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Abstract 
Components processed by conventional micro-milling often cannot achieve the performance requirements especially for hard and 
brittle materials. Vibration assisted machining (VAM) can significantly reduce the cutting force, enhance the surface integrity and 
extend the tool life. This paper is focused on the tool-workpiece separation mechanism of vibration assisted micro milling (VAMM) 
through cutting simulation. Firstly, a finite element (FE) model of VAMM of hardened steel is established in ABAQUS. Secondly, three 
typical tool-workpiece separation types in VAMM are observed and discussed based on the simulation results. Finally, the cutting 
force and stress distribution are compared between the VAMM and conventional micro milling. 
 
Vibration assisted machining, micro milling, finite element model, cutting simulation      

 

1. Introduction  

High-accuracy micro components or microstructures are 
increasingly in demand for various industries, such as biomedical 
engineering, MEMS, electro-optics, aerospace and 
communications [1]. In addition to tight tolerances and high 
quality surface finishes, many applications require the use of 
hard and brittle materials such as optical glass and technical 
ceramics, owing to their superior physical, mechanical, optical, 
or electronic properties. For example, brain implants for 
neurosurgery are made of semiconductor materials (silicon, 
gallium nitride, silicon carbide), some bio-sensors are made of 
piezoelectric materials (PZT, aluminum nitride, lithium niobate), 
some microfluidic devices are made of quartz glass and silicon, 
etc. Therefore, there is a demand to manufacture precision 
products made from such materials. Previously, non-
conventional machining methods such as EDM, ECM, laser 
machining, ion beam machining and electro-beam machining, 
are adopted to machine hard and brittle materials. However, 
those machining methods have significant drawbacks on 
machining such materials, including low processing efficiency, 
high cost, and high environmental requirements. Therefore, 
milling process, is believed to be the most versatile machining 
process and is capable of generating a wide variety of complex 
components and structures from micro to macro scale due to its 
high precision and surface finish, and simple set-up. 

To make use of the advantages of mechanical milling 
abovementioned in processing hard materials, applying 
vibration assistance to milling process has become an effective 
solution. Vibration assisted machining (VAM) can significantly 
reduce the cutting force, enhance the surface integrity and 
extend the tool life. Appropriate tool-workpiece separation 
pattern is the key to the success of VAM. Due to the complexity 
of milling kinematics, tool-workpiece separation in vibration 
assisted micro milling (VAMM) is more complicated than that in 
vibration assisted turning. In this paper, the tool-workpiece 
separation is investigated, and three separate types are 
observed. Furthermore, cutting force and stress distribution are 
compared between the VAMM and conventional micro milling 
(CMM). 

2. Tool-workpiece separation in VAMM     

Due to the difficulties in measuring tool-workpiece separation 
experimentally, a finite element (FE) model was established 
using the commercial package, Abaqus/Explicit, to investigate 
the separation, as shown in Fig.1. AISI 1045 steel was chosen as 
the workpiece material due to its popularity in plastic injection 
moulding industry. The nonlinear temperature and strain rate 
sensitive Johnson-Cook (JC) material model was used to describe 
the workpiece material behaviour.  

 
Figure 1. FE model of VAMM 

The primary equation of the JC model describes the flow stress 
as: 

𝜎𝑦 = [𝐴 + 𝐵(𝜀𝑝)
𝑛

][1 + 𝐶𝑙𝑛(𝜀𝑝̇
∗)][1 − (𝑇∗)𝑚]                    (1) 

where 

𝜀𝑝̇
∗ =

𝜀̇𝑝

𝜀̇𝑝0
, 𝑇∗ =

𝑇−𝑇0

𝑇𝑚−𝑇0
 

Here, 𝜀𝑝 is the effective plastic strain, 𝜀𝑝̇ and 𝜀𝑝̇0 are the plastic 

strain rate and effective plastic strain rate used for calibration of 
the model respectively, 𝑇 and 𝑇0 are the current and reference 
temperatures respectively. The parameters A, B, n, C, m, Tm 
along with other parameters are extracted from Ref.[2]. The 
coordinate system used in this paper is defined as follows: the 
workpiece feed is in x-axis, the cross-feed direction is in y-axis, 
and axial depth of cut is in z-axis. The boundary condition of the 
FE model is set as: 2D vibrations are applied on the workpiece in 
x and y direction, the milling tool rotates along z axis, and feed 
is along x direction at the same time. 
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Figure 2 illustrates Type I tool-workpiece separation in VAMM. 
It can be seen that the relative trajectory of the cutter and the 
workpiece fluctuates continuously, and the cutting tool edge 
retrieves and breaks contact with the workpiece material. In the 
separation area no material is removed. This type separation is 
similar to vibration assisted turning process. Tool and workpiece 
separates in the current tool path, where vibration speed of the 
workpiece (𝑣𝑤𝑓) in the cutting direction is higher than the linear 

speed of the tool tip caused by tool rotation (𝜔𝑟), resulting in 
the tool tip lags behind the workpiece and hence tool-workpiece 
separation takes place. 

 
Figure 2. Type I tool-workpiece separation in VAMM 

   Figure 3 illustrates Type II tool-workpiece separation in 
VAMM. It can be found that the tool cuts in and out in feed 
direction with the displacement changes of the workpiece in 
feed direction. Tool and workpiece separates in the current tool 
path, where vibration displacement of the workpiece in the feed 
direction (𝑥(𝑡)) is larger than the instantaneous uncut chip 
thickness (𝑓𝑧), resulting the tool cuts out of the workpiece and 
hence tool-workpiece separation takes place. 

 
Figure 3. Type II tool-workpiece separation in VAMM 

 
Figure 4. Type III tool-workpiece separation in VAMM 

Figure 4 illustrates Type III tool-workpiece separation in VAMM. 
It can be seen that the current cutter trajectory overlaps with 

the contour left by previous cutting path(s), hence in these 
overlapping regions the cutting tool edge may break contact 
with the workpiece and discontinuous chips are generated. Part 
of the material in the current cutting path has been removed by 
previous cutting path(s), resulting in periodical separation of 
tool-workpiece separation.  

3. Comparison of VAMM and Conventional Micro Milling 

All FE simulations were performed for VAMM and CMM 
processes with identical cutting parameters. The intermittent 
nature due to the tool-workpiece separation in VAMM is the 
main reason for the differences in the cutting stresses and 
cutting forces for the two machining processes.  

Figure 5 and 6 demonstrate an example of stress distribution 
and cutting force signatures for VAMM and CMM processes. The 
simulation was performed for AISI 1045 steel, and the frequency 
and amplitude of the vibration in VAM was 20 kHz and 5 µm, 
respectively. Apparently, in CMM chips are formed continuously 
during one tool rotation cycle, resulting in continuous cutting 
forces. Whilst in VAMM chips are discontinuous, thus, the 
cutting forces change during each tool rotation cycle as shown 
in Fig.6. The maximum cutting force and maximum stress in 
VAMM are found significantly larger than that in CMM. 
However, the quantitative analysis of the average cutting force 
in VAMM for one full cycle of vibration is reduced from 0.17N to 
0.14N compared to that in CMM. The high maximum stress in 
the cutting rejoin and low average cutting force will extend the 
tool life [3]. 

 
Figure.5 Stress distribution of (a) VAMM and (b) CMM 

 
Figure.6 Cutting forces of VAMM and CMM 

4.Conclusion 
   In this paper, three TWS types of VAMM process were 
proposed and verified through the FE simulation. Higher 
maximum stress and lower average cutting force compared with 
CMM were observed in the simulation.  
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