as prediction because the value is further from the
expectation result. However, this study tried to giving a new approach in dynamic displacement of
thin-walled, then this value is used as the result of dynamic displacement that is shown in Figure 7.
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Figure 7. Dynamic displacement result along thin-wall used 1- 101
points tracking in x-axis

The dynamic displacement value from points tracking showed the undesired condition, the
displacement value is further from the cutting tolerance. The fluctuation displacement is caused elasto-
plastic behaviour ofs thin-walled, the negative value of displacement is caused by cutting force and
positive value displacement of point tracking is caused by self-excited force, which is direction toward
to cutting edge.

4. Conclusion

It has been proven that the finite element simulation resulted is further accuracy compare to the
experimental result. The force result as a prediction to validate the deflection value, where the method
can be used as a reference in the further study of thin-walled deflection with several parameters. The
preliminary study of point tracking in dynamic deformation measurements using DEFORM-3D, where
the simulation can predict the quality surface roughness and error in the machining process. In order to
requisite on the optimisation of the machining process for reduce production cost caused by trial and
erTor.

References

[11 Kappmeyer G, Hubig C, Hardy M, Witty M and Busch M 2012 Modern machining of advanced
aerospace alloys-Enabler for quality and performance Procedia CIRP 1 28—43

[2]  ChengY, Zuo D, Wu M, Feng X and Zhang Y 2015 Study on simulation of machining
deformation and experiments for thin-walled parts of titanium alloy /nt. J. Control Autom. 8
401-10

[3] Izamshah R A 2011 Hybrid Deflection Prediction for Machining Thin-Wall Titanium Alloy
Aerospace Component

[4]  Safari H, Sharif S, Izman S, Jafari H and Kurniawan D 2014 Cutting force and surface
roughness characterization in cryogenic high-speed end milling of Ti-6Al-4V ELI Mater.
Manuf. Process. 29 350—6



2nd Forum in Research, Science, and Technology 10P Publishing

I0OP Conf. Series: Journal of Physics: Conf. Series 1167 (2019) 012002 d0i:10.1088/1742-6596/1167/1/012002

[5]

(6]
[7]
(8]

[10]

[11]

[12]

[13]
[14]

[15]

[16]

[17]

(18]
[19]

[20]

Mohruni A S, Yanis M, Sharif S, Yani I, Yuliwati E, Ismail A F and Shayfull Z 2017 A
Comparison RSM and ANN Surface Roughness Models in Thin-WallMachining of Ti6Al4V
using Vegetable Oils underMQL-Condition AIP Conf- Proc. 1885 1-10
Altintas Y, Stepan G, Merdol D and Dombovari Z 2008 Chatter stability of milling in frequency
and discrete time domain CIRP J. Manuf. Sci. Technol. 1 35-44
Ding S L, Izamshah R AR, Mo J P T, Zhu Y W, Izamshah R.A. R, Mo J P T and Zhu Y W
2010 Chatter detection in high speed machining of titanium alloys vol 458

Shi J, Song Q, Liu Z and Wan Y 2017 Formulating a numerically low-cost method of a
constrained layer damper for vibration suppression in thin-walled component milling and
experimental validation Int. J. Mech. Sci. 128-129 294-311

Wan M, Dang X Bin, Zhang W H and Yang Y 2018 Optimization and improvement of stable
processing condition by attaching additional masses for milling of thin-walled workpiece Mech.
Syst. Signal Process. 103 196-215
Delport L D, Conradie P J T and Oosthuizen G A 2017 Suitable Clamping Method for Milling
of Thin-walled Ti6Al4V Components Procedia Manuf. 8 338—44

Moradi H, Vossoughi G, Behzad M and Movahhedy M R 2015 Vibration absorber design to
suppress regenerative chatter in nonlinear milling process: Application for machining of
cantilever plates Appl. Math. Model. 39 600-20

Kolluru K, Axinte D and Becker A 2013 CIRP Annals - Manufacturing Technology A solution
for minimising vibrations in milling of thin walled casings by applying dampers to workpiece
surface CIRP Ann. - Manuf. Technol. 62 415-8
Pratap T, Patra K and Dyakonov A A 2015 Modeling cutting force in micro-milling of Ti-6Al-
4V titanium alloy Procedia Engineering vol 129 pp 134-9
Izamshah R.A. R, Mo J P T and Ding S L 2010 Finite Element Analysis of Machining Thin-
Wall Parts Key Eng. Mater. 458 2838

Chen T T, Rong B, Yang Y F, Zhao W, Li L and He N 2014 FEM-Based Prediction and
Control of Milling Deformation for a Thin-Wall Web of Ti-6Al-4V Alloy Mater. Sci. Forum
800-801 368-73
Zhang X, Yu T, Wang W and Ehmann K F 2016 Three-dimensional process stability prediction
of thin-walled workpiece in milling operation Mach. Sci. Technol. 20 40624

Thepsonthi T and Ozel T 2015 3-D finite element process simulation of micro-end milling Ti-
6Al-4V titanium alloy: Experimental validations on chip flow and tool wear J. Mater. Process.
Technol. 221 12845
Pittala G M and Monno M 2010 3D finite element modeling of face milling of continuous chip
material Int. J. Adv. Manuf. Technol. 47 543-55
Wang ZL, HuY J and Zhu D 2013 DEFORM-3D Based on Machining Simulation during
Metal Milling Key Eng. Mater. 579-580 197-201

Tang De Wen, Zhao Ruilan, Lv Xi Jian L J 2016 Simulation Study of Milling Force and
Milling Temperature for Speed Milling Thin-Wall SKD11 Hardened Steel Part Proc. 5th Int.
Conf. Meas. Instrum. Autom. (ICMIA 2016), Shenzhen, China, Sept. 17-18, 2016 19-25
SHIJ, SONG Q, LIU Z and AI X 2017 A novel stability prediction approach for thin-walled
component milling considering material removing process Chinese J. Aeronaut. 30 1789-98
Wang J, Ibaraki S and Matsubara A 2017 A cutting sequence optimization algorithm to reduce
the workpiece deformation in thin-wall machining Precis. Eng. 50 506—14
Luo M, Liu D and Luo H 2016 Real-time deflection monitoring for milling of a thin-walled
workpiece by using PVDF thin-film sensors with a cantilevered beam as a case study Sensors
(Switzerland) 16
G K MR A O, Padmini R and S V K Performance evaluation of eco-friendly nanofluids in
machining 221-9
Fluhrer J 2014 Deform 3D user’s manual version 11.0 (Colombus: Scientific Forming
Technologies Corporation)



2nd Forum in Research, Science, and Technology 10P Publishing

I0OP Conf. Series: Journal of Physics: Conf. Series 1167 (2019) 012002 d0i:10.1088/1742-6596/1167/1/012002

[30]
[31]

[32]

Yang Y, Zhang C, Wang Y, Dai Y and Luo J 2016 Friction and wear performance of titanium
alloy against tungsten carbide lubricated with phosphate ester 7ribol. Int. 95 27-34

Pawar A 2018 Experimental Investigation of Heat Transfer in Titanium Alloy Ti-6Al-4V during
Turning for Different Machining Conditions 41-51

Rui T, Li H, Qi Z and Bo Z 2014 Cutting Properties Analysis of Titanium Alloy ( Ti-6A1-4V )
Base on Cryogenic Cooling Open Mater. Sci. J. 8 122—6

NIKAWA M, MORI H, KITAGAWA Y and OKADA M 2016 FEM simulation for orthogonal
cutting of Titanium-alloy considering ductile fracture to Johnson-Cook model Mech. Eng. J. 3
15-00536-15-00536

Anne V G 2015 IMECE2013-62868 FINITE ELEMENT SIMULATION OF CUTTING
FORCES IN TURNING Ti6Al4V USING 1-7

M. Nagaraj, C. Ezilarasan A J P K & A V 2018 A Review of Machining Characteristics in
Mechanical Drilling of Super Alloys Int. J. Mech. Prod. Eng. Res. Dev. 8 579-88

Ducobu F, Riviére-Lorphevre E and Filippi E 2017 On the importance of the choice of the
parameters of the Johnson-Cook constitutive model and their influence on the results of a
Ti6Al4V orthogonal cutting model Int. J. Mech. Sci. 122 143-55

Li L and He N 2006 A FEA study on mechanisms of saw-tooth chip deformation in high speed
cutting of Ti-6-Al-4V alloy Proc. Fifth Int. Conf. High Speed Mach. 759-67

Seo S, Min O and Yang H 2005 Constitutive equation for Ti-6Al-4V at high temperatures
measured using the SHPB technique Int. J. Impact Eng. 31 735-54

Pervaiz S 2015 NUMERICAL AND EXPERIMENTAL INVESTIGATIONS OF THE
MACHINABILITY OF Ti6Al4V (KTH Royal Institute of Technology)



