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Abstract 

The methods of producing small-batch, high quality and agile production have been required by most manufacturers. 

In order to achieve accurate and reliable end-milling, it is necessary to understand the thermal behavior in machining 

process. To maximize the limited measurement points, this paper presents a method to evaluate an effectiveness of each 

measuring points from aspects of stability of measurement and sensitivity to the process variation. As a quantification 

method of effectiveness of the measuring points, FEM based thermal simulation is employed. Based on case studies of 

simple machining processes, feasibility of the proposed method is confirmed. 

1. Introduction

The demands for accurate producing of engineering

parts increase year by year. End-milling is a promising 

producing method to comply the requirement of small 

batch production with high accuracy. Concerning the 

machining accuracy of hard materials, a thermal 

expansion of workpiece becomes an important 

phenomenon. In order to monitor the influence of 

thermal expansions, machining simulation and process 

evaluation have been investigated. Furthermore, 

methods to identify process parameter for thermal 

simulation are discussed [1,2].  

Possible mistakes and machining error are expected to 

reduce by visualizing the machining process. Based on 

these technological backgrounds, a method to estimate 

temperature distribution of workpiece by combining 

workpiece measurement and thermal analysis has been 

proposed [2]. It however has not investigated how to 

obtain actual temperature. To maximize the limited 

measurement points, an evaluation method for 

temperature measuring points is eagerly desired. 

2. Basic concept

In order to evaluate measurable points of temperatures,

it is necessary to quantify the effectiveness of 

measurement. In this research, two aspects are 

introduced as important aspects of effectiveness. One is 

stability of measurement, the other is sensitivity against 

process variation. 

At the temperature measurement situation, it is 

preferable measuring temperature is enough large. 

Therefore, points which shows large temperatures 

change are considered as desirable points for 

measurements. Furthermore, points whose temperatures 

are sensitively change with the process variation are also 

desirable. Concerning the process variation, increase of 

heat flux caused by excessive tool wear and change of 

heat transfer coefficients by chip accumulation are 

considered as dominant process deviation phenomena in 

this research. Therefore, temperature sensitivity to the 

process parameters such as amount of heat flux and heat 

transfer coefficients is introduced as a second index. 

Finally, effectiveness of measurable points (EoP) is 

formalized as follows. 
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Where i represents nodal number of measurable point 

(maximum number is N), k represents number of a 

thermal properties set (maximum number is M). Ti,n 

indicates maximum temperature rise of i-th node with 

nominal thermal properties set, Ti indicates variance 

of maximum temperature rise against the change of 

process parameters. 

Fig.1 EoP constitution 

3. Method

3.1Heat Conduction Analysis for Machining Simulation 

As a quantification method of an effectiveness of the 

measuring point, a finite element method (FEM)–based 

thermal simulation is utilized. The model is 

implemented by using the commercial FEM software 

ANSYS 17.1 and calculated. To simplify the application 

of thermal expansion in end-milling process, thermal 

analysis of workpiece and evaluation of temperatures are 

investigated. Machining situation for case study and 
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dimensions of the workpiece (length (L), width (W) and 

height (H)) are illustrated in Fig. 2. 

3.2 Representation of thermal process variation 

Variations of process parameters corresponding to the 

various machining situation can represent process 

variation. We have proposed orthogonal arrays based 

representation of process variation [3]. Assignment of 

parameter sets for variational simulation has designed by 

assuming process variation. Three factors with three 

level are defined as an assumed variation. Factors are 

thermal conductivity (HC), heat transfer coefficient 

(HTC) and heat flux (HF). Temperature variation against 

the change of process parameters is proposed by utilizing 

orthogonal arrays, there are 10 parameter sets as 

variational situation. For example, parameters are set as 

HC =22W/(m•K), HTC =278W/(m2•K) and HF 

=35W/m2 as the nominal set. 

4. Evaluate measurable points 

To evaluate the feasibility of the EoP value, EoP 

corresponding to different situations are calculated as 

illustrated in Fig. 3. Figure 3(a) is a case of parallel 

moving paths, and 3(b) is a case of spiral moving paths. 

From the EoP formula, we can easily understand that 

some points show large variance against process change 

or/and thermal expansion, which shows in Fig. 1. Figure 

3 give a clear plot that how to get the sensitive points 

based on EoP. In Fig. 3, the EoP value are different 

between two paths, value of (b) is larger than (a). From 

the anisotropy of the tool path, calculated distribution of 

EoP can be considered as rational. 

5. Conclusion 

As a preliminary evaluation of effectiveness of 

temperature measurement, the criterion EoP is proposed. 

From the calculation of EoP at different machining 

situation, feasibility of EoP have been confirmed.  
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Fig.2 Case of end milling process 

 

 

(a) Parallel moving path 

 

 (b) Spiral moving paths 

Fig.3 EoP applied in machining process 
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