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1. Introduction  
 

Cutting-induced plastic deformation at micro scale is controlled by 
the movement of dislocations. A mass of dislocations is created in the 
contact region between tooltip and workpiece due to the motivation of 
cutting loading and they tend to move along activated slip systems in 
the deformation zone. However, cutting-induced defects in the 
deformation zone would limit the displacement of dislocations and 
foster the formation of dislocation pile-up when the leading dislocation 
is stopped by these barriers and then the subsequent dislocations 
continuously accumulation here [1]. Accordingly, increased 
dislocation density owing to dislocation pile-up gives rise to the stress 
concentration on the barriers, and cutting loading must increase to 
induce enough stress to make the dislocations detach from the barriers 
in micro-cutting. Moreover, the dislocation pile-up effect would 
expand the area of the chip-free surface driving the excessive plastic 
deformation on the surface and lengthening the chip thickness, which 
further boosts the cutting force and inhomogeneous deformation in the 
cutting process [2,3]. The excessive plastic deformation and unsteady 
plastic deformation quash considerably the machinability of ductile 
materials. Positive efforts have been contributed to enhance the 
excessive plastic deformation in cutting of ductile materials, which 
includes the Rehbinder effect [4,5], microstructural modulation [6], 
and external constraints [7]. Magnetic field assistance is another 

potential technology to facilitate the machinability of ductile metals. 
Compared to other technologies, magnetic field assistance is easier to 
implant into the existing machines and more eco-friendly. 

In the past few years, magnetic field has been successfully used in 
the field of ultra-precision manufacture to improve the machinability 
of difficult-to-machine materials, e.g., brittle ceramics [8], titanium 
alloys [9,10], and 316L stainless steel [11,12]. In addition, magnetic 
field also has shown the positive feasibility to promote the dislocation 
detachment from the barriers and advance the plastic deformation of 
ductile materials [13]. The magnetic effect on the micro-cutting of 
single-crystal copper was reported by Guo et al. [13], which reveals 
that the machinability of ductile metals is significantly improved by 
stabilizing the plastic deformation under a magnetic field, and the 
magnetic field directions dominant the advancement compared to the 
intensity and polarity. However, the prior research is confined to a 
small number of magnetic field directions. In the paper, we will 
investigate comprehensively the directional feature of magnetic field 
in micro-cutting of ductile metals by applying seven different magnetic 
field directions. 
 
2. Experiments 
 

To estimate the contribution of magnetic field and its orientations 
on the machinability of ductile metals, orthogonal micro-cutting tests 
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(Fig. 1) were conducted on an ultra-precision diamond turning 
machine (Toshiba ULG-100), equipped with a self-built 
electromagnetic setup. Single-crystal copper, a non-magnetic ductile 
metal, was chosen as the work material. The cutting tool used in the 
experiments is a single-crystal diamond tool with a 0° rake angle and 
nose radius of 0.8 mm. The cutting direction was fixed along 

. The intensity of the magnetic field was set as 20 mT, and 
the magnetic field orientations were arranged at 30° intervals from 0° 
to 180° relative to the fixed cutting direction , where 0° 
magnetic field represents the magnetic field orientation in line with the 
cutting direction, and 180° magnetic field is along the opposite 
direction of the cutting direction, as shown in Fig. 1. The cutting speed, 
undeformed chip thickness, and cutting length were respectively set as 
20 mm/min, 10 μm, and 3.5 mm. The cutting force was recorded using 
a dynamometer (Kistler 9256C1) and amplifier (type 5051A) during 
the cutting process. The machined surface quality was assessed by a 
laser confocal microscope (Olympus LEXT OLS5500) after cutting. In 
addition, transmission electron microscopic (TEM) analyses using the 
equipment of Talos 200FX FEI USA were conducted to observe the 
evolution of subsurface microstructure. 

 

 
Fig. 1 Ultra-precision micro-cutting setup with assistance of magnetic 
field.  
 
3. Results and discussion 

 
Fig. 2 illustrates the recorded curves and average values of cutting 

force during micro-cutting under no magnetic field and different 
magnetic field directions, from which the magnetic field effect on the 
reduction in cutting force can be observed clearly from 3.19 N to 
2.945-1.325 N. With increasing magnetic field angles, the magnetic 
field-induced force reduction is gradually more significant from 0° to 
90° magnetic field, and the cutting force reaches a minimum at 90° 
magnetic field, after which, the extent of force reduction diminishes. 
In addition, the magnetic field-induced force reduction exhibits a 
symmetric relation relative to the minimal value at 90° magnetic field 
where similar force reduction is observed for the 0° and 180°, 30° and 
150°, 60° and 120° magnetic field directions.  

 

 
Fig. 2 Cutting force measurements under different magnetic field 
conditions: (a) recorded cutting force curves; (b) average values of 
cutting force. NMF: no magnetic field. MF: magnetic field. 
 

Fig. 3 shows the optical images of machined surface under 
different magnetic field conditions. As seen in Fig. 3, transverse 
micro-stripes and two obvious folding including mushroom-shape 
folds and diagonal folds have been introduced during magnetic 
field-free cutting. According to Wang et al. [14], the damping effect 
induced by the elastic recovery on the machined surface results in the 
formation of transverse micro-stripes. The cutting-induced stress 
triggers an excessive plastic deformation and unsteady plastic flow, 
which contributes to the generation of mushroom-shape and diagonal 
folds on the machined surface [15]. After applying the magnetic field, 
the surface folding is suppressed to a varying extent with magnetic 
field directions, and the folding disappears completely at 90° magnetic 
field.  However, we cannot find the apparent difference in the 
transverse micro-stripes after employing the magnetic field. This 
indicates that the applied magnetic field can significantly enhance the 
plastic deformation and has a negligible influence on the elastic 
deformation in micro-cutting of single-crystal copper. 

To quantize the improvement of machined surface quality under 
the influence of magnetic field, the areal surface roughness Sa and Sz 
were measured, and the results are shown in Fig. 4. The change in 
surface roughness agrees with the evolution of surface morphology in 
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Fig. 3, which presents the orientational reduction from 47 nm to 43-29 
nm for Sa, and from 1.258 μm to 1.135-0.836 μm for Sz with magnetic 
field directions. Furthermore, a symmetric relation at the two sides of 
90° magnetic field is also observed in the surface folding suppression 
and roughness reduction, which is consistent with the directional 
reduction of cutting forces from 0° to 180° magnetic field in Fig. 2. 
 

 
Fig. 3 Optical morphology of machined surface under different 
magnetic field conditions.  
 

 
Fig. 4 Machined surface roughness (Sa: areal arithmetical mean 
height; Sz: areal maximum height) under different magnetic field 
conditions. 

 

 
Fig. 5. Cross-sectional transmission electron microscopy (XTEM) 
images of subsurface microstructure under no magnetic field and 90° 
magnetic field   
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In the study, we also evaluated the magnetic field-induced changes 
in subsurface microstructure formed below the machined surface 
during the cutting process. Fig. 5 shows the cross-sectional 
transmission electron microscopy (XTEM) morphology of subsurface 
microstructure under no magnetic field and 90° magnetic field. The 
cutting process instigates the generation of sub-grains below the 
machined surface, and the sub-grains are believed to be an 
accumulation area of dislocations, which would cause serious 
dislocation pile-up and then restrict the dislocation motion and plastic 
deformation [16]. With magnetic-field assisted cutting, the sub-grains 
are obviously suppressed with a smaller size and more coherent 
boundary orientation with cutting direction. The enhanced sub-grains 
under a magnetic field would be beneficial to the displacement of 
dislocations and reduce the stress concentration, leading to more 
steady plastic flow and attenuation of surface folds in micro-cutting.  

4. Conclusions  
 

The investigation successfully verified the positive impact of 
magnetic field on the machinability of ductile metals in magnetic 
field-assisted micro-cutting of single-crystal copper. The cutting 
results illustrate a significant decrease in cutting force from 3.19 N to 
2.945-1.325 N, and surface roughness from 47 nm to 43-29 nm for Sa 
and from 1.258 μm to 1.135-0.836 μm for Sz after adding the external 
magnetic field. In addition, the surface and subsurface defects are also 
clearly suppressed with the magnetic field. It is also noticeable that 
the magnetic field-dependent machinability is closely decided by the 
magnetic field directions, and the 90° magnetic field exhibits the 
optimal cutting performance among all magnetic field directions. The 
results shown in the study offer a great understanding of the magnetic 
effect in ultra-precision machining of ductile materials and push the 
development of magnetic field assistance technique in manufacturing 
science. 
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