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1. Introduction 
In this contribution, we investigate the variation 

of the shear angle during orthogonal cutting 
processes illustrated in Fig. 1. In orthogonal 
cutting, the material in front of the cutting edge is 
sheared over a primary shear zone that is 
approximated by the shear plane located at shear 
angle 𝛷. The shear angle determines the magnitude 
of the cutting force acting on the tool and the 
coefficients of theoretical cutting force models. An 
important application of the cutting force models is 
the investigation of machine tool vibrations [1-3], 
where the cutting force coefficients have 
significant effect on the dynamics of metal cutting. 
Consequently, modelling and measuring the shear 
angle is important in terms of developing accurate 
cutting force expressions to investigate the 
dynamics of cutting processes. 

 
Fig. 1. The Merchant’s model of cutting forces 

2. Shear angle models 
The most well-known approach of modelling 

cutting forces is Merchant’s circle [4] illustrated in 
Fig. 1. In this model, the cutting force component 
𝐅s aligned with the shear plane is calculated as the 
product of the yield shear stress and the shear 
plane area, from which other components of the 
cutting force 𝐅 can also be determined based on the 
rake angle 𝛼r and the average friction angle 𝛽a. 
Since the shear plane area depends on the shear 

angle, the coefficients of theoretical cutting 
expressions are in fact functions of the shear angle. 
The most well-known shear angle models are the 
maximum shear stress principle, which states that 
the angle of the cutting force vector and the shear 
plane is 45 degrees; and the minimum energy 
principle, which assumes that the power of the 
cutting force is minimal and determines the shear 
angle accordingly [4]. These models are typically 
used to describe stationary cutting processes where 
the uncut chip thickness ℎ is constant. However, 
during cutting the chip thickness may vary in time, 
especially in the case of machine tool vibrations.  

3. Experimental layout 
The goal of this contribution is to determine the 

shear angle experimentally during non-stationary 
orthogonal cutting of a single aluminum rib with 
thickness of  𝑤 = 2 mm, and to investigate the 
relationship between the chip thickness, the cutting 
force and the shear angle using high-speed camera 
recordings [5].  

 
Fig. 2. The schematics of the experimental layout 

As the measurement layout shows (see Fig. 2), 
the workpiece was placed on a KISTLER 9129 AA 
multicomponent dynamometer, while the chip 
formation process was recorded by Photron SA5 
high-speed camera with 10,000 fps. The chip 
thickness was prescribed according to the 
sinusoidal function ℎ(𝑥) = ℎ0 + ℎ𝐴 sin(2𝜋𝜋/𝜆), 
where ℎ0 is the average chip thickness, ℎ𝐴 the 
amplitude and 𝜆 the wavelength. 
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The geometry of the tool can be characterized 
by rake angle of 𝛼r = 15° and flank angle of  
𝛼f = 10°. The cutting speed 𝑣𝑐 was set between 
5,000 and 10,000 mm/min. Based on the high-
speed camera recordings the shear-layer could be 
detected using displacement-based image 
processing techniques.  

4. Results 
The results of the experimental investigation 

can be summarized on Figs. 3-4., which show the 
detected shear layer, and the variation of the 
cutting forces during time-varying orthogonal 
cutting, respectively. It can be concluded, that the 
image processing method is able to detect 
adequately the shear plane and angle. Moreover, 
the comparison of the variation of the shear angle 
with the cutting forces helps to understand the 
dynamics of non-stationary cutting processes with 
time-varying chip thickness. 

 
Fig. 3. The detected shear layer in case of sinusoidal 
cutting process with ℎ0 = 0.25 mm, ℎ𝐴 = 0.1 mm,  

𝜆 = 10 mm and 𝑣𝑐 = 5000 mm/min  
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Fig. 4. The variation of the cutting force during 
sinusoidal cutting process with ℎ0 = 0.2 mm, 

ℎ𝐴 = 0.1 mm, 𝜆 = 10 mm and 𝑣𝑐 = 5000 mm/min  
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