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Abstract. The article presents the results of the dynamics simulation and analysis for five-axis
milling, considering changing angles between the tool axis and the surface normal. The 3D
structural dynamics model of the milling process is described based on the finite element tool
and a workpiece dynamics model. Cutting forces in three directions Px, Py and Pz for different
values of the tool angle are compared. Numerical simulation results enable identification of the
optimal tool's position for increasing free-form surface milling performance (chip formation,
tool reliability tool, etc.).

1. Introduction

Currently, CNC production centers are widely used in machine building for machining complex parts
used in aerospace, automobile, and shipbuilding industries. To ensure maximum flexibility of the tool
of the workpiece, five-axis milling tools are used. Modern CNC centers help to orient the tool and the
workpiece to the surface normal at a contact point at any angle.

One of the key indices characterizing workpiece machining with CNC units is forming
performance which is calculated as a workpiece surface area value formed per unit time. The value
characterizes the intensity rate of a tool impact on the workpiece and assesses the intensity rate of the
forming system of the CNC center [1].

Mean forming performance is calculated by formula [1]:

_F
Pm. = T @

whereF — area of the nominal workpiece surface;
t — forming time for the nominal workpiece surface.

Instant forming performance determines performance at a current moment of time and is calculated

by formula [2]:
dF
P= at (2)

To achieve maximum performance of complex surface forming with regard to the requirements for

the surface quality determined by the constant value of the residual ridge between adjacent lines of the
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tool movement path, it is necessary to ensure its minimum length, setting a maximum line width
formed with a spherical cylindrical tool.

In [3], it was proven that at each point of the surface, there is a tool movement direction vector by
which a maximum path width can be achieved. An instant forming performance can be calculated by
formula:

P= Slw, 3)
where S — longitudinal feed;
w — path line width measured in a direction transverse to the longitudinal feed.

The method allows selection of optimal forming strategies when machining workpieces using
three-axis tools with a maximum path line width.

As distinct from the end three-axis milling, the five-axis one suggests orientation of the tool at any
angle to axis OZ. Describing finish five-axis milling of complex surfaces, one can prove that at a
constant cut depth, an increase in an angle between a tool axis and a surface normal increases a tool
path line width. Forming performance also increases. However, at a large angle value, the cutting
torque and the bending moment acting upon the tool increase.

Preliminary analysis allows us to make the following conclusions: five-axis finish milling
performance for complex workpieces can be achieved by dividing the finished surface into local areas
depending on curvature values and optimal machining strategies maximizing a path line width and
ensuring a constant residual ridge value. Figure 1 shows the algorithm for choosing an optimal
finishing strategy for each area of the complex surface.
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Figure 1. Algorithm for choosing an optimal strategy for five-axis milling

To determine a critical tool angle to the surface normal when it preserves all functional
characteristics (tool life and strength), milling dynamics simulation can be used. Currently, there are
different cutting simulation methods. But the method of finite elements is widely used. There are
different specialized and universal software tools for finite element analysis such as DEFORM,
ADVENTEDGE, ABAQUS, LSDYNA, ANSYS, AUTODYN and others. Abaqus/CAE was used as a
key one. Abaqus/CAE solves tasks taking into account different non-linear effects and carries out
static and dynamic analysis as a part of the unified approach combining advantages of explicit and
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implicit finite element analysis. Flexibility and use of traditional numerical calculation methods are its
advantage [4].
2. Abagus/CAE simulation
2.1 Tool — workpiece models:
A 3D milling dynamics model includes 3D tool-workpiece models. An end spherical cylindrical

mill of 5 mm in diameter made of rapid steel R9 was used. The workpiece is a plate of 200x100x20
mm in size made of aluminum alloy D1§Figure 2).

A

Figure 2. 3D tool-workpiece models
To set mechanical properties of the tool and workpiece materidbagus/Explicit, Johnson-

Cook models are used for milling (chip-type machining). Tool and workpiece material parameters are
shown in Table 1.

Table 1. Mechanical properties of tool and workpiece materials

Steel R9 Aluminum alloy D16T

Density (kg/m) 8300 2770
Young’s modulus (Pa) 2.1x10* 7.2x10°
Poisson’s ratio 0.3 0.33
Malleability based on Johnson-
Cook’s parameters:

A (Pa) 3750x16 3241x16

B (Pa) 5520x10 1138x10

n 0.457 0.42
Johnson-Cook Damage:

D1 0.25 -0.77

D2 4.38 1.45

D3 2.68 -0.47

Reference deformation 1 1
velocity

2.2 Setting of contacts:

When simulating material removal in Abaqussuaface-to-surface contact can be used. The driving
surface is a surface of all tools, and the driven surface is a workpiece surface (Figure 3). Friction
coefficient equals 0.35.
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4= Edit Interaction X
Name: Int-1

Type:  Surface-to-surface contact (Explicit)

Step:  Step-1 (Dynamic, Explicit)

§ First surface: m_Surf-1 [y

f Second surface: s Set-1 [y

Mechanical constraint formulation: | Kinematic contact method M

Sliding formulation: @ Finite sliding O Small sliding
Clearance

Note: Clearance can only be used with small sliding in the first analysis step.

Contact interaction property: | IntProp-1 g8

Weighting factor @) Use analysis default O Specify

Contact controls: | (Default) M

OK Cancel

Figure 3. Setting of a contact between the tool and the workpiece

Abaqus cannot set velocities for movement around themselves for deformed bodies, so to set a tool
rotating velocity in aContact constraints module, Coupling as a link typewas used.For this
purposejet us link all tool surfaces to a virtual point lying on a tool axis line. The virtual point is a
control point (Figure 4).

4= Edit Constraint X
Name: Constraint-1
Type: Coupling
§ Control points: m_Set-2 Iy
f surface s Surf-2 [y
Coupling type: ® Kinematic
O Continuum distributing
(O Structural distributing
Constrained degrees of freedom:
Mutr Uz Mu3 4 UrRl B UR2 [ UR3 . .
Virtual point
Influence radius: @) To outermost point on the region
O Specify:
[ Adjust control points to lie on surface
CSYS (Global) [3 A

oK Cancel

Figure 4. Creation of the module Coupling

Through that link, the tool can rotate around the axes going through the virtual point and parallel to
the coordinate axes.
2.3 Mesh formation:
For more precise calculations, it is necessary to choose certain elements. For the chip removal, let us
choose 8-noded hexa-hedral elements of the first order C3D8R; for the complex model such as a tool,
let us choose 10-noded tetrahedra C3¥10

3. Calculation analysis

Simulation results for end spherical cylindrical milling were obtained at a cut depth of 0,3 mm. The
position of the tool axis to the workpiece is determined as angléhe surface normal measured in a
plane perpendicular to a cutting direction vector. The initial position and position during milling are
shown in Figures 5 and 6 at angtes)® anda=30°. In Abaqus, the cutting force is determined by
maximum values of a response acting on the tool in projection onto three ax@¥ et 0Z
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Figure5. Initial positions of the tool and the workpiece at different angles «
a) a=0" b) a=30° c) o= 60°

LLd

a) b) c)
Figure 6. Positions of the tool and the workpiece during milling at different angles o
a) a=0" b) a=30° c)o=60°
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Figure 7. Time dependency of the cutting force Fx projection at different tool angles



MEACS 2017 IOP Publishing
IOP Conlf. Series: Materials Science and Engineering 327 (2018) 022083 doi:10.1088/1757-899X/327/2/022083

25

]
o

=
wn
|
|

Force Fy (N)
=
o
L

5
0 -
0,0E+0 5,0E-5 1,0E-4 1,5E-4 2,0E-4 2,5E-4
Time (sec)
— =00 — =300 a=600

Figure 8. Time dependency of the cutting force Fy projection at different tool angles
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Figure 9. Time dependency of the cutting force Fz projection at different tool angles

Figures 7, 8, 9 show time dependencies of projections of cutting fex¢cés, Fzat different tool
angles. As can be seen, before the tool contacts the workpiece, cutting force projections equal 0. When
the tool contacts the workpiece, the contact area of the mill tooth edge and the workpiece changes with
regard to the tool rotating around itself. In steady-state, cyclic changes of cutting force projections
occur.

When comparing Fx, Fgnd Fzat different tool angles,@ne can see that increase in angles causes
increase in cutting force projections. At30°, maximum values in Oand Oydirections increase 1.3-

fold, and in Odirection, they change slightly. AEc60°, Fxand Fyincrease twofold, and Fz1.3-
fold.

4. Chip removal performance analysis

Finish milling performance depends on a line width of the tool movement path and a chip volume
removed per unit time. At the same residual ridge height, these parameters, determining the
performance, depend on the angle of a spherical cylindrical cutting tool. To increase a line width

formed on the workpiece as a tool movement mark, angkes to achieve a value at which point C is
above point B (Figure 10).

The following condition should be met:

t>h 4)

wherel - cutting depth

h- height determining the position of point B to the formed surface.
Formula 4 implies that:
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t>R-0D
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Figure 10. Determination of the increasing
condition for a line width of the tool movement
path

Mean removal performance can be used as chip removal performance:

pcz\%, (6)

whereVc — chip volume removed in t
In this case, the volume element is a product of the line cross-section area and its length in a cutting
direction. Figure 11 shows a scheme of the mark when changing a tool angle.

03

1.43 ‘

Figure 11. Formation of the mark of the spherical cylindrical mill of 2 mm
in diameter att = 0.3 mm

When (4) is met, the area of cross section of the line increases by an additional shaded area in
Figure 12.
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* * . Figure 12. Determination of the cross section
area of the tool path line

For further calculations, the authors used a spherical cylindrical mill of 2 mm in diameter.
Operating finishing parameters were selected by standards and are shown in Table 2.

Table 2. Operating finish milling parameters

Spindle RPM  Tool approach rate  Work feed Cutting
Mill n, Vs, S depth,
min™* mm/min mm/min mm

Spherical cylindrical mill

of 2 mm in diameter 1600 9 7 0.3

At 30°, t = 0.3 mm,h = (1 — sin38) = 0.5 mm. It means that (4) is not met so the line width does
not change. At 60the width increases. Autodesk AutoCAD was used to determine the cross-section
area for the tool mark line. Calculation results are shown in Table 2.

Table 3. Geometrics of the tool movement path line

Tool angle Line widthrim) Line cross-section arem(rf)
o° 1.43 0.3
30° 1.43 0.3
60° 1.5 0.34

Thus, when increasing a tool angle, the tool movement path line width also increases and forming
performance improves. An increase in cutting velocity causes increase in stock removal velocity.

5. Conclusion
Finish milling simulation allows us to conclude that:

- the value of an angle between the tool axis and surface normal in the contact area acts upon the
cutting force;

- mathematical simulation of strengths in the tool when machining complex surfaces helps
determine an optimal position of the tool to the workpiece for five-axis milling and avoid tool
destruction;

- when the angle is 80forming performance can be increased 1.05-fold, and chip removal
performance — 1.13-fold.
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