
2212-8271 © 2013 The Authors. Published by Elsevier B.V.       
Selection and/or peer-review under responsibility of Professor Bert Lauwers
doi: 10.1016/j.procir.2013.03.080 

 Procedia CIRP   6  ( 2013 )  600 – 604 

 

The Seventeenth CIRP Conference on Electro Physical and Chemical Machining (ISEM) 

Electromagnetic jigsaw: metal-cutting by combining electromagnetic 
and mechanical Forces 

 
P. Kumar1, A. Mishra2, T. Watt3, I. Dutta2,*, D. L. Bourell3, U. Sahaym2 

 
1Department of Materials Engineering, Indian Institute of Sciences, Bangalore 560012, India 

2School of Mechanical and Materials Engineering, Washington State University, Pullman WA 99164, USA 
3Department of Mechanical Engineering, University of Texas at Austin, TX 78712, USA 

* Corresponding author. Tel.: 1-509-335-8354; fax: 1-509-335-4662.E-mail address: idutta@wsu.edu. 

Abstract 

The magnetic saw effect, induced by the Lorentz force generated due to the application of a series of electromagnetic (EM) pulses, 
can be utilized to cut a metallic component containing a pre-existing cut or crack.  By combining a mechanical force with the 
Lorentz force, the cut can be propagated along any arbitrary direction in a controlled fashion, thus producing an 'electromagnetic 
jigsaw', yielding a novel tool-less, free-formed manufacturing process, particularly suitable for hard-to-cut metals. This paper 
presents validation of the above concept based on a simple analytical model, along with experiments on two materials - Pb foil and 
steel plate. 
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1. Introduction 

The ability to cut complicated shapes and designs in 
metallic plates, sheets, foils, thin films and coatings 
without the use of cutting tools can be a significant 
advantage in a wide range of applications.  For instance, 
in the meso- and micro-systems industry (e.g., MEMS 
and electronic packages), where laser cutting is often 
utilized to cut patterned metal film components attached 
to plastic substrates, this process would proffer the 
capability to do so without laser-induced damage to the 
substrate. There are a plethora of potential applications 
for free-form cutting of meso-scaled parts [1,2], 
including cardiovascular and diagnostic devices, clot 
removal catheters, camera parts, wireless devices, 
microfluidic systems, fiber optic components, 
micromolds, etc.  In this paper, we present evidence of 
the ability to cut metal in a non-contact fashion, using a 
series of electric pulses, and discuss the primary 
parameters that play a role in determining the quality of 
the cut.  A metal-cutting approach based on electrical 
pulses could be highly attractive for machining of 

complicated shapes from hard, brittle metal components 
for the transportation and construction industries, where 
tool wear is a significant problem. 

Electromagnetically induced extension of surface 
defects (cracks) is frequently observed in 
electromagnetic launchers (i.e., railguns), where both the 
rail and armature are subject to fracture due to the 
extreme electromagnetic load imposed by the passage of 
a large current pulse (~106 A over 5 milliseconds). 
During a launch, when an electric pulse is passed 
through the rail, the current is initially confined to a 50-
200µm thick skin on the rail surface, and upon 
encountering a surface crack (defect), changes direction 
as it makes its way around the crack tip, as shown 
schematically in Figure 1a. Together with the imposed 
magnetic field (B), the skin current density (J) creates a 
Lorentz force (F = J x B), leading to substantial Mode I 
loading of the crack faces, and resultant extension of the 
crack due to the ‘magnetic saw effect’ [3-6]. In addition 
to the rail, evidence of the magnetic saw effect has also 
been observed in armatures [6]. Coupled to this crack 
driving force (due to the Lorentz force), extreme Joule 
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heating of the crack-tip can cause localized melting, 
assisting crack extension [4, 7]. An example of this is 
shown in Figure 1b, where the liquefied zone produced 
at the crack tip due to current crowding [7] is separated 
by the Lorentz force acting perpendicular to the crack, 
leading to crack extension during the passage of the 
current pulse. Although the Lorentz force across an 
existing crack can place the crack tip in Mode I loading, 
if a far-field force is also applied mechanically to the 
component at an angle θ (≠ 90°) to the crack length, it is 
possible to place the crack tip in mixed-mode loading, 
and make the crack change direction (as shown 
schematically in Figure 2).  This suggests a mechanism 
by which an existing starter crack in a metallic material 
may be propagated and turned by a combination of 
electromagnetic cum mechanical loading, lending itself 
to the ability to cut a metal along any given path. 

 

 

 

 

(a) 

 

 

 

 

 

 

 

(b) 
Fig. 1. (a) Schematic illustration of current flowing through a skin 
(thickness=δskin) along the surface of a conductor due to the application 
of a brief pulse, and upon encountering a surface crack (defect), 
changing direction as it makes its way around the crack tip. Small 
arrows represent current density (j) vectors. (b) Example of magnetic 
saw effect (MSE) in a railgun armature. An existing crack extends due 
to the combination of Lorentz force (F) across the crack faces and 
localized crack-tip melting due to extreme Joule heating, produced as a 
result of current-crowding as the current path turns around the crack tip 
[13]. Arrows represent current path. 
 

Fig. 2. A mechanically applied far-field force applied at an angle θ to 
the crack length, in conjunction with mode I loading by the Lorentz 
force due to a current pulse, results in mixed-mode loading, and makes 
the crack change direction. 
 
2. Conceptual Approach 

 In the approach taken here, a starter-crack (or pre-
existing micro-cut) is propagated in a metal by 
simultaneously applying a mechanical force and a series 
of electromagnetic force pulses (EMP), allowing the 
crack to extend as well as alter direction as required, 
depending on the inclination of the mechanical force to 
the existing crack. The applied mechanical force is much 
smaller than that required to cause fracture by itself. 
When an EMP is applied, the added Lorentz force and 
localized crack-tip melting induced by current crowding 
enable crack extension. To accomplish this, several 
phenomena are exploited, including the skin effect, 
current crowding, crack-tip melting and melt-sweeping 
due to Lorentz force, electromagnetically induced 
fracture, and traditional fracture mechanics.  The 
principal features of these phenomena are outlined 
below. 

2.1 The Skin Effect and Current Crowding 

 When a rapidly varying current is passed through a 
conductor, e.g., a high frequency alternating current or a 
short-duration pulse, the current flows primarily through 
a “skin” along the free surfaces of the conductor, rather 
than being uniformly distributed throughout the cross 
section [8, 9]. The current density within this skin is 
therefore substantially greater than the nominal current 
density, the phenomenon being known as the skin effect 
(SE). Under conditions where the conductor is also 
moving at a very high velocity (e.g., railgun armatures), 
a velocity skin effect (VSE) further concentrates the 
electric current in an even thinner surface skin, elevating 
the surface current density further [10-12]. Under high 
frequency alternating current (AC), the skin depth can be 
even smaller, resulting in higher electrical resistance [8, 
13]. Experimental observations of microstructural 
changes in rails and armatures in railguns suggest that 
the skin depth near the armature is typically on the order 
of ~100 µm [7]. 
 Skin effects often lead to surface melting and near-
surface grain boundary melting of conductors, e.g., at 
armature-rail contacts in railguns [14-16]. The already 
high current density flowing through the skin becomes 
further concentrated due to current crowding when the 
current path is forced to alter direction [7, 17], e.g., for 
solder joints in a microelectronic package and for a rail-
armature contact in a railgun. Current crowding, which 
enhances the local current density, is known to foster 
crack tip melting and the magnetic saw effect in 
electromagnetic launchers (railguns) [7].  Such current 
crowding, enhanced by the skin effect due to the 
application of a pulsed current, is critical to localized 
heating and softening (or liquefaction) of the crack tip, 
and resultant crack propagation. 
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2.2 The Magnetic Saw Effect 

 The magnetic saw effect (MSE) is a generic name 
for the propagation of a crack or flaw under an 
electromagnetic pulse, which effectively serves as a 
“saw” in one of three ways. First, if no crack tip melting 
occurs, and the Lorentz force generated across the crack 
tip is adequate, MSE leads to crack-tip stress-field 
amplification and fracture mechanics driven crack 
extension when a current pulse is applied. Secondly, if 
the crack tip is relatively sharp, causing excessive 
current crowding, and in turn resulting in melting, the 
Lorentz force acting perpendicular to the crack length 
can place the crack-tip liquid in tension and lead to melt-
separation and re-solidification, thereby extending the 
crack [6,7,14]. In addition to melting, evaporation of the 
crack tip liquid can occur, creating a series of ‘blow-
holes’ due to the application of multiple pulses 
[3,7,14,18].  Thirdly, as the crowded current at the crack 
tip travels perpendicular to the crack length when 
moving from one crack face to another, a Lorentz force 
acting parallel to the crack length is developed, which 
pushes the liquid along the crack, allowing it to 
propagate [14]. 
 Experiments on pre-cracked Al plates [3] have 
shown that there is a threshold current density below 
which crack extension does not occur. As j increases, the 
crack extends along a hairline, and with further increase, 
blow-holes and eventually, bifurcations are created.  
Recent experiments using fatigue pre-cracked samples 
suggest that under combined mechanical-
electromagnetic loading, the threshold current required 
to propagate the crack is smaller [18].  This is clearly 
advantageous for the proposed metal-cutting process in 
terms of avoiding blow-hole type artifacts to achieve a 
well-controlled kerf. This can be further aided by active 
cooling of the work-piece, based on our preliminary 
experiments, as reported below (section 4). 
 The Lorentz force is the only crack opening agent 
during the initial stage of the current pulse (before 
melting occurs). If this force exceeds a critical crack 
driving force (i.e., a critical strain energy release rate G 
or J-integral), the crack extends, but is limited by the 
duration of the pulse. Therefore, initially, a crack 
initiation condition based on a Lorentz-cum-mechanical 
force induced G or J can yield the crack extension 
condition.  Later, when both fracture and melt-
separation driven MSE occur, a separate fracture 
criterion would be more appropriate. We will consider 
both as we develop the conditions for controlled crack 
extension. 

 

2.3 Electromagnetic Forces around a Crack 

 There is considerable literature on models for the 
stress distribution and crack driving forces around an 
elliptical crack inside an infinite body due to an applied 
electric current [17-25]. It is known that increasing 
crack-tip sharpness enhances the current concentration, 
thereby enhancing the crack-tip stress field [19-21], as 
well as the strength of the magnetic field at the crack tip 
[30]. Recent modeling work [24, 25] has demonstrated 
that the application of electric current around a crack 
leads to excessive heating and melting near the crack tip; 
but it was also suggested that when the current density 
exceeds a threshold value, the stress intensity factor due 
to thermal stresses can be higher than the fracture 
toughness (KIc), leading to the unstable crack 
propagation.   
 Most of the available work on fracture under EM 
loads is theoretical [e.g., 19-25], with only two recent 
experimental studies [10, 25]. However, the effect of 
superimposed mechanical and electromagnetic loads on 
fracture is unclear. Mechanical force fields in metals are 
known to generate electromagnetic fields during fracture 
[26]. So it stands to reason that the impact of 
superimposition of mechanical and EM loads during 
fracture will not be simply additive, but rather, be 
interactive. Complicating this further is the softening or 
liquefaction of the crack tip. 
 Based on the above discussion, the approach 
adopted in this work was to exploit a combination of the 
skin effect, the magnetic saw effect, and the interaction 
of the crack-tip electromagnetic forces with the 
softened/liquefied crack-tip region to promote 
propagation of a pre-existing crack/cut. 

3.  Experimental 

 A fine starter crack was cut perpendicular to the 
long edge of a rectangular (~5 mm x 10 mm) piece of 
annealed and etched 20 µm thick Pb foil.  The edges of 
the foil were glued to a polymer substrate (HDPE). The 
substrate was loaded at various levels of mechanical 
tension using the set-up shown in Figure 3, and a 6ms 
current pulse (peak current varying between ~ 50-200 A) 
was introduced into the Pb foil close to the crack-faces, 
forcing the current to travel parallel to the crack.  The 
tests were either conducted with the foil at ambient 
temperature, or following cooling to -25�C or -70°C 
using a mixture of ethanol and liquid nitrogen.  
Following testing, the crack-tip regions samples were 
inspected in the optical microscope as well as the 
scanning electron microscope. 
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Fig. 3. Fixture employed to simultaneously apply mechanical and 
electromagnetic loads inclined to each other.  

A second set of samples, comprising a 2 mm thick 
rectangular piece of high-strength steel (AISI 4340), was 
also subjected to a combination of mechanical tension 
and current pulse.  The testing fixture (Figure 4) is 
designed to operate on a standard Mode-I/II plane-stress 
fracture specimen. All specimens had a pre-existing 
crack started with a wire electrical discharge machine 
(EDM), with the initial crack depth somewhere between 
6.35 mm and 25.4 mm.  The fixture design was an 
adaptation of the modified Arcan test fixture which has 
been used since the late 1970s for mixed-mode fracture 
mechanics testing [27, 28]. The bolts that are used to 
load the specimen also apply a compressive load which 
can be used to distribute the loading stresses to the 
specimen via friction.  Following these experiments, the 
sample was inspected in an optical microscope. 

 

Fig. 4.  Loading fixture in load frame (total weight = 25.45 kg), with 
sample mounted.  

4. Results 

 In the Pb-foil experiments, crack extension was 
only observed above a nominal current density of 3.7 x 
104 A/cm2, albeit with very different crack-front 
morphologies, which included the formation of large 

blow-holes, crack-tip bifurcation, and general melting 
and loss of definition of the crack front.   In the samples 
cooled to -25°C, uncontrolled melting/evaporation, 
which precluded clean, controlled crack extension, was 
avoided.  Under these conditions, the crack extended in a 
controlled fashion, with a kerf-width no larger than that 
of the original crack.  

In the experiments conducted under a combination of 
electric pulsing and mixed-mode loading of Pb-foils on 
HDPE substrates, the mechanical load inclined to the 
pre-existing crack was observed to re-orient the crack in 
a controlled way. Furthermore, cooling the sample  to -
70°C makes the kerf width of the re-oriented crack much 
smaller than that of the starter crack (Figure 5), 
suggesting that the crack kerf can be controlled with 
precision under optimal conditions. 

 
Fig. 5.  Alteration of starter crack direction in a Pb foil due to 3 pulses 
of 200 J, tension of ~3 N at 30° to the crack-normal, and sample 
temperature of -70°C. Arrows indicate mechanical loading direction.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. A high-strength steel plate loaded mechanically and 
electromagnetically to propagate the crack at ~22.5° to the original 

crack direction. 
 

Figure 6 shows a hardened high C steel plate with a 
starter crack subjected to a series of EM pulses, and an 
applied tensile load acting at 45° to the crack.  Following 
pulsing, the crack propagated at an inclination of 
approximately 22.5° to the crack.  This is because the 
direction of the resultant force lies between the Lorentz 
force (which acts perpendicular to the crack at any given 
instant) and the applied tension (which acts at 45° to the 
crack). Results of simple calculations suggest that 
around a peak current of 60-80 A, the Lorentz and 
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mechanical forces are similar in magnitude.  Therefore, 
the resultant force acts at roughly ~67.5° to the crack, 
and this results in the crack turning away from the 
starter-crack direction by ~22.5°.  This clearly 
demonstrates that a combination of EM and inclined 
mechanical loading can be utilized to extend the crack 
along a predictable direction. 

4. Summary 

It has been demonstrated that metallic materials can 
be cut in a non-contact, free-form fashion by the 
simultaneous application of electromagnetic and 
mechanical loading.  The electromagnetic load, applied 
through a series of current pulses across a pre-existing or 
pilot crack, always acts normal to the crack direction.  In 
order to alter the crack direction, the direction of the 
mechanical force (tension) has to be continually adjusted.  
The combination of a number of phenomena leads to 
crack extension.  This includes the skin effect due to a 
rapid current pulse, the magnetic saw effect, and the 
interaction of the crack-tip force field with crack-tip 
liquefaction or softening.  Ongoing work is addressing 
the optimization of these conditions to produce 
controlled crack extension. 
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