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(57) ABSTRACT 

A system and method for electromagnetic surface treatment 
of a work piece has an electromagnetic pulse generator and an 
electromagnetic pulse tool. The work piece has a working 
surface. A current pulse generated by the electromagnetic 
pulse generator travels through the tool producing an electro
magnetic pulse. The electromagnetic pulse interacts with the 
working surface causing an indentation to form. A residual 
compressive stress layer is also formed. The indentation has a 
smooth and continuous topography that is described by an 
indentation perimeter, an indentation transition region, an 
indentation sidewall, an impact transition region, and an 
impact region. The method may also simultaneously, or sub
sequently, form a second indentation which overlaps with the 
indentation. An inter-indentation overlap region is formed 
when the indentations overlap. The inter-indentation overlap 
region is smooth and continuous. Multiple treated surfaces 
may easily be formed on the working surface of the work 
piece. 

19 Claims, 26 Drawing Sheets 
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SYSTEM FOR ELECTROMAGNETIC PULSE 
SURFACE TREATMENT 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This application is a continuation of U.S. application Ser. 
No. 11/939,046 filed on Nov. 13, 2007 now U.S. Pat. No. 
8,253,081, which is a division ofU.S. patent application Ser. 
No. 11/651,138 filed on Jan. 9, 2007, now U.S. Pat. No. 
7,378,622, which claims the benefit ofU.S. provisional patent 
application Ser. No. 60/758,094 filed Jan. 11, 2006, the dis
closures of which are incorporated by reference as if com
pletely written herein. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

2 
surface does not, by itself, guarantee complete coverage. To 
complicate the shot peening process even more, the shot 
breaks down during use. 

As the shot breaks down, it becomes more difficult to 
5 control. Broken shot lose their ability to form depressions at 

a given velocity and impact angle. Shot breakdown may 
include normal wear and tear, and fracture. Thus, shot break
down lessens the repeatability of the treatment area topogra
phy and residual compressive stress layer. So, in addition to 

10 control parameters, the shot peening process must have a 
purging system to rid itself of poorly performing shot to 
maintain repeatability. 

The problems with shot peening do not end with process 
control, surface coverage, and shot breakdown. Shot peening 

15 may damage the part. In particular, shot peening may cause 
sharp topography to form. The sharp topography generally 
occurs between depressions and are known as stress concen
tration points. Stress concentration points magnify the tensile 

This invention was not made as part of a federally span- 20 
sored research or development project. 

stresses that develop during use. So, rather than enhancing the 
part's performance, shot peening may lead to premature part 
failure. 

TECHNICAL FIELD 

The present invention relates to the field of electromagnetic 
pulse surface treatment for enhanced fatigue performance, 
and more particularly, to a method and system for forming an 
indentation in a work piece with an electromagnetic pulse 
such that the indentation has smooth and continuous transi
tion regions. 

BACKGROUND OF THE INVENTION 

It is well known that cold working a surface of a metallic 
part will cause a residual compressive stress layer to form. 
The residual compressive stress layer improves the part's 
durability during use by suppressing tensile stress formation. 
In other words, forces acting on the part must first overcome 
the compressive stresses in the surface before destructive 
tensile stresses form. 

Shot peening is well known in the art of surface treatment. 

In addition to the problems previously stated, shot peening 
is limited in other ways. For example, the deflected shot 
should be directed away from the incoming stream. So, the 

25 shape of the part is limited to those which allow the deflected 
shot stream to escape. Also, any surface contamination on the 
part may interfere with shot impact, thus lessening the effects 
of the shot peening process. In addition, using shot peening to 
treat small target areas without affecting surrounding areas is 

30 problematic. Localized shot peening treatment requires some 
sort of shield or mechanism which deflects the shot stream 
away from areas that should not be peened. 

Therefore, what is needed in the art is a method for surface 
treatment of parts that does not require control and processing 

35 of individual shot, that is easily directed to treat specific areas 
of the part, that provides control of the magnitude of the 
deformation, that provides control of the shape of the plastic 
deformation, and that provides repeatable surface treatment 
of delicate components. Furthermore, what is needed is a 

40 method for surface treatment that provides smooth and con
tinuous transitions between individual deformation areas, 
such that formation of stress concentrations is reduced or 
eliminated. 

Shot peening is a method of cold working metallic parts to 
form residual compressive stresses. The shot peening process 
consists of blasting a part with a stream of shot. As is known 45 
in the art, when individual shot strike a surface with sufficient 
kinetic energy, they form depressions. The depressions form 
due to plastic deformation. Therefore, blasting the part with 
many individual shot form a plastically deformed surface 
layer. A residual compressive stress layer accompanies the 50 

plastic deformation. In addition, the plastically deformed sur
face layer has a topography that is related to the shot peening 
parameters. 

SUMMARY OF INVENTION 

In its most general configuration, the present invention 
advances the state of the art with a variety of new capabilities 
and overcomes many of the shortcomings of prior devices in 
new and novel ways. In its most general sense, the present 
invention overcomes the shortcomings and limitations of the 
prior art in any of a number of generally effective configura
tions. The instant invention demonstrates such capabilities 
and overcomes many of the shortcomings of prior to methods Shot peening, however, is difficult to control and therefore 

provides inconsistent results. Shot peening is difficult to con
trol simply because the shot peening process has many pro
cess parameters. For example, parameters may include shot 
velocity, shot impingement angle, and peening time. The shot 
peening process must control these factors because they influ
ence formation of the treated surface topography and the 
compressive stress layer. Other parameters that affect part 
performance include the uniformity of the surface coverage. 

The shot peening process must completely cover a treat
ment area for that area to benefit from the surface compres
sion formed. Even a small untreated surface in the treatment 
area will operate as a "weak link" during service. Unfortu
nately, blasting tens of thousands of shot at the working 

55 in new and novel ways. 
In one embodiment, the method for electromagnetic pulse 

surface treatment of a work piece includes a system for elec
tromagnetic pulse surface treatment. The system treats a work 
piece having a working surface. The steps for accomplishing 

60 the method for electromagnetic surface treatment involve first 
mounting the work piece to a fixture. In a second step, the 
system positions an electromagnetic pulse tool near the work
ing surface. In a third step, an electromagnetic pulse generator 
generates a current pulse. The current pulse travels through 

65 the electromagnetic pulse tool and thus the tool creates an 
electromagnetic pulse. The electromagnetic pulse travels 
from the tool toward the working surface. When the electro-
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magnetic pulse strikes the working surface, the pulse causes 
an indentation to form. Each of the components of the system 
will now be briefly described. 

In one embodiment of the instant invention, the fixture has 

4 
compressive stress layer has a compressive stress and a com
pressive stress layer depth. In one embodiment of the instant 
invention, when the system forms the indentation and the 
residual compressive stress layer in the working surface, no 

5 substantial changes in the stress occur in the bearing surface 
opposite the indentation. In one embodiment of the instant 
invention, no substantial deformation occurs in the bearing 
surface. The smooth and continuous nature of the indenta-

a load bearing surface, and the work piece has a bearing 
surface separated from the working surface by a thickness. 
The tool has a tool face and a tool axis. The tool face has a tool 
face perimeter. The tool face is positioned at a working dis
tance from the working surface during the step of positioning 
the tool. The system may position the tool axis perpendicular 10 

or at an oblique tool axis to the working surface. 

tions is not limited to symmetrical indentations. 
In the asymmetric indentation, cross sections of the inden

tation may show that the various regions are not symmetric 
from one side of the indentation to the other. The system may 
intentionally form asymmetrical indentations. Asymmetrical 
indentations may have the indentation regions that differ from 
one side of a cross section to the opposite side. Similarly, the 
transition radius may not be substantially the same in one 
cross section of the indentation as in another cross section. 
However, the asymmetric indentations are smooth and con
tinuous surfaces. 

The method may form the indentation such that no pile-up 
occurs. As used herein, pile-up refers to material that is dis
placed from within the indentation radially to the indentation 
perimeter common in traditional shot peening. The present 
system forms the indentation, including the indentation tran-

The electromagnetic pulse tool is in electrical communi
cation with the electromagnetic pulse generator. In one 
embodiment of the instant invention, the electromagnetic 
pulse generator generates the current pulse with a power 15 

supply and a capacitor. The current pulse has a current pulse 
duration. The current pulse travels through the electromag
netic pulse tool and the tool forms the electromagnetic pulse. 
The electromagnetic pulse emanates from the electromag
netic pulse tool. When the electromagnetic pulse strikes the 20 

working surface of a conductive material, the electromag
netic pulse produces eddy currents within the working sur
face. The working surface plastically deforms when a repul
sive force causes a stress that exceeds the material's yield 
strength, thereby forming the indentation. 25 sition regions, below the level of the untreated surface. 

The indentation has an indentation perimeter. The system 
creates a treated surface having a treatment perimeter. In the 
embodiment where the system forms only one indentation, 
the treatment perimeter may be substantially the same as the 
indentation perimeter. The system may form multiple inden- 30 

tations in the treated surface. Then the treatment perimeter 
surrounds the treated surface. The system has a capability to 
form treated surfaces in localized areas, possibly in areas 
where tensile stresses are known to form, such as, treating 
welds and surface geometries which cause stress concentra- 35 

tions to form. Thus, the method may enhance the work piece's 
capability of enduring forces that cause tensile stress forma
tion. 

The smooth and continuous nature of the indentations may 
be adjusted by modifying the tool configuration. In one 
embodiment of the instant invention, the system may form the 
indentations at the limit of perception by creating less topog
raphy than the prior art method of shot peening. In another 
embodiment of the instant invention, the indentations formed 
may be of greater indentation depth having greater topogra
phy than the prior art method of laser shock peening. The 
various tool faces may include, a flat tool face, a knife edge 
tool face, a concave tool face, a convex tool face, other simple 
tool face shapes, and complex-shaped tool faces. Each tool 
face produces an indentation that is unique to the tool face 
shape. In another embodiment of the instant invention, the 
tool face has a pulse concentration element. The tool face may 
therefore affect the topography of the indentation perimeter, 
the transition region, the indentation sidewall, the impact 
transition region, the impact region, and the indentation 
depth. 

Like the tool face, the tool face perimeter may be selected 
from a variety of shapes and sizes. The tool face perimeter 
influences a shape of the indentation perimeter. In one 
embodiment, the indentation is similar in shape to the tool 
face perimeter. By way of example and not limitation, the tool 
face perimeter may form a simple shape, such as, a square, a 

The present system forms the indentation with a smooth 
and continuous surface. As those terms are used herein, a 40 

smooth and continuous surface means a surface that may be 
described by one or more radii such that the treated surface 
has topography that distributes stress substantially evenly 
across the treated surface. In one embodiment, the indenta
tionhas an indentation transition region having an indentation 45 

transition radius, an indentation sidewall, an impact transition 
region having an impact transition region radius, and an 
impact region having an indentation depth. The regions are 
not individual sections, but represent portions of a smooth and 
continuous surface. 50 rectangle, or a circle, to name only a few. The tool face 

perimeter may also be more complex such as the ovals, stars, 
and other polygons. 

The indentation perimeter is located where the untreated 
surface joins the indentation transition region. The smooth 
and continuous nature of transition regions may be described 
by a radius. The indentation transition region connects to the 
indentation sidewall. The indentation sidewall is oblique to 55 

the impact region. The indentation sidewall in tum connects 

As previously mentioned, the working distance also affects 
the indentation topography. Generally, as the working dis
tance increases the indentation depth decreases for a given 
tool configuration, current pulse, and current pulse duration. 

to the impact transition region. The impact transition region 
smoothly connects to the impact region. The indentation 
depth is measured from a level of the untreated surface to a 
deepest portion of the impact region. 

The impact transition region radius describes a curvature of 
the impact transition region. Again, the impact transition 
region radius may be described by a single radius. The lack of 
sharp transitions in the indentation or around the indentation 
perimeter reduce the stress concentrations. 

By forming the indentation via plastic deformation, a 
residual compressive stress layer is formed. The residual 

In addition to the effects of the tool face, the tool face 
perimeter, and other parameters, those skilled in the art will 
also appreciate that changing the current pulse or the current 

60 pulse duration, or both, may change the indentation charac
teristics. Generally, as the current pulse increases, the inden
tation depth increases for a given material and working dis
tance. 

The present system for electromagnetic surface treatment 
65 allows the user to form localized treated surfaces down to the 

size of the single indentation, as large as the entire working 
surface of the work piece, orto treat specific areas of the work 
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piece. Multiple electromagnetic pulses may be directed 
toward the working surface to form treated surfaces that are 
larger, or that have indentation depths deeper, than one inden
tation. 

In another embodiment of the instant invention, the system 
forms the indentation and then forms the second indentation. 
The second indentation may be formed anywhere on the 
working surface. Similar to the indentation, the second inden
tation has a second indentation perimeter, a second transition 
region, a second indentation sidewall, a second impact tran
sition region, and a second impact region. An indent spacing 
may describe the distance between the indentation and the 
second indentation. The indent spacing may be a distance 
between the indentation perimeter and the second indentation 
perimeter. 

The second transition region is described by a second 
indentation transition radius and the second impact transition 
region is described by a second impact transition region 
radius. The second impact region is depressed to below the 
untreated surface by a second indentation depth. 

The system may form individual indentations separated by 
relatively large indent spacing such that the indentations do 
not overlap. In one particular embodiment of the instant 
invention, the indent spacing separates the indentations by a 
distance which substantially prevents tensile stress from 
forming in the treated surface. 

However, in many instances, the second indentation over
laps the indentation. The system overlaps indentations in a 
manner which results in a smooth and continuous surface that 
lacks stress concentrations. Therefore, the system forms 
treated surfaces that are vastly different from those surfaces 
produced by shot peening and laser peening. 

In another embodiment of the instant invention, the system 
forms the second indentation such that the indentation perim
eters overlap. In this situation, the treated surface is encom
passed by both the indentation perimeters. The indentation 
perimeters may form the treatment perimeter. By forming 
multiple indentations, large treated surfaces may be created in 
the working surface. In addition, the working surface may 
include multiple treated surfaces, including one or more 
indentations, adjacent to one or more untreated surfaces. 

In the case of overlapping indentations, the overlap forms 
an inter-indentation overlap region. The inter-indentation 
overlap region has an overlap impact transition region which 
is a smooth, continuous surface that is described by an overlap 
impact transition region radius. The overlap impact transition 
region joins an overlap sidewall that is obliquely disposed 
from the impact region. The overlap sidewall joins an overlap 
transition region having an overlap transition region radius 
that describes its curvature. The overlap transition region 
joins an overlap working region. The overlap working region 
is a smooth and continuous transition and, in one embodi
ment, is described by an overlap radius. The overlap working 
region may reside below the level of the untreated surface by 
an overlap depth. The overlap depth may depend on the indent 
spacing. In another embodiment, where the indentation and 
the second indentation substantially overlap, the overlap 
depth may be approximately equal to, or greater than, the 
indentation depth and approximately equal to, or greater than, 
the second indentation depth. 

6 
The inter-indentation overlap region has a second overlap 

transition region, a second overlap sidewall, and a second 
overlap impact transition region. As with the other transition 
regions, the second overlap transition region has a second 

5 overlap transition region radius, and the second overlap 
impact transition region has a second overlap impact transi
tion region radius. The second regions describe the surface of 
the second indentation in the inter-indentation overlap region. 
The system, therefore, produces treated surfaces having inter
indentation overlap regions with smooth and continuous tran-

l O sition regions. As with the indentation, the inter-indentation 
overlap region does not need to be symmetrical. 

Asymmetry of the inter-indentation overlap region may be 
intentional. The system may intentionally form the second 
indentation by, for example, varying the tool face, the tool 

15 face perimeter, the working distance, the tool axis, and the 
current pulse duration, from the indentation resulting in an 
asymmetric inter-indentation overlap region. 

In another embodiment of the instant invention, the system 
may form the treated surfaces which have a variety of shapes. 

20 In addition, the treatment perimeter shape may differ from the 
tool face perimeter. The system may form treated surfaces to 
completely cover the working surface, or the system may 
form treated surfaces to cover uniquely shaped areas.Usually, 
the treated surfaces will be those areas where, when the work 

25 piece is in service, tensile stresses develop on areas with 
initial residual tensile stress. 

The system may utilize other tool configurations. In its 
simplest form the system for electromagnetic surface treat
ment has of a single electromagnetic pulse tool connected to 

30 a single electromagnetic pulse generator. However, multiple 
electromagnetic pulse tools in electrical communication with 
the electromagnetic pulse generator are possible. Further, a 
single tool may have multiple pulse concentration elements to 
generate multiple indentations per current pulse. Also, mul-

35 tiple tools may be connected to a single electromagnetic pulse 
generator or an equal number of electromagnetic pulse gen
erators. The system may therefore have multiple tool faces 
and tool face perimeters in a prearranged pattern that may be 
discharged individually according to a predetermined order, 

40 or discharged simultaneously, to form treated surfaces having 
smooth and continuous surfaces. 

In another embodiment of the instant invention, the system 
has a controller. In one embodiment of the system, the con
troller is preprogranmied with a variety of data and informa-

45 tion regarding optimum tool parameters, current pulse, and 
current pulse duration for various material types and for the 
shape and size of the work piece. In addition, the controller 
may also be preprogrammed with tool face and tool face 
perimeters that form treated surfaces having a predetermined 

50 shape or predetermined stress levels for a variety of work 
piece shapes and materials. The controller may also coordi
nate tool changes, such that the system may use a variety of 
tool faces and tool face perimeters on a single work piece. In 
another embodiment of the instant invention, the controller 

55 may move the tool while energizing the electromagnetic 
pulse generator. 

These variations, modifications, alternatives, and alter
ations of the various embodiments may be used alone or in 
combination with one another, as will become more readily 

60 apparent to those with skill in the art with reference to the 
following detailed description of the embodiments and the 
accompanying figures and drawings. 

In another embodiment, the indent spacing is such that the 
residual compressive stress layer is continuous through the 
inter-indentation overlap region. Thus it is possible to create 
graduated stress profiles with the system. A desired level of 
stress may be achieved without forming stress concentrations 65 

by creating multiple overlapping indentations to target a 
desired overlap depth. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Without limiting the scope of the present invention as 
claimed below and referring now to the drawings and figures: 
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FIG. 1 shows an embodiment of a system for electromag
netic surface treatment, not to scale; 

FIG. 2 is an isometric view of an indentation formed with 
one embodiment of the system for electromagnetic surface 
treatment, not to scale; 

FIG. 3 is a cross-sectional view of the indentation taken 
along section line 3-3 in FIG. 2, showing a topography of the 
indentation, not to scale; 

FIG. 4 is a cross-sectional view of the indentation taken 
along section line 3-3 in FIG. 2, showing a residual compres
sive stress layer, not to scale; 

FIG. 5 is an isometric view of two overlapping indenta
tions, not to scale; 

8 
FIG. 22 shows a PEEQ, or equivalent plastic strain, contour 

plot calculated from Lorentz forces in an aluminum working 
surface, not to scale; 

FIG. 23 shows a graph of the PEEQ contour plot, FIG. 22, 
5 not to scale; 

FIG. 24 shows the stress formed in a working surface 
varying with distance and time during the current pulse, not to 
scale; 

FIG. 25 is an isometric view of an asymmetric indentation 
10 formed with one embodiment of the system for electromag

netic surface treatment, not to scale; and 

FIG. 6 is a cross-sectional view of the two overlapping 
15 

indentations taken along section line 6-6 in FIG. 5, showing a 
topography of an inter-indentation overlap region, not to 
scale; 

FIG. 26 is a cross-sectional view of the asymmetric inden
tation taken along section line 26-26 in FIG. 25, showing a 
topography of the asymmetric indentation, not to scale. 

DETAILED DESCRIPTION OF THE INVENTION 

A system (50) and method for electromagnetic pulse sur
face treatment of the present invention enables a significant FIG. 7 is a cross-sectional view of the two indentations 

separated by an indent spacing, not to scale; 
FIG. 8 is a cross-sectional view of an indentation illustrat

ing a curvilinear surface formed by the system, not to scale; 
FIG. 9 is a cross-sectional view of an embodiment of a flat 

tool face for forming an indentation, not to scale; 

20 advance in the state of the art. The embodiments of the system 
accomplish this by new and novel methods that are config
ured in unique and novel ways and which demonstrate previ
ously unavailable but preferred and desirable capabilities. 

FIG. 10 is a cross-sectional view of an embodiment of a 25 

The description set forth below in connection with the draw
ings is intended merely as a description of the present 
embodiments of the invention, and is not intended to repre-wedge shaped tool face for forming an indentation, not to 

scale; 
FIG. 11 is a cross-sectional view of an embodiment of a 

concave tool face for forming an indentation, not to scale; 
FIG. 12 is a cross-sectional view of an embodiment of a 30 

sent the only form in which the present invention may be 
constructed or utilized. The description sets forth the designs, 
functions, means, and methods ofimplementing the invention 
in connection with the illustrated embodiments. It is to be 
understood, however, that the same or equivalent functions convex tool face for forming an indentation, not to scale; 

FIG. 13 is a cross-sectional view of an embodiment of a 
discontinuous regular tool face for forming an indentation, 
not to scale; 

and features may be accomplished by different embodiments 
that are also intended to be encompassed within the spirit and 
scope of the invention. 

FIG. 14 is a cross-sectional view of an embodiment of a 35 In one embodiment, as seen in FIG. 1, the method for 
continuous regular tool face for forming an indentation, not to 
scale; 

FIG. 15 is a cross-sectional view of an embodiment of a 
discontinuous irregular tool face for forming an indentation, 
not to scale; 

FIG. 16 is a cross-sectional view of an embodiment of a 
continuous irregular tool face for forming an indentation, not 
to scale; 

FIG. 17 is a cross-sectional view of an embodiment of a 
pulse concentration element in the tool face for forming an 
indentation, not to scale; 

FIG. 18A shows a circular tool face perimeter taken along 
section line 18-18 in FIG. 9 for forming an indentation, not to 
scale; 

FIG. l8B shows a rectangular tool face perimeter taken 
along section line 18-18 in FIG. 9 for forming an indentation, 
not to scale; 

FIG. 18C shows a square tool face perimeter taken along 
section line 18-18 in FIG. 9 for forming an indentation, not to 
scale; 

FIG. 19A shows an oval shaped tool face perimeter, not to 
scale; 

FIG. l9B shows a star shaped tool face perimeter, not to 
scale; 

FIG. 19C shows a hexagon shaped tool face perimeter, not 
to scale; 

FIG. 20 a plan view of multiple overlapping indentations 
on a working surface forming a rectangular-shaped treated 
surface, not to scale; 

FIG. 21 is a plan view of multiple overlapping indentations 
on the working surface forming a square-shaped treated sur
face, not to scale; 

electromagnetic pulse surface treatment of a work piece (20) 
includes a system for electromagnetic pulse surface treatment 
(50). The system (50) treats a work piece (20) having a work
ing surface (24). The steps for accomplishing the method for 

40 electromagnetic surface treatment involve first mounting the 
work piece (20) to a fixture (10). In a second step, the system 
(50) positions an electromagnetic pulse tool (100) near the 
working surface (24). In a third step, an electromagnetic pulse 
generator (200) generates a current pulse. The current pulse 

45 travels through the electromagnetic pulse tool (100) and thus 
the tool (100) creates an electromagnetic pulse. The electro
magnetic pulse travels from the tool (100) toward the working 
surface (24). When the electromagnetic pulse strikes the 
working surface (24), the pulse causes an indentation (300) to 

50 form. The electromagnetic pulse tool (100) may then be 
moved to another location, and the work piece (20) removed 
from the fixture (10). Alternatively, the system (50) may form 
additional indentations (300). Now, each of the components 

55 

of the system (50) will be described in greater detail. 
As seen in FIG.1, in one embodiment of the instant inven-

tion, the fixture (10) has a load bearing surface (12), and the 
work piece (20) has a bearing surface (22) separated from the 
working surface (24) by a thickness (28). Thus, when the 
work piece (20) is mounted to the fixture (10), the load bear-

60 ing surface (12) is in contact with the bearing surface (22). 
With continued reference to FIG.1, the tool (100) has a tool 

face (110) and a tool axis (120). The tool face (110) has a tool 
face perimeter (112). As seen in FIG. 1, in one embodiment 
the tool face (110) is flat and the tool face perimeter (112) is 

65 circular. Other configurations of the tool (100) and the asso
ciated affect on the indentation (300) will be discussed in 
more detail later. 
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The tool face (110) is positioned at a working distance 
(130) from the working surface (24) during the step of posi
tioning the tool (100). As seen in FIG. 1, the system (50) may 
position the tool axis (120) perpendicular to the working 
surface (24). However, the system (50) is capable of position- 5 

ing the tool (100) at an oblique tool axis (120) to the working 
surface (24). 

As previously discussed, the electromagnetic pulse tool 
(100) is in electrical communication with the electromagnetic 
pulse generator (200). In one embodiment of the instant 10 

invention, the electromagnetic pulse generator (200) gener
ates the current pulse. As seen in FIG. 1, the electromagnetic 
pulse generator (200) has a power supply (210) and a capaci-
tor (220). The current pulse has a current pulse duration. The 
current pulse travels through the electromagnetic pulse tool 15 

(100) and the tool (100) forms the electromagnetic pulse. The 
current pulse is one parameter that influences a magnetic flux 
density of the electromagnetic pulse. 

10 
having an indentation depth (360). With reference to FIG. 3, 
the regions (320, 330, 340, 350) are not individual sections, 
but represent portions of a smooth and continuous surface. 

With continued reference to FIG. 3, the indentation perim
eter (310) is located where the untreated surface (26) joins the 
indentation transition region (320). While only one radius 
(322) is shown in FIG. 3 for simplicity, specifically to illus
trate the smooth and continuous nature of transition regions 
(320), the indentation transition region (320) may be a surface 
described by multiple radii. The indentation transition region 
(320) connects to the indentation sidewall (330). 

As seen in FIG. 3, the indentation sidewall (330) is oblique 
to the impact region (350). Although FIG. 3 shows the inden
tation sidewall (330) as oriented at an obtuse angle relative to 
the impact region (350), the indentation sidewall (330) may 
be nearly perpendicular with the impact region (350), or, 
alternatively, it may be nearly parallel with the impact region 
(350). The indentation sidewall (330) in turn connects to the 
impact transition region (340). As seen in FIG. 3, the impact 
transition region (340) smoothly connects to the impact 
region (350). The indentation depth (360) is measured from a 
level of the untreated surface (26) to a deepest portion of the 
impact region (350). 

The impact transition region radius (342) describes a cur
vature of the impact transition region (340). Again, for sim
plicity purposes, the impact transition region radius (342) is 
described by a single radius, as seen in FIG. 3. It will be 
obvious to those skilled in the art that when the radii (322, 
342) become smaller, the impact transition and transition 

As previously mentioned, the electromagnetic pulse ema
nates from the electromagnetic pulse tool (100). When the 20 

electromagnetic pulse strikes the working surface (24) of a 
conductive material, such as metal, the electromagnetic pulse 
produces eddy currents within the working surface (24). In 
turn, the eddy currents form an opposing magnetic field that 
creates repulsive forces. The repulsive forces act on the work- 25 

ing surface (24). The working surface (24) plastically 
deforms when the repulsive force causes a stress that exceeds 
the material's yield strength, thereby forming the indentation 
(300). As seen in FIGS. 1 and 2, the indentation (300) is an 
engineered depression in the working surface (24). 

With reference to FIG. 2, the indentation (300) has an 
indentation perimeter (310). The system (50) creates a treated 
surface (30) having a treatment perimeter (32) by forming the 
indentation (300). In the embodiment where the system (50) 
forms only one indentation (300), the treatment perimeter 35 

(32) may be substantially the same as the indentation perim
eter (310), as seen in FIG. 2. Alternatively, the system (50) 
may form multiple indentations (300) in the treated surface 
(30), such as those seen in FIGS. 20 and 21, where the treat
ment perimeter (32) surrounds the treated surface (30). When 40 

the treated surface (30) is smaller than the working surface 
(24), the treated surface (30) may be adjacent to an untreated 
surface (26). Therefore, the working surface (24) may have 
treated surfaces (30) surrounded by untreated surfaces (26), 

30 regions (320, 340) sharpen, and, conversely, as the radii (322, 
342) lengthen the impact transition and transition regions 
(320, 340) are more flat. Thus, larger radii (322, 342) make 
smoother transition regions (320, 340). The lack of sharp 

or untreated surfaces (26) surrounded by treated surfaces 45 

(30). In any case, the system (50) has a capability to form 
treated surfaces (30) in localized areas, possibly in areas 
where tensile stresses are known to form, such as, treating 
welds and surface geometries which cause stress concentra
tions to form. Thus, the method may enhance the work piece's 50 

(20) capability of enduring forces that cause tensile stress 
formation. A detailed description of the single indentation 
(300) is necessary for a thorough understanding of the inven
tion.Across-sectionofthe indentation (300) is seen in FIG. 3. 

Unlike the prior art, the present system (50) forms the 55 

indentation (300), as seen in FIG. 3, with a smooth and 
continuous surface. As those terms are used herein, a smooth 
and continuous surface means a surface that may be described 
by one or more radii such that the treated surface (30) has 
topography that distributes stress substantially evenly across 60 

the treated surface (30). By contrast, a geometric discontinu-
ity focuses or concentrates stress making it more likely that 
catastrophic failure will occur. In one embodiment, the inden
tation (300) has an indentation transition region (320) having 
an indentation transition radius (322), an indentation sidewall 65 

(330), an impact transition region (340) having an impact 
transition region radius (342), and an impact region (350) 

transitions in the indentation (300) or around the indentation 
perimeter (310) reduce the stress concentrations. Conse
quently, the smoothness may enable the work piece (20) to 
endure higher tensile loads than a comparative work piece 
(20) having the untreated surface (26) or a shot peened sur
face. 

As seen in FIG. 4, by forming the indentation (300) via 
plastic deformation, a residual compressive stress layer ( 600) 
is formed. The residual compressive stress layer (600) has a 
compressive stress and a compressive stress layer depth 
(610). In one embodiment of the instant invention, when the 
system (50) forms the indentation (300) and the residual 
compressive stress layer ( 600) in the working surface (24), no 
substantial changes in the stress occur in the bearing surface 
(22) opposite the indentation (300). As seen only in FIG. 4, a 
compressed thickness (34) separates the impact region (350) 
from the bearing surface (22). In one embodiment, the com
pressed thickness (34) is less than the thickness (28). That is, 
no substantial deformation occurs in the bearing surface (22). 
Therefore, the system (50) is capable of imparting the 
residual compressive stress layer ( 600) in the working surface 
(24) without disturbing the stress level of the bearing surface 
(22). In addition, the system (50) is capable of imparting the 
residual compressive stress layer ( 600) without deforming the 
work piece (20). As a whole then, the work piece (20) sub
stantially retains its original shape during surface treatment 
with the system (50). By way of example and not limitation, 
the system (50) may treat one side of a thin sheet of metal 
without deforming the sheet or disturbing any stresses on an 
opposite side. 

By way of example and not limitation, in an embodiment of 
the instant invention, the indentation transition region (320), 
impact transition region (340), indentation sidewall (330), 
and impact transition region (340) are curvilinear, as seen in 
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indentations (300) formed may be of greater indentation 
depth (360) having greater topography than the prior art 
method of laser shock peening. 

By way of example and not limitation, changes in tool face 
(110) include, for example, those seen in FIGS. 9 through 17, 
where the tool axis (120) is normal to the working surface 
(24). As seen in FIG. 9, when the tool face (110) is flat, the 
indentation (300) resulting from the electromagnetic pulse is 
different from the indentation (300) resulting when the tool 
face (110) is formed by two intersecting planes which form a 
line at their intersection and that extend toward the working 
surface (24). This "knife edge" tool face (110) is seen in FIG. 
10. Of course those skilled in the art will appreciate that other 
electromagnetic pulse tools (100) are possible. For instance, 

FIG. 8. Thus, when an external load is placed on the work 
piece (20) such that tensile stresses form in the treated surface 
(30), the tensile stresses are distributed uniformly. In another 
embodiment of the instant invention, the indentation (300) 
may be very long, measured in meters along any given dim en- 5 

sion, and the indentation transition radius (322) and impact 
transition region radius (342) may be greater than 1 millime
ter. The system (50) forms radii (322, 342) greater than 1 
millimeter to reduce stress concentration in the treated sur
face (30). In yet another embodiment of the instant invention, 10 

the indentation transition radius (322) and impact transition 
region radius (342) are greater than 10 millimeters. The radii 
(322,342) having dimensions greater than 10 millimeters fur
ther reduce the likelihood of stress concentrations. The 
smooth and continuous nature of the indentations (300) is not 
limited to symmetrical indentations (300). 

The indentations (300) illustrated in FIGS. 1, 2, and 5 are 
substantially symmetrical. For example, as seen in FIG. 3, for 
each cross section of the indentation (300), each of the tran
sition regions (320) is substantially identical, each of the 
indentation sidewalls (330) is substantially identical, and 
each of the impact transition regions (340) is substantially 
identical. Likewise, each of the indentation transition radius 
(322) and the impact transition region radius (342) are sub
stantially identical. However, the system (50) may not always 25 

form symmetrical indentations (300). In fact, asymmetrical 
indentations (300) may be preferred. 

15 the tool face (llO)maybe concave, as seeninFIG.11, having 
a unique indentation (300). Alternatively, the tool face (110) 
may be convex, as seen in FIG. 12. Other simple tool face 
(110) geometries may include cones, pyramids, and wedges. 
Generally, the more concave the tool face (110), the more 

As seen in FIG. 26, in the asymmetric indentation (300), 
cross sections of the indentation (300) may show that the 
various regions (320, 340, 350) are not symmetric from one 
side of the indentation (300) to the other. The system (50) may 
intentionally form asymmetrical indentations (300) when, for 
example, the tool face (110) is not symmetrical, or the tool 
axis (120) is oriented at an oblique angle relative to the 
working surface (24). Asymmetrical indentations (300) may 
have the indentation regions (320, 330, 340, 350) that differ 
from one side of a cross section to the opposite side. Similarly, 
the transition radius (322, 342) may not be substantially the 
same in one cross section of the indentation (300) as in 
another cross section. However, the asymmetric indentations 
(300) are smooth and continuous surfaces. 

20 perpendicular the indentation sidewall (330) is to the impact 
region (350). Alternatively, the more convex the tool face 
(110), the less perpendicular the indentation sidewall (330) is 
to the impact region (350) resulting in a more smooth treated 
surface (30). 

Tool faces (110) with complex surface geometries are also 
possible. Complex tool faces (110) provide a means for treat
ing difficult working surface (24) shapes or hard-to-reach 
areas, such as fillets and crevasses. As such, the tool face (110) 
may be discontinuous regular, as seen in FIG. 13, or in other 

30 words, the face (110) may have regular repeating surface 
features disposed from each another by discontinuities. Simi
larly, the tool face (110) may be continuous regular, as seen in 
FIG. 14, or having a repeating regular surface feature with the 
absence of discontinuities. Other examples, as seen in FIGS. 

35 15 and 16, are a discontinuous irregular tool face (110) and a 
continuous irregular tool face (110). 

In yet another embodiment of the instant invention, the tool 
face (110) has a pulse concentration element (114), as seen in 
FIG. 17. As one skilled in the art will understand, the tool face 

40 (110) may influence the shape of the electromagnetic pulse. 
Thus, the tool face (110) may affect the topography of the 
indentation perimeter (310), the transition region (320), the 
indentation sidewall (330), the impact transition region (340), 
the impact region (350), and the indentation depth (360). 

Like the tool face (110), the tool face perimeter (112) may 
be selected from a variety of shapes and sizes. The tool face 
perimeter (112) influences a shape of the indentation perim
eter (310). In one embodiment, the indentation (300) is simi
lar in shape to the tool face perimeter (112). By way of 

With reference to FIG. 3, unlike in the prior art method of 
shot peening, the method forms the indentation (300) such 
that no pile-up occurs. As used herein, pile-up refers to mate
rial that is displaced from within the indentation (300) radi- 45 

ally to the indentation perimeter (310) common in traditional 
shot peening. Pile-up material may also protrude above the 
level of the untreated surface (26). Usually pile-up has sharp 
topography that may be associated with stress concentrations. 
So, the material that plastically deforms moves outward 
rather than being compressed downward. In other words, the 
present system (50) forms the indentation (300), including the 
indentation transition regions (320), below the level of the 
untreated surface (26). In one embodiment, the system (50) 
does not form pile-up along the indentation perimeter (310). 
Thus, the method may substantially prevent stress concentra
tions from forming within the treated surfaces (30). 

50 example and not limitation, as seen in FIGS. 18A, 18B, and 
18C, the tool face perimeter (112) may form a simple shape, 
such as, a square, a rectangle, or a circle, to name only a few. 
The tool face perimeter (112) may also be more complex such 
as the ovals, stars, and other polygons, as seen in FIGS. 19A, 

55 19B, and 19C, respectively. 
As previously mentioned, the working distance (130) also 

affects the indentation topography. Generally, as the working 
distance (130) increases the indentation depth (360) 
decreases for a given tool configuration, current pulse, and 

As previously mentioned, the smooth and continuous 
nature of the indentations (300) may be adjusted by modify
ing the tool (100) configuration. For example, changes in the 
tool face (110), the tool perimeter (112), the working distance 
(130), and the tool axis (120) may change the indentation 
(300) topography. By way of example and not limitation, in 
one embodiment of the instant invention, the system (50) may 
form the indentations (300) at the limit of perception by 
creating less topography than the prior art method of shot 
peening. In another embodiment of the instant invention, the 

60 current pulse duration. In one particular embodiment of the 
instant invention, the working distance (130) is less than 1 
millimeter, and is more typically less than 0.5 millimeters. By 
way of example, one benefit of controlling the working dis
tance (130) to control the topography of the indentation (300), 

65 particularly the indentation depth (360), is that the electronics 
in the controller (700) are less complicated and are therefore 
less expensive to purchase and maintain. Thus, a system (50) 



US 9,125,243 B2 
13 

designed to generate a constant current and a constant current 
pulse duration will only require variable working distance 
(130) to form indentations (300) having a targeted indentation 
perimeter (310), transition regions (320, 340), and depth 
(360) for a given bearing surface (22). However, in stark 5 

contrast with the prior art method of shot peening, the instant 
invention is non-contact. In other words, the tool (100) does 
not intentionally touch the working surface (24). 

In addition to the effects of the tool face (110), the tool face 
perimeter (112), and other parameters, as discussed above, 10 

those skilled in the art will also appreciate that changing the 
current pulse or the current pulse duration, or both, may 
change the indentation (300) characteristics, particularly the 
indentation depth (360). Generally, as the current pulse 
increases, the indentation depth (360) increases for a given 15 

material and working distance (130). Also, the material of the 
work piece (20) will, in part, determine the required current 
pulse. The current pulse affects the magnitude of the com
pressive stress, the depth (610) of the residual compressive 
stress layer (600), and the topography of the regions (320, 20 

330, 340, 350). Similar to the current pulse, the current pulse 
duration also affects the magnetic flux density, and hence the 
magnitude of the repulsive forces formed in the working 
surface (24). 

In one illustrative embodiment, the working surface (24) of 25 

the work piece (20) is made of aluminum, the electromagnetic 
pulse is generated by a 300 kA current pulse with a current 
pulse duration of25 microseconds, the tool face (110) is flat, 
and the tool face perimeter (112) is formed by a 2 millimeter 
by 2 millimeter square made of copper. Finite ElementAnaly- 30 

sis may then be used to calculate the density of a plurality of 
eddy currents in the surface of the aluminum workpiece. As 
one skilled in the art will appreciate, the eddy currents spawn 
repulsive forces, called Lorentz forces. When the repulsive 
forces form a stress greater than the yield strength of the 35 

aluminum, the working surface (24) of the aluminum deforms 
inward. Thus the electromagnetic pulse forms the indentation 
(300). 

The indentation (300) formed in the aluminum can be 
described in terms of the equivalent plastic strain or PEEQ. A 40 

PEEQ contour plot calculated for the indentation (300) in the 
aluminum working surface (24), as discussed above, is shown 

14 
(610). In other cases, following formation of the indentation 
(300), the system (50) expands the treated surface (30) by 
translating the tool (100) and forming a second indentation 
( 400) adjacent to the indentation (300). 

With reference to FIG. 5, in another embodiment of the 
instant invention, the system (50) forms the indentation (300) 
and then forms the second indentation (400). The second 
indentation (400) may be formed anywhere on the working 
surface (24). Similar to the indentation (300), the second 
indentation ( 400), as seen in FIG. 7, has a second indentation 
perimeter (410), a second transition region (420), a second 
indentation sidewall ( 430), a second impact transition region 
(440), and a second impact region (450). An indent spacing 
(800) may describe the distance between the indentation 
(300) and the second indentation (400). The indent spacing 
(800) may be a distance between the indentation perimeter 
(310) and the second indentation perimeter (410), as seen in 
FIG. 7. 

The second transition region ( 420) is described by a second 
indentation transition radius (422) and the second impact 
transition region ( 440) is described by a second impact tran
sition region radius ( 442). The second impact region ( 450) is 
depressed to below the untreated surface (26) by a second 
indentation depth (460). 

As previously mentioned, the system (50) may form indi
vidual indentations (300, 400) separated by relatively large 
indent spacing (800) such that the indentations (300, 400) do 
not overlap. In one particular embodiment of the instant 
invention, the indent spacing (800) separates the indentations 
(300, 400) by a distance which substantially prevents tensile 
stress from forming in the treated surface (30). Thus, the 
system (50) may form treated surfaces (30) without indenta
tion overlap but still attain beneficial stress conditions that 
substantially prevent tensile stress formation. The system 
(50) also efficiently forms the treated surface (30) such that 
each indentation (300) may be positioned according to a 
predetermined pattern resulting in no excess indentations 
(300). As one skilled in the art will observe, due to the 
improve efficiency in indentation (300) placement, the sys
tem (50) may improve throughput in a production environ
ment by reducing cycle time per work piece (20). 

However, in many instances, the second indentation ( 400) 
overlaps the indentation (300). The system (50) overlaps 
indentations (300) in a mamier which results in a smooth and 
continuous surface that lacks stress concentrations. There
fore, the system (50) forms treated surfaces (30) that are 
vastly different from those surfaces produced by shot peening 
and laser peening. 

As seen in FIGS. 5 and 6, in another embodiment of the 
instant invention, the system (50) forms the second indenta
tion (400) such that the indentation perimeters (310, 410) 
overlap. In this situation, the treated surface (30) is encom
passed by both the indentation perimeters (310, 410). The 
indentation perimeters (310, 410) may form the treatment 

in FIG. 22.As one skilled in the art will understand, a distance 
versus equivalent plastic strain plot, derived from the PEEQ 
contour plot, is seen in FIG. 23. By way of example and not 45 

limitation, in the illustrative embodiment discussed above 
with aluminum, the indentation depth (360) is approximately 
0.2 millimeters and a diameter, as measured across opposing 
sides of the indentation perimeter (310) is approximately 4 
millimeters. In another embodiment of the instant invention, 50 

the indentation depth (360) made in aluminum is between 
approximately 0.1 millimeters and 0.5 millimeters. However, 
current pulses both higher and lower than 300 kA are pos
sible. In another embodiment of the instant invention the 
current pulse duration may be 1 second due to inductance and 
resistance variations in the electromagnetic generator (20). 

55 perimeter (32). By forming multiple indentations (300, 400), 
large treated surfaces (30) may be created in the working 
surface (24). In addition, the working surface (24) may 
include multiple treated surfaces (30), including one or more 
indentations (300), adjacent to one or more untreated surfaces 

The present system for electromagnetic surface treatment 
(50) allows the user to form localized treated surfaces (30) 
down to the size of the single indentation (300), as large as the 
entire working surface (24) of the work piece (20), or to treat 
specific areas of the work piece (20). Multiple electromag
netic pulses may be directed toward the working surface (24) 
to form treated surfaces (30) that are larger, or that have 
indentation depths (360) deeper, than one indentation (300). 
In some cases the indentations (300) will be placed directly on 
top of one another, possibly to increase the compressive 
stresses or to increase the compressive stress layer depth 

60 (26). 
In the case of overlapping indentations (300, 400), as seen 

in FIGS. 5 and 6, the overlap forms an inter-indentation 
overlap region (500). The inter-indentation overlap region 
(500) has an overlap impact transition region (510) which is a 

65 smooth, continuous surface that is described by an overlap 
impact transition region radius (512). The overlap impact 
transition region (510) joins an overlap sidewall (520) that is 
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obliquely disposed from the impact region (350). The overlap 
sidewall (520) joins an overlap transition region (530) having 
an overlap transition region radius (532) that describes its 
curvature. The overlap transition region (530) joins an over
lap working region (540). The overlap working region (540) 5 

is a smooth and continuous transition and, in one embodi
ment, is described by an overlap radius (542). The overlap 
working region (540) may reside below the level of the 
untreated surface (26) by an overlap depth (544). The overlap 
depth (544) may depend on the indent spacing (800). For 10 

example, as the indent spacing (800) indicates more overlap 
between the indentation (300) and the second indentation 
( 400), the overlap depth (544) may increase. As seen in FIG. 
6, the overlap depth (544) is less than the indentation depth 
(360) and is less than the second indentation depth (460). In 15 

another embodiment, where the indentation (300) and the 
second indentation (400) substantially overlap, the overlap 
depth (544) may be approximately equal to, or greater than, 
the indentation depth (360) and approximately equal to, or 
greater than, the second indentation depth (460). In another 20 

embodiment, the indent spacing (800) is such that the residual 
compressive stress layer (600) is continuous through the 
inter-indentation overlap region (500). Thus it is possible to 
create graduated stress profiles with the system (50). A 
desired level of stress may be achieved without forming stress 25 

concentrations by creating multiple overlapping indentations 
(300, 400) to target a desired overlap depth (544). By way of 
example and not limitation, the overlap depth (544) may be 
formed relatively deep in one location, such as near a weld to 
offset the tensile stresses that are commonly formed near 30 

welds, with the system (50) then overlapping the indentations 
(300,400) such that the overlap depth (800) gradually 
decreases to another location, for example, as the distance 
from the weld increases. Thus, the system (50) may improve 
the durability of the weld by making it less susceptible to 35 

cracking 
As seen in FIG. 6, the inter-indentation overlap region 

(500) has a second overlap transition region (550), a second 
overlap sidewall (560), and a second overlap impact transi
tion region (570). As with the other transition regions, the 40 

second overlap transition region (550) has a second overlap 
transition region radius (552), and the second overlap impact 
transition region (570) has a second overlap impact transition 
region radius (572). The second regions (550, 560, 570) 
describe the surface of the second indentation ( 400) in the 45 

inter-indentation overlap region (500). The system (50), 
therefore, produces treated surfaces (30) having inter-inden
tation overlap regions (500) with smooth and continuous 
transition regions (510, 520, 530, 540, 550, 560, 570). 

One skilled in the art will observe that the inter-indentation 50 

overlap region (500) does not need to be symmetrical. Any 
asymmetry of the inter-indentation overlap region (500) may 

16 
region (500). For example, the tool face perimeter (112) may 
be gradually increased in size, such as from one circular tool 
face perimeter (112) diameter to a larger circular tool face 
perimeter (112). Similar to the effects of gradually changing 
the overlap depth (544), the tool face perimeter (112) may 
initially be small to impart deep indentation depths (360, 460) 
near a weld or other high tensile stress location, and the tool 
face perimeter (112) may be gradually increased to impart a 
lesser indentation depth (360, 460) as the distance from the 
high tensile stress location increases. The stress profile may 
then be tailored to form treated surfaces (3 0) having improved 
stress profiles while maintaining a smooth and continuous 
surface. As one skilled in the art will observe, the treated 
surface (30) may be designed to achieve a specific stress 
profile. The design may incorporate a plurality of parameters, 
as discussed above, to achieve a desired treated surface (30) in 
an economical marmer. 

In another embodiment of the instant invention, the system 
(50) may form the treated surfaces (30) which have a variety 
of shapes. In addition, the treatment perimeter (32) shape may 
differ from the tool face perimeter (112). For example, as seen 
in FIG. 1, the electromagnetic pulse tool (100) with a flat tool 
face (110) and a circular tool face perimeter (112) may be 
used to create the treatment perimeter (32), as seen in FIG. 20, 
that is substantially rectangular by overlapping the indenta
tions (300, 400). In another embodiment, the electromagnetic 
pulse tool (100) with a flat tool face (110), as seen in FIG. 9, 
and a square tool face perimeter (112), as seen in FIG. 18C, 
may be used to create the treatment perimeter (32), as seen in 
FIG. 21, that is substantially rectangular by overlapping the 
indentations (300). The system (50) may form treated sur-
faces (32) to completely cover the working surface (24), or 
the system (50) may form treated surfaces (32) to cover 
uniquely shaped areas. Usually, the treated surfaces (30) will 
be those areas where, when the work piece (20) is in service, 
tensile stresses develop on areas with initial residual tensile 
stress. As seen in FIGS. 20 and 21, one skilled in the art will 
appreciate that by varying the indent spacing (800) and the 
tool face perimeter (112), custom treated surfaces (30) with 
smooth and continuous surfaces are formed in the work piece 
(20). 

Although FIG. 1 illustrates the work piece (20) as having 
planar features, the work piece (20) may be cylindrical, 
spherical, or have a complex geometry, for example, a turbine 
airfoil for an aircraft engine. The system (50) may form 
treated surfaces (30) on the turbine airfoil localized to the 
areas of the turbine airfoil that are prone to develop tensile 
stresses while in service. Localized treated surfaces (30) 
improve the fatigue life of the turbine airfoil. Since the treated 
surface (30) is localized, it can be performed more quickly, 
cheaply, and cleanly than prior art systems and methods. 

As previously mentioned, the system (50) may utilize other 
tool configurations. In its simplest form the system (50) for 
electromagnetic surface treatment has of a single electromag
netic pulse tool (100) connected to a single electromagnetic 
pulse generator (200). However, one skilled in the art will 
recognize that multiple electromagnetic pulse tools (100) in 
electrical communication with the electromagnetic pulse 
generator (200) are possible. Further, a single tool (100) may 

be a consequence of interaction between the indentations 
(300, 400). For example, when the system (50) forms the 
indentation (300) and then overlaps the second indentation 55 

( 400), the plastic deformation caused by the indentation (300) 
may resist additional plastic deformation when the system 
(50) forms the second indentation ( 400). Additionally, asym
metry in the indentation (300) may be one effect of the for
mation of the second indentation (400). 

As with asymmetry of the indentation (300), asymmetry of 
the inter-indentation overlap region (500) may be intentional. 
The system (50) may intentionally form the second indenta
tion ( 400) by, for example, varying the tool face (110), the tool 
face perimeter (112), the working distance (130), the tool axis 65 

(120), and the current pulse duration, from the indentation 
(300) resulting in an asymmetric inter-indentation overlap 

60 have multiple pulse concentration elements (114) to generate 
multiple indentations (300) per current pulse. Also, multiple 
tools (100) may be connected to a single electromagnetic 
pulse generator (200) or an equal number of electromagnetic 
pulse generators (200). For example, the system (50) may 
have multiple tools (100) to simultaneously form indenta
tions (300) having a unique pattern orto simultaneously form 
unique treated surfaces (30). The system (50) may therefore 
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have multiple tool faces (110) and tool face perimeters (112) 
18 

such additional modifications and variations and the equiva
lents thereof, are within the spirit and scope of the invention 
as defined in the following claims. The corresponding struc
tures, materials, acts, and equivalents of all means or step plus 

5 function elements in the claims below are intended to include 

in a prearranged pattern that may be discharged individually 
according to a predetermined order, or discharged simulta
neously, to form treated surfaces (30) having smooth and 
continuous surfaces. The system (50) is aptly suited for 
manufacturing environments due to its capability for rapid, 
repeatable surface treatment. The system (50) may be equally 
useful for custom surface treatment of hard-to-treat objects, 
such as butt welds on piping in the field. Finally, multiple 
electromagnetic pulse tools (100) may be positioned to form 10 

treated surfaces (30) on opposing sides of the work piece (20), 
simultaneously. With this setup, the forces on both sides of the 
work piece (20) may cancel each other out thereby requiring 
less support from the fixture (10). 

In another embodiment of the instant invention, the system 15 

(50) has a controller (700), as seen in FIG. 1. In one embodi
ment of the system (50), the controller (700) is prepro
grammed with a variety of data and information regarding 
optimum tool (100) parameters, current pulse, and current 
pulse duration for various material types and for the shape and 20 

size of the work piece. In addition, the controller (700) may 
also be preprogranimed with tool face (110) and tool face 
perimeters (112) that form treated surfaces (30) having a 
predetermined shape or predetermined stress levels for a vari
ety of work piece shapes and materials. Further, the controller 25 

(700) may include finite element analysis software to model 
residual tensile stress profiles and automatically determine a 
surface treatment strategy, including indent spacing (800), 
size, and depth of indentations (300, 400). 

In another embodiment, the controller (700) may integrate 30 

information from various sensors that are capable of measur
ing stress, indentation depth (360), and other material related 
parameters, such as hardness. The controller (700) may then 
adapt or modify tool (100) parameters, current pulse, current 
pulse duration, working distance (130), and tool axis (120), to 35 

name only a few of the possible parameters, until a desired 
overlap depth (544), stress level, or other target is achieved. 

any structure, material, or acts for performing the functions in 
combination with other claimed elements as specifically 
claimed. 

We claim: 
1. An electromagnetic pulse surface treatment system for 

treating a work piece, having a bearing surface and a working 
surface, with a single electromagnetic pulse, comprising: 

an electromagnetic pulse generator having a power supply 
and a capacitor, 

wherein the electromagnetic pulse generator produces a 
current pulse having a current pulse duration; 

an electromagnetic pulse tool in electrical communication 
with the electromagnetic pulse generator, wherein the 
electromagnetic pulse tool has a tool face and the tool 
face has a tool face perimeter, for forming and directing 
the single electromagnetic pulse toward the working 
surface; and 

a controller to control operation of the electromagnetic 
pulse generator to generate the current pulse which trav
els to the electromagnetic pulse tool such that the single 
electromagnetic pulse emanates from the electromag
netic pulse tool to produce an indentation and a residual 
compressive stress layer in the working surface with 
substantially no stress change in the bearing surface 
opposite the residual compressive stress layer, wherein 
the tool face produces the indentation entirely below an 
untreated surface and free of pile-up above the level of 
the untreated surface along a perimeter of the indenta
tion, and wherein the indentation is free of sharp transi
tions and comprises only smooth and continuous sur
faces having radii greater than 1 millimeter and an 
indentation depth ofless than 0.5 millimeter. 

2. The system of claim 1, wherein the controller further 
includes a sensor to measure the stress at the bearing surface 
opposite the residual compressive stress layer to ensure the 
stress does exceed the yield strength of the work piece. 

3. The system of claim 1, wherein the controller further 
includes an indentation depth sensor to measure an indenta
tion depth upon creation of the indentation, and the controller 
compares the measured indentation depth to a target depth 
and adjusts at least one parameter selected from the parameter 
group including a current pulse magnitude, a current pulse 
duration, and a working distance from the working surface, in 
response to the comparison. 

4. The system of claim 3, wherein the controller controls 
the movement of the electromagnetic pulse tool and positions 
the tool face at the working distance from the working sur
face. 

The controller (700) may coordinate the positioning of the 
tool (100) at various tool working distances (130) and tool 
axes (120) with activation of the electromagnetic pulse gen- 40 

erator (200). The controller (700) may be, for example, pro
grammed to create treated surfaces (32) in a predetermined 
pattern along the working surface (24). The controller (700) 
may also coordinate tool (100) changes, such that the system 
(50) may use a variety of tool faces (110) and tool face 45 

perimeters (112) on a single work piece (20). The controller 
(700) may also communicate with other equipment to coor
dinate the transfer of one work piece (20) out of the system 
(50) and to bring another work piece (20) into the system (50) 
for treatment, for example, in a manufacturing environment. 50 

In another embodiment of the instant invention, the controller 
(700) may move the tool (100) while energizing the electro
magnetic pulse generator (200). Therefore, the work piece 
(20) may receive electromagnetic pulses while the tool (100) 
moves across the work piece's (20) surface. 

5. The system of claim 4, wherein the at least one parameter 
55 selected from the parameter group is the working distance. 

Numerous alterations, modifications, and variations of the 
embodiments disclosed herein will be apparent to those 
skilled in the art and they are all anticipated and contemplated 
to be within the spirit and scope of the instant invention. For 
example, although specific embodiments have been 60 

described in detail, those with skill in the art will understand 
that the preceding embodiments and variations can be modi
fied to incorporate various types of substitute and or addi
tional or alternative materials, relative arrangement of ele
ments, and dimensional configurations. Accordingly, even 65 

though only few variations of the present invention are 
described herein, it is to be understood that the practice of 

6. The system of claim 1, further including at least a second 
electromagnetic pulse tool in electrical communication with 
the electromagnetic pulse generator wherein the second elec
tromagnetic pulse tool has a second tool face and the second 
tool face has a second tool face perimeter, different from the 
tool face perimeter, for forming and directing a second elec-
tromagnetic pulse toward the working surface, wherein the 
controller controls operation of the electromagnetic pulse 
generator to generate a second current pulse which travels to 
the second electromagnetic pulse tool such that the second 
electromagnetic pulse emanates from the second electromag-
netic pulse tool to produce a second indentation and a second 
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residual compressive stress layer in the working surface with 
substantially no stress change in the bearing surface opposite 
the second residual compressive stress layer. 

7. The system of claim 6, wherein the controller controls 
the current pulse and the second current pulse so that the 5 

electromagnetic pulse and the second electromagnetic pulse 
occur simultaneously. 

8. The system of claim 6, wherein the controller controls 
the current pulse and the second current pulse so that the 
electromagnetic pulse and the second electromagnetic pulse 10 

are not simultaneous. 
9. The system of claim 1, wherein the controller includes at 

least one predetermined treatment pattern and automatically 
moves the electromagnetic pulse tool and discharges the elec
tromagnetic pulse to achieve the predetermined treatment 15 

pattern. 
10. The system of claim 1, wherein the current pulse is 300 

kA or less and the current pulse duration is 1 second or less. 

20 
above !he level of the untreated surface alone a perimeter 
of the mdentation, and wherein the indentation is free of 
sharp transitions and comprises only smooth and con
tinuous surfaces having radii greater than 1 millimeter 
and an indentation depth ofless than 0.5 millimeter. 

14. The system of claim 13, wherein a curvature of the 
second tool face is different than the first tool face. 

15. The system of claim 13, wherein the second tool face is 
asymmetric. 

16. The system of claim 13, wherein the first tool face has 
a pulse concentration element to influence the shape of the 
electromagnetic pulse, and the second tool face is flat. 

17. The system of claim 13, wherein the controller further 
includes an indentation depth sensor to measure an indenta
tion depth upon creation of the indentation, and the controller 
compares the measured indentation depth to a target depth 
and adj_usts at_ least one parameter selected from the parameter 
grou~ mcludmg a current pulse magnitude, a current pulse 
durat10n, and a working distance from the working surface, in 11. The system of claim 10, wherein the surface area of the 

tool face is no more than 4 mm2
. 

20 response to the comparison. 

12. The system of claim 11, wherein the tool face has a 
pulse concentration element to influence the shape of the 
electromagnetic pulse. 

13_. An electromagnetic pulse surface treatment system for 
treatmg a work piece having a working surface, with an 25 

electromagnetic pulse, comprising: 
an electromagnetic pulse generator having a power supply 

and a capacitor, wherein the electromagnetic pulse gen
erator for generating a current pulse, wherein the current 
pulse has a current pulse duration; 

a set of electromagnetic pulse tools including at least a first 
electromagnetic pulse tool and a second electromagnetic 
pulse tool, wherein: 

30 

the first electromagnetic pulse tool is configured for 
electrical communication with the electromagnetic 35 

pulse generator, wherein the first electromagnetic 
pulse tool has a first tool face and the first tool face has 
a first tool face perimeter, for forming and directing a 
first electromagnetic pulse toward the working sur
face, wherein a portion of the first tool face is a work- 40 

ing distance ofless than 1.0 millimeter from the work
ing surface and no portion of the first tool face is in 
contact with the working surface; and 

the second electromagnetic pulse tool is configured for 
electrical communication with the electromagnetic 45 

pulse generator, wherein the second electromagnetic 
pulse tool has a second tool face and the second tool 
face has a second tool face perimeter that is different 
than the first tool face perimeter, for forming and 
directing a second electromagnetic pulse toward the 50 

working surface, wherein a portion of the second tool 
face is a working distance of less than 1.0millimeter 
from the working surface and no portion of the second 
tool face is in contact with the working surface; and 

a controller to control operation of the electromagnetic 55 

pulse generator to generate the current pulse which trav-
els to either the first electromagnetic pulse tool or the 
second electromagnetic pulse tool such that the electro
magnetic pulse emanates from the first electromagnetic 
pulse tool or the second electromagnetic pulse tool to 60 

produce an indentation and a residual compressive stress 
layer in the working surface with substantially no stress 
change in a surface opposite the residual compressive 
stress layer, and both the first tool face and the second 
tool face are configured to produce the indentation 65 

entirely below an untreated surface and free of pile-up 

18. An turbine airfoil electromagnetic pulse surface treat
ment s~stem for treating a portion of a turbine airfoil having 
~ working surface, with an electromagnetic pulse, compris
mg: 

an electromagnetic pulse generator for generating a current 
pulse, wherein the current pulse has a current pulse 
duration; 

an electromagnetic pulse tool in electrical communication 
with the electromagnetic pulse generator, wherein the 
electromagnetic pulse tool has a tool face and the tool 
face has a tool face perimeter, for forming and directing 
the electromagnetic pulse toward the working surface; a 
second electromagnetic pulse tool in electrical commu
nicati~n with the electromagnetic pulse generator, 
wherem the second electromagnetic pulse tool has a 
second tool face and the second tool face has a second 
tool face perimeter for forming and directing a second 
electromagnetic pulse toward a second working surface 
on an opposite side of the turbine airfoil from the work-
ing surface wherein the electromagnetic pulse tool and 
the second electromagnetic pulse tool are configured in 
substantially opposing orientation on opposite sides of 
the turbine airfoil to substantially cancel the forces gen
erated by the electromagnetic pulses; 

a controller to control operation of the electromagnetic 
pulse generator to generate (a) the current pulse which 
travels to the electromagnetic pulse tool such that the 
ele~tromagnetic pulse emanates from the electromag
netic pulse tool to produce an indentation and a residual 
compressive stress layer in the working surface, and (b) 
a second current pulse, simultaneous with the current 
pulse, which travels to the second electromagnetic pulse 
tool such that the second electromagnetic pulse ema
nates from the second electromagnetic pulse tool to pro-
duce a second indentation and a second residual com
pressive stress layer in the working surface, wherein the 
tool face and the second tool face produce indentations 
entirely below an untreated surface and free of pile-up 
above the level of the untreated surface along a perimeter 
of the indentation, and wherein the indentations are free 
of sharp transitions and comprises only smooth and con
tinuous surfaces having radii greater than 1 millimeter 
and an indentation depth ofless than 0.5 millimeter. 

19. The system of claim 18, wherein the second tool face 
perimeter is different from the tool face perimeter. 

* * * * * 


