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METHOD 

RELATED PATENT APPLICATIONS 
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application Ser. No. 09/782,880 filed Feb. 9, 2001, entitled 
"METHOD AND APPARATUS FOR MANUFACTURING 
STRUCTURES WITH IMPROVED FATIGUE LIFE", 
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claimed priority under 35 U.S.C. §119(e) from U.S. Provi­
sional Application Ser. No.: 60/181,290, filed on Feb. 9, 
2000, the disclosure of each of which is incorporated herein 
by their entirety by this reference. 

COPYRIGHT RIGHTS IN THE DRAWING 

A portion of the disclosure of this patent document 
contains material that is subject to copyright protection. The 
inventor has no objection to the facsimile reproduction by 
anyone of the patent document or the patent disclosure, as it 
appears in the Patent and Trademark Office patent file or 
records, but otherwise reserves all copyright rights whatso­
ever. 

TECHNICAL FIELD 

2 
taxi and take-offloads, etc., which over the service life of the 
aircraft can produce fatigue damage. 

Fatigue damage is generally observed, at time of initia­
tion, in the form of growth of small cracks from areas of 

5 highly concentrated stress. Typical stress concentrators 
include holes, fillet radii, abrupt changes in section, notches, 
and the like. Fatigue damage can often be hidden to the 
untrained because it generally occurs under loads that do not 
generally cause yielding or deformation of the structure. In 

10 fact, failure usually occurs under loads typically experienced 
in the operation of the structure. Undetected, a fatigue crack 
can grow until it reaches a critical and catastrophic size or 
length. At the critical length, the unstable crack races 
through the metal, causing sudden failure of the component. 

15 Catastrophic failure of the entire structure, such as a wing or 
fuselage, can occur when other members of the structure can 
not carry the additional load from the failed member. 

Even stationary objects such as railroad track, pressurized 
vessels and artillery equipment may fail in fatigue because 

20 of cyclic stresses. Cyclic loads caused by repeated loading 
due to rail car wheels running over an unsupported span of 
railroad track are the cause of many track failures. In fact, 
some of the earliest examples of fatigue failures were in the 
railroad and bridge building industry. Sudden pressure ves-

25 sel failures can also be caused by repeated pressurization 
cycles acting on initially small cracks. It is not surprising 
that U.S. governmental studies report that fatigue damage is 
a significant economic factor in the U.S. economy. 

This invention is related to novel methods for the manu-
30 

While many methods have been developed and utilized 
for the manufacture of structures having improved fatigue 
life at fasteners, it would nevertheless still be desirable to 
reduce the amount of handling involved in producing such 
structures. That is because such a development would facili­
tate reduced manufacturing costs of enhanced fatigue life 

35 structures, thus reducing the cost of end products utilizing 
such structures, and/or enabling more widespread use of 
improved fatigue life components in industrial applications. 

facture of fatigue prone structures, and their components, 
and particularly metal parts having apertures therein, includ­
ing, but not limited to, apertures utilized (a) for accommo­
dating connecting elements, such as rivets, bolts, pins, 
screws or other fasteners, or (b) for accommodating tubing, 
cable, wires, rods, or other actuators, ( c) for weight reduc­
tion purposes. Additionally it can be applied to guns, pres­
sure vessels or other structures carrying pressurized fluid 
loads. Individual components, sub-structures, and overall 

40 
finished structures can be manufactured utilizing the method 
and apparatus disclosed herein in order to achieve improved 
resistance to metal fatigue, and thus to have improved 
structural integrity. 

SUMMARY 

An novel tool for working a structure to improve the 
fatigue strength at a selected location in the structure has 
been developed. Specifically, the tooling involves the pro­
vision of a compound indenter, of either a solid one-piece 

BACKGROUND 

Metal fatigue is a problem common to just about any 
component or structure that experiences cyclic stresses or 
repetitive loading. Such problems are especially important 
in the metal structures utilized in various components of 
transportation systems as they experience a varying amount 
of repetitive loads during normal operation. Structures or 
components that are prone to fatigue damage include, but are 
not limited to, commercial and private transport aircraft, 
general aviation, military aircraft, helicopters, jet engines, 
turbines, passenger cars, trucks, off-road equipment, con­
struction vehicles, heavy construction equipment, boats, 
ships, trains, rolling stock, railroad track, stationary and 
moving bridges, medical implants, pressurized pipes and 
vessels, guns, cannons and the like. 

Metal fatigue can generally be defined as the progressive 
damage, usually evidenced in the form of cracks, that occurs 
to structures as a result of cyclic or repetitive loading. The 
lower surface of an aircraft wing is a classical example of the 
type of loading that produces fatigue. The wing is subjected 
to various cyclic stresses resulting from gust, maneuvering, 

45 integral construction, or of adjustable multi-part construc­
tion, which includes a primary indenter with a contacting 
end for engagement with and deformation of a pre-selected 
portion of a first surface of the structure being worked, to 
impart a desirable residual stress profile in said body of the 

50 structure. The primary indenter has a first shaped surface 
with a preselected profile designed to impart the desired 
stress profile, and a sloping peripheral wall to facilitate 
removal of the indenter from the workpiece. The compound 
indenter, whether of the solid, integral one-piece design or of 

55 the adjustable design, also includes a secondary indenter 
having a second shaped surface having a preselected surface 
profile. The primary indenter and the secondary indenter are 
configured for engagement with the structure being worked. 
For the creation of the usual round holes in a workpiece 

60 (such as for rivets or other fasteners), the primary indenter 
and the secondary indenter are arranged concentrically on 
the working end of the compound indenter. In this manner, 
the secondary indenter is preferably situated, longitudinally, 
so as to form an annular shoulder having an inner ring edge 

65 around the primary indenter. In some cases, a very narrow, 
annular secondary indenter is followed by, radially out­
wardly, a sloping blend radius, and then a tertiary indenter 
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life or to pore hole finish. Significantly, however, the desir­
able inward compressive stress are present at the edge of the 
manufactured hole to counteract potentially damaging 
stresses focused at the aperture edge. 

Importantly, the tooling provided herein is uniquely 
adapted to high speed automation of the manufacture of 
holes and the joining of parts, particularly with rivets and 
other fasteners. Consequently, the simplified embodiments 
depicted herein should be considered exemplary, and not 

surface. Next, another blend radius is located radially out­
ward of the tertiary indenter surface. Ideally, a concave foot 
portion is located radially outward from the final indenter ( as 
described, the tertiary indenter), and finally, a flat foot 
portion extends radially outward in the same plane as the top 5 

surface of the work piece being indented. When a circular 
hole is being formed, and a circular indenter is being 
utilized, the foot is annular in shape and confiningly struc­
turally surrounds the outermost (normally secondary or 
tertiary indenter) to protect said first surface of the structure 
being worked against surface upset when the compound 
indenter acts on the first surface of the structure. 

Importantly, in thick stacks of workpieces, a second 
compound indenter, of similar construction to that just 
described for the first compound indenter, can be utilized in 15 

the same fashion against a second side of the lowermost 
workpiece. In this fashion, desirable residual compressive 
stresses can be created at a preselected location throughout 
the body of each workpiece in the thick stack. 

10 restrictive, as those of ordinary skill in the art and to whom 
this disclosure is directed will, having reviewed this disclo­
sure, be able to directly adapt the tooling and the method 
disclosed to larger, more complex structures for manufacture 
of many important structures, such as aircraft components. 

Use of the novel tooling described herein enables the 20 

practice of an improved method for the manufacture of a 
joint that includes overlapping at least first and second 
structural members. The method involves contacting a pre­
selected portion of the first structural member with a first 
compound indenter at a pressure greater than the yield point 25 

of the composition of the structural member to deform a 
portion of the first structural member in a manner so as to 
impart a pre-selected residual stress at a location at or near 
a selected location for a first fastener aperture through the 
first structural member. Preferably, the indenter shape and 30 

the amount of indentation are selected in order to impart a 
residual compressive force that is substantially uniform 
along the entire length through the body of the first structural 
members along sidewall portions of a first fastener aperture. 

OBJECTS, ADVANTAGES AND NOVEL 
FEATURES 

The herein described manufacturing process for produc­
ing enhanced fatigue life parts and structures can be advan­
tageously applied to apertures for fasteners, to large holes, to 
non-round cutouts of a workpiece, to other structural con­
figurations with thick material or to stackups of thinner 
material that make up a thick stack of materials. Treating a 
workpiece structure for fatigue life improvement, prior to 
fabricating the aperture itself, has significant technical and 
cost advantages. The method is simple, is easily applied to 
robotic and automated manufacturing methods, and is oth­
erwise superior to those manufacturing methods heretofore 
used or proposed. 

From the foregoing, it will be apparent to the reader that 
one important and primary object of the present invention 
resides in the use of a novel method for treating a workpiece 
to reduce fatigue stress degradation of the part while in 
service. The method reduces manufacturing costs, and both 
simplifies and improves quality control in the manufacture 
of parts with enhanced fatigue life. 

A second structural member is provided which has therein, 35 

or at least a location for manufacture therein, a second 
fastener aperture defined by a second sidewall portion. The 
second structural member can be either unworked with 
respect to improved fatigue resistance, or separately worked, 
or simultaneously worked by utilizing opposing compound 
indenters. Then, the apertures for holes in the first and 
second structural members are machined by reaming, to 
define, by their respective sidewall portions, the first fastener 
aperture in the first structural member, and the second 
fastener aperture in the second structural member. To finish 45 

the joint, a fastener is inserted through the common hole 
created by alignnient of the first and second fastener aper­
tures, and then the fastener is secured. 

Other important but more specific objects of the invention 
reside in the provision of an improved manufacturing pro-

40 cess and of improved manufactured products with enhanced 
service life when subject to fatigue stress, as described 
herein, which: 

This improved method can also be advantageously uti­
lized by employing dynamic compound indenter to impinge 50 

the surface of a metal workpiece, preferably in a direction 
normal to the surface. The action of the dynamic compound 
indenter causes waves of elastic and plastic stress to develop 
and propagate through the metal. Where appropriate, a 
platen or stationary indenter can be utilized to support a 55 

workpiece. In any event, properly applied and focused 
plastic stress waves impart a large zone of residual stress, 
readying the impact area for fabrication of a fastener hole. 
A drill, reamer, or other cutting device is positioned con­
centric to the impact zone from a circular compound 60 

indenter. When the hole is machined, a small rebound of the 
stresses surrounding the hole occurs. Such rebound mani­
fests itself as shrinking of the manufactured hole. For this 
reason, the cutting tools used in this method may require the 
use of a feature, i.e., back-taper, that takes into account the 65 

inward metal movement in a hole. Otherwise, possible 
binding of the cutting tool might lead to reduced cutting tool 

Eliminates the requirement for mandrels; 
Eliminates the requirement for split sleeves; 
Eliminates the need for disposable split sleeves; 
Minimizes or eliminates the need for lubrication and 

subsequent clean-up during manufacture of apertures 
for fasteners and other objects: 

Allows for cold working of multi-component structures 
that have a bonding compound or wet sealant between 
adjacent metallic components; 

Enables the production of a wide range of aperture 
diameters, in which a wide range of diameters are 
employed, in a single manufacturing step, rather than 
with different mandrel for each small increment in 
aperture size; 

Allows the magnitude and depth of the residual stress to 
be carefully controlled, by control of the amount of 
force or energy input into the part or structure the 
indenters, or by control of dimple depth or other 
measure of displacement or indentation; 

Enables process control to be established using feedback 
in the manufacturing system, enhancing quality assur­
ance; 

Eliminates shear tears in the workpiece, as commonly 
encountered in mandrel manufacturing methods; 
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Significantly reduces or effectively eliminates surface 
marring and upset associated with mandrel methods, 
thus significantly increasing fatigue life; 

6 
inch (7.62 mm) diameter, with a suitable end profile acting 
against the work surface of a workpiece, before reaming to 
form the desired hole in the workpiece. 

Is readily adaptable to automated manufacturing equip­
ment, since manufacturing cycle times are roughly 5 

equivalent to, or less than, cycle times for automated 
riveting operations; 

FIG. 9 illustrates the zero hoop stress profiles resulting 
from the action of a single, simple, prior art indenter of 0.300 
inch (7.62 mm) diameter, with a suitable end profile acting 
against the work surface of a workpiece, after reaming to 
form the desired hole in the workpiece. Enables aperture creation after fatigue treatment, by a 

single reaming operation, rather than with two reaming 
operations as has been commonly practiced heretofore; 10 

Is low enough in cost that it can be effectively applied to 
other critical structures, such as fuselage structures, 
which are typically not treated because of cost; 

FIG.10 illustrates the stress profiles resulting from (1) the 
action of a single, simple prior art indenter of 0.210 inch 
(5.33 mm) diameter, with a suitable end profile acting 
against the work surface of a workpiece, after reaming to 
form the desired hole in the workpiece, (2) the action of a 
single, simple prior art indenter of 0.300 inch (7.62 mm) Is effective at treating deep stackups of material, including 

multiple layers; 
Is effective at treating thick structure where the compara­

tive thickuess of the stack elements differ greatly, i.e., 
one thick and one thin; 

Is effective at treating a wide range of alloys. 

15 diameter, with a suitable end profile that provides an opti­
mum pressure profile against the work surface of a work­
piece, after reaming to form the desired hole in the work­
piece, and (3) a compound indenter of the type taught herein, 
having a primary indenter diameter of0.210 inch (5.33 mm) 
and a secondary indenter diameter of0.300 inch (7.62 mm) 
diameter, with the primary and secondary indenters each 
having a suitable end profile that provides an optimum 
pressure profile against the work surface of a workpiece, 
with the zero hoop stress profile shown after reaming to form 

Other important objects, features and additional advan- 20 

tages of my invention will become apparent to the reader 
from the forgoing and from the appended claims and the 
ensuing detailed description, as the discussion below pro­
ceeds in conjunction with examination of the accompanying 
drawing. 25 the desired hole in the workpiece. 

BRIEF DESCRIPTION OF THE DRAWING 

The invention may be more readily understood and appre­
ciated by a thorough review of the enclosed drawing, which 
includes the following figures: 

FIG. 1 shows a side view of a solid, integral, one-piece, 
compound indenter that has, in a radially outward direction 
from the centerline, a small, distal, primary indenter, a lead 
taper adjacent thereto, a sloping peripheral wall radially 
outward, a second blend radius, a secondary indenter, and a 
third blend radius to reach the outside diameter of the 
compound indenter. 

FIG. 2 illustrates the use of two compound indenters, each 
of the type just illustrated in FIG. 1, now showing the use of 
opposing compound indenters against top and bottom mem­
bers of a thick stack of material. 

FIG. 3 illustrates a compound indenter having a primary 
indenter with a working length which is adjustable with 
respect to the face level of a secondary indenter. 

FIG. 4 illustrates the use of a compound indenter as just 
illustrated in FIG. 3 above, but now also including a foot or 
stop confiningly surrounding the secondary indenter, where 
the stop minimizes surface upset in the structural workpiece. 

FIG. 5 illustrates the use of first and second compound 
indenters, each of the type shown in FIG. 5, with an 
adjustable first primary indenter adjusted to a different 
penetration depth than a second primary indenter, and with 
the first and second compound indenters acting on opposing 
sides of a thick workpiece. 

FIG. 6 illustrates the zero hoop stress profiles resulting 
from the action of a single, simple, prior art indenter of0.210 
inch (5.33 mm) diameter, with a suitable end profile acting 
against the work surface of a workpiece, before reaming to 
form the desired hole in the workpiece. 

FIG. 7 illustrates the zero hoop stress profiles resulting 
from the action of a single, simple, prior art indenter of0.210 
inch (5.33 mm) diameter, with a suitable end profile acting 
against the work surface of a workpiece, after reaming to 
form the desired hole in the workpiece. 

FIG. 8 illustrates the zero hoop stress profiles resulting 
from the action of a single, simple, prior art indenter of 0.300 

FIG. 11 shows the use of a pair of adjustable compound 
indenters as taught herein to indent the obverse side of a 
workpiece that is placed on a platen, so that the adjustable 
compound indenters can be actuated downward against the 

30 workpiece to provide suitable indentations therein so as to 
provide a desired residual compressive stress pattern after 
manufacture of desired holes through the workpiece. 

FIG. 12 shows the use of a pair of adjustable compound 

35 
indenters as taught herein to indent (a) the obverse side of a 
workpiece, and (b) the reverse side of a workpiece, so that 
the adjustable compound indenters can be actuated (1) 
downward against a workpiece, and (2) upward against a 
workpiece, to provide suitable indentations therein so as to 

40 
provide a desired residual compressive stress pattern after 
manufacture of desired holes through the workpiece. 

FIG. 13 is a perspective view of an embodiment of the 
adjustable compound indenter, showing the adjustable pri­
mary indenter, the nose cap with secondary indenter 

45 attached to the primary indenter housing, the indenter block 
adapter from which the primary indenter housing is sup­
ported, a bottom plate, top plate, and side plate for housing 
the adjustment actuator and 90 degree speed reducer for 
connection to a stepper or servo motor (not shown) or other 

50 suitable drive for adjustment of the length of the primary 
indenter, and a threaded adapter for attachment of the 
adjustable compound indenter to an indenter ram press 
drive. 

FIG. 14 is a vertical cross sectional view of the adjustable 
55 compound indenter first illustrated in FIG. 13, additionally 

showing certain internal components, including a drive pin 
and 90 degree speed reducer for connection to a stepper 
motor (not shown) or other suitable drive for turning the 
primary indenter in its threads to achieve vertical adjustment 

60 of the length of the primary indenter, as well as showing the 
nose cap with integral secondary indenter which is attached 
to the primary indenter housing, and the indenter block 
adapter from which the primary indenter housing is sup­
ported, and a bottom plate, top plate, and side plate for 

65 housing the adjustment actuator and 90 degree speed 
reducer, and a threaded adapter for attachment of the adjust­
able compound indenter to an indenter ram press drive, as 
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well as illustrating the impact of such an adjustable com­
pound indenter against a workpiece therebelow. 

FIG. 15 is an exploded perspective view of the adjustable 
compound indenter just illustrated in FIGS. 13 and 14, now 
additionally showing certain internal components, threads 5 

for attachment of the threaded adapter to the top plate, 
threads for threaded attachment of the primary indenter 
housing to the bottom plate, threads for threaded attachment 
of the nose cap with integral secondary indenter to the 
primary indenter housing, and external threads on the pri- 10 

mary actuator for threaded engagement with internal threads 
(see FIG. 14) in the primary indenter housing, vertical 
adjustment of the primary indenter with respect to the 
secondary indenter in this adjustable compound indenter. 

FIG. 16 is a top view taken looking down at the inside of 15 

the nose cap with integral secondary indenter, as if through 
line 16-16 in FIG. 17. 

FIG. 17 is a partially broken away side view of a nose cap 
with integral secondary indenter. 

8 
thickness T that is about two times the diameter D of the hole 
that passes through the material, or greater (i.e., T~2D) 

Importantly, the indenter shape disclosed herein can be 
used on automated manufacturing equipment, including 
fastener installation devices, and other devices that span a 
continuum of strain ranges. These include process applica-
tions in the creep range (quasi-static) for treating strain 
sensitive materials, and high speed (dynamic impact) for 
treating material with low strain rate sensitivity or those 
benefiting from the higher rate. 

As is illustrated in FIG. 1, a unique indenter 18 is 
provided with an end shape that is characterized by com­
pound shape on the working end. Specifically, a first 
indenter 20 of overall diameter Dl, also called the small or 
primary indenter, is located at the leading edge of a second 
indenter 22 of overall diameter D2, also called the large or 
secondary indenter, both of which are formed, if integrally, 
on an indenter shaft 24. Normally, both the first indenter 20 
and the second indenter 22 are smaller than the selected 
fastener hole diameter. The primary indenter 20 allows for 
great indentation depth, resulting in desirable residual 
stresses at the interior of a deep stack, for example, a deep 
stack 30 of elements 32 and 34, as seen in FIG. 2. 

The secondary indenter 22 imparts a high level of residual 

FIG. 18 is a close-up partial cross-sectional view of the 20 

nose cap just illustrated in FIG. 17, now showing details of 
the nose cap, which details appear, radially outward, as an 
integral secondary indenter, a first blended radius, an inte­
gral tertiary indenter, a second blended radius, a concave 
foot portion, and a flat foot portion. 25 stress at or near the surface 36 of element 32, and, if used, 

at or near surface 38 of element 34. The length Ll of the 
primary indenter 20 is governed by the amount of indenta­
tion desired which in tum is governed by the overall 

FIG. 19 is a cross-sectional view of the adjustable primary 
indenter as illustrated in FIGS. 14 and 15, now showing 
external threads used for driving the adjustable primary 
indenter up and down in the primary indenter housing. 

FIG. 20 illustrates the use of opposing, integral, one-piece 30 

compound indenters on a thick stack, to create desirable 
residual stresses in both the first side of an upper workpiece 
and in the second side of a lower workpiece, so that desirable 
compressive stress is created throughout the thick stack. 

35 

thickness (and specific material) of stack 30. The indenter 18 
is designed such that the secondary indenter 22 engages the 
stack surface(s) 36 or 38 at a point where the action of the 
primary indenter 20 begins to impart residual tensile stress 
at the surface 36 or 38. When the secondary indenter 22 
makes contact with the surface 36 or 28 of the workpiece 32 
or 24, it begins to reverse the tensile stress developed by the 
action of the primary indenter 20 by imparting compressive 

FIG. 21 shows the step of drilling or reaming a hole in one 
or more workpieces, here showing a first workpiece where 
a dimple has been formed by action of a compound indenter 
as taught herein, and a second workpiece wherein the step of 
indenting the metal to improve fatigue life as taught herein 

40 
has not been utilized. 

stresses. In comparison, should be noted that a prior art 
single feature indenter, such as a flat bottom punch, a tapered 
punch, or a spherical nose punch, instead imparts a delete­
rious residual tensile stress at the surface, and adjacent to the 
hole, when used to treat a deep stack of structural material. 

FIG. 22 illustrates the use of a flush rivet with a shank 
portion to join a first workpiece having a chamfered hole 
edge therein to accommodate the flush rivet head, and a 
second workpiece having a straight or transverse hole edge­
wall therethrough for accommodating the shank of the rivet. 

FIG. 23 illustrates the use ofrivet having a round head to 
join a first workpiece having a straight or transverse hole 
edgewall therethrough, and a second workpiece also having 
a straight or transverse hole edgewall therethrough. 

FIG. 24 illustrates the step of drilling or reaming a blind 
hole or dead end passage in a thick workpiece, wherein the 
workpiece has been treated by that has been formed by 
action of a compound indenter as taught herein. 

In the various figures, like structures will be noted with 
like reference numerals or letters, without further mention 
thereof. 

DESCRIPTION 

A novel indenter has been developed for cold working 
treatment of metallic structures, and most advantageously, 
relatively thick structures, or "deep stacks" of metallic 
structure. This indenter is thus advantageously utilized in the 
manufacture of various fatigue life enhanced structures. For 
the purposes of this disclosure, a thick structure or deep 
stack is considered to be a material having an overall 

However, as illustrated using the compound indenter design 
disclosed herein, the primary 20 and secondary 22 indenter 
diameters work together to impart advantageous residual 

45 compressive stress, preferably substantially uniformly 
through the entire thickness Ts of the deep stack 30. It should 
be understood that a plurality of indenter "steps" may be 
used depending on the stack thickness, i.e., there may be 
more than two. Thus, a compound indenter 18 should be 

50 understood to include N steps, where N is a positive integer 
of 2 or greater. 

The working face edge of the primary indenter may 
feature a chamfer, or small lead in taper or blend radius 40 
to give it both a measure of sharpness for ease of penetration 

55 and edge relief for resisting wear. The primary indenter 20 
may also feature a slight taper portion 42, preferably having 
an angle alpha (a) of about 3° more or less, to improve radial 
flow of the metal being impacted, and to facilitate removal 
of the indenter 18 from a workpiece after processing. This is 

60 important because it might be expected that a straight 
shanked primary indenter would tend to bind in any resultant 
dimple in a workpiece, making removal of such an indenter 
from a workpiece difficult after processing. 

The primary indenter 20 transitions (working right to left 
65 in FIG. 1) to the secondary indenter 22 diameter D2 through 

the aforementioned blend radius 40 and then the taper 42, 
and thence into a blend radius 44, and subsequently into 
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secondary indenter working face 22. The working face of 
secondary indenter 22 is followed by an external blend 
radius 46. 

The deep stack indenter illustrated in FIG. 1 is shown 
ready for the processing of a single side of a work piece or 
of a stack of workpieces, such as stack 32 shown in FIG. 2. 
However, in FIG. 2, an additional element is introduced, in 
that a typical two-sided treatment of a two element stack 30 
is shown. An indenter 24 as described in the embodiment set 
forth above may be advantageously provided in a fixed 
geometry, in the sense that the length Ll of the primary 
indenter 20 is machined into the indenter 18, i.e., it is an 
integral, one-piece, solid indenter. 

10 
in an integral, one-piece combination, either (a) (1) the 
primary indenter, (2) the secondary indenter feature and (3) 
the foot, or (b) (1) the secondary indenter and (2) the foot. 

In FIG. 5, it should be noted that treatment in an unbal-
5 anced stack 73 allows for less indentation, i.e., small dimple 

depth DDDIM2 in the thinner material 72 of thickness T2. 
The lower primary indenter 54' and secondary indenter 52' 
penetration is thus desirably smaller, which is important 
since a high amount of penetration of a thin structural 

10 element could cause undesired deformation. Conversely, the 
upper material 70 requires greater penetration because of its 
greater thickness Tl. Because greater load is required to 
make a deeper penetration than a light penetration, the foot 
or stop 60 is advantageous in carrying the larger load acting Another embodiment for a desirable indenter is improved 

indenter 48, seen in FIG. 3. The indenter 48 preferably 
includes a hollow secondary indenter 52 of outside diameter 
D52 surrounding a solid primary indenter 54 of outside 
diameter D54. As illustrated, the primary and secondary 
indenter can be considered both cylindrical, however, cer­
tain applications (non-circular cutouts, for example) lend 
themselves to being worked by non-cylindrical or odd 
shaped compound indenters. Importantly, the working 
length L54 of the primary indenter can be adjusted, depend­
ing on the desired depth of material treatment, the stack 
thickness T,, and on the composition of material 58. In this 25 

way the primary 54 and secondary 52 indenters can be 
positioned independently. If provided in cylindrical fashion, 
the composite shape of indenter 48 is similar, overall, to the 
solid-piece, deep stack indenter 18 described above. More­
over, it should be noted that use of multiple indenters (for 
example a two-indenter design using a primary and second­
ary indenter) may provide as advantageous results as shown 
herein, if such multiple indentations are provided as sepa­
rate, sequential tooling operations (in the example noted, 
with the primary indenter tool operation preceding a sec­
ondary indenter tool operation). 

15 on the upper element 70. Without the foot 60, the indenters 
52 and 54 might achieve equilibrium at undesirable dimple 
depths DDDIMI. and or DDDIM2 . The cross sectional contact 
area of the foot 60 is desirably large enough so that at any 
anticipated processing load, no surface yielding on surface 

20 76 would occur as a result of its contact of the bottom 80 of 
foot 60 with the surface 76 of material 70. Moreover, the 
foot is an important tool in automated manufacturing, where 
it also serves to secure a workpiece at a desired working 
location while the indenter acts on the workpiece. 

It is a significant improvement in the art that the novel 
compound indenter shapes disclosed herein provide a unique 
and important advantage for treating thick sections or deep 
stack-ups of material. One example of data which illustrates 
the efficacy of the indenter designs shown herein, and of the 

30 methods of employing such indenters in improving fatigue 
life of materials, can be seen by comparison of FIG. 10 
(which illustrates hoop stress profiles in materials worked 
according to the present invention) with the data in FIGS. 6 
through FIG. 9 (which illustrate materials worked with a 

35 single shaped end indenter). The data illustrated in FIGS. 6 
through 10 was developed by using a one-inch thick piece of 
2000 series aluminum alloy as the workpiece. However, the 
data apply equally to two one-half inch pieces of 2024-T3 
aluminum that are stacked on top of each other, where the 

Turning now to FIG. 4, a further variation of my indenter 
design is provided by deep-stack indenter 60. Indenter 60 
uses yet another hollow device (preferably, but not neces­
sarily, in concentric cylindrical fashion) for a foot or stop 62 40 back surface is the interface between the two pieces of 

aluminum. First, the stress profiles resulting from the actions 
of individual, single shaped end indenters, both before and 
after machining a hole in the structure, are shown in FIGS. 
6 through FIG. 9. Then, in FIG. 10, the stress profile results 

of outside dimension D62 that facilitates the manufacture of 
differing dimple depths in material 68. Such features may be 
advantageously employed in the case of processing of 
unbalanced deep stacks as shown in FIG. 5. In this instance, 
"balance" refers to the relative thickness Tl of first stack 
material element 70 and compared to the thickness T2 of the 
second stack material element 72. As an example, a perfectly 
balanced stack would have two members 70 and 72 of the 
same thickness and material. In such a situation, the pro­
portion of the stack elements is 50:50, and thus the dimple 
depth would be equal. For unbalanced stacks, as in the 30:70 
for example illustrated in FIG. 5, it may be necessary to 
independently control the dimple depth DDDIMI of the 
dimple in first material 70 and the dimple depth DDDIM2 of 
the dimple in the second material 72, i.e, vary the dimple 
depth in opposing sides. When using cylindrical indenters, a 
larger diameter hollow cylindrical member 60 provides a 
stop or "foot" for transferring load without indentation in 
surface 76 of first material 70 or in surface 78 of second 
material 72. The foot 60 also provides resistance to surface 
upset in the surfaces 76 and 78. Use of this unique tool, and 
this method of processing materials, allows complete free­
dom and independence in the selection of desired heights in 
primary, secondary, tertiary or more indenter portions N, and 
thus allows the depth of treatment in opposing materials in 65 

a stack to be dissimilar. Additionally, it should be noted that 
in some circumstances, it may be advantageous to provide, 

45 from the action of a compound indenter of the type taught 
herein, wherein the number of indenter portions N=2 was 
utilized. The data generated in FIG. 10 results from cold 
working a material using a compound indenter with a 
primary indenter 20 diameter of0.210 inches (5.33 mm) and 

50 a secondary indenter 22 diameter of0.300 inches (7 .62 mm), 
to provide sufficient cold working for a an adequate residual 
stress profile in the manufacture of a 5/i6-inch (0.3125 inch) 
(7.94 mm) diameter fastener hole. 

Note that in FIGS. 6 through 9, the stress profiles result 
55 from only the action of a single indenter with a suitable end 

profile acting on the workpiece. Each of FIGS. 6 through 9 
show only two primary regions, namely (a) the compressive 
stress region, and (b) and the tensile stress region. The 
dividing line between the compressive stress region and the 

60 tensile stress region is designated as "the zero stress profile" 
line and denoted as line "Z". It is that line "Z" which is 
indicated in each of FIGS. 6 through 9, for a series of dimple 
depths "dd". Since the benefit of cold working is derived 
from the size and shape of the compressively stressed region 
surrounding the hole, an examination of the dividing line 
between compressive stress and tensile stress greatly sim­
plifies the comparison between the figures. Since the finite 
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element analysis results which are presented in these FIGS. 
6 through 10 are symmetrical from top to bottom, only 
one-half of the material stack thickness is shown in the 
FIGS. 6 through 10. What is referred to in the various figures 

12 
9, the stress profile shown is (a) after indentation of the 
workpiece to form a dimple, and (b) after the hole is 
machined. In particular, note the radial extent of the com-

as the "back surface" is really the mid-plane of an entire 5 

one-inch stack, or the interface of two one half-inch pieces. 
The "work surface" is the side that is acted on by the 
indenter, to create a dimple in the surface of the workpiece. 
The x-axis shows the radial distance from the center of a 
desired 5/i6-inch (7 .94 mm) hole which is to be, or has been, 10 

manufactured ( depending on whether the applicable figure 
shows the stress profile before or after reaming). A line at the 
left of each FIGS. 6 through 10 is designated as the "hole 
radius", and the relationship of this location to the "zero 
stress profile" line shows the nature of the stresses as they 15 

appear at the hole wall, i.e., the radius of the hole. 

pressive zone at the work surface; utilizing the larger diam­
eter indenter. The compressive zone is much larger than that 
imparted by utilization of the 0.210 inch (5.33 mm) indenter 
earlier illustrated. Importantly, desirable compressive stress 
is created at all dimple depths "dd". Also, note the reduced 
compressive stress at the back surface when compared to 
that generated by the 0.210 diameter (5.33 mm) indenter. 
This is an undesirable condition which results from the 
action of the prior art indenters on deep stacks. 

In order to create an optimized stress profile, we have 
developed a compound indenter tool, which can be utilized 
in obtaining an optimized residual stress profile in a thick 
workpiece or deep stack of material. The stress profile 

Further details seen in the various figures should be noted 
as follows: 

FIG. 6 shows the extent of the compressive stress caused 
by an indenter diameter of 0.210 inches (5.33 mm). For 
purposes of this example, the dimple depths "dd" imparted 
into the workpiece are 0.095 inch (2.41 mm), 0.114 inches 
(2.90 mm), and 0.133 inches (3.38 mm), as shown by the 
various lines and depicted by separate legend in the figure. 
In this FIG. 6, the stresses plotted for comparison are those 
present after indentation of the workpiece, but before the 
hole is machined by reaming. 

FIG. 7 shows the extent of the compressive stress caused 
in a workpiece by an indenter diameter of0.210 inches (5.33 
mm). Dimple depths in the workpiece are 0.095 inch (2.41 
mm), 0.114 inches (2.90 mm), and 0.133 inches (3.38 mm), 
as shown by the various lines and depicted by separate 
legend in the figure. The stresses plotted for comparison are 
those present after (a) indentation, and (b ), the hole has been 
machined by reaming. Note the extent of the compressive 
zone at the back surface, shown at the bottom of FIG. 7. It 
is larger, i.e, extends to through a larger radius from the 
center of the hole, than provided by a larger, 0.300 inch (7.62 
mm) diameter indenter, as can be seen by comparison with 
FIG. 9. Also note that tension forms at the work surface for 
all dimple depths "dd". The presence of a tension area at the 
work surface is an undesirable condition which may be 
experienced when utilizing a single diameter indenter to act 
on thick materials or deep stack workpieces. Thus, this result 
shows why improved stress profile development when per­
forming manufacturing operations on thick materials, i.e., 
deep stack workpieces, would be desirable. Such an 
improved indenter tool, and an optimized method of utiliz­
ing such a tool to provide an improved residual stress profile 
when processing a deep stack, is taught herein. 

FIG. 8 illustrates the extent of the compressive stress 
caused by a single indenter having a diameter of 0.300 
inches (7 .62 mm) acting on a workpiece to produce a dimple 
of preselected depth. Stress profiles are indicated for dimple 
depths "dd" of 0.014 inch (0.36 mm), 0.034 inches (0.86 
mm), and 0.053 inches (1.35 mm), as indicated by the 
various line patterns depicted by separate legend, as set forth 
in the illustration. Note that in this FIG. 8, the stress profile 
illustrated is after indentation of the workpiece, but before 
the hole is machined. 

Next, FIG. 9 shows the extent of the compressive stress 
caused by an indenter of 0.300 inches (7.62 mm) diameter 
acting on a workpiece to produce a preselected dimple depth 
"dd". The illustrated dimple depths "dd" are 0.014 inch 
(0.36 mm), 0.034 inches (0.86 mm), and 0.053 inches (1.35 
mm), as indicated by the various line patterns depicted by 
separate legend, as set forth in the illustration. In this FIG. 

generated by action on a workpiece of our compound 
indenter, having a primary indenter 20 ( designated "dprim" 
in the figure)diameter of 0.210 inches (5.33 mm), and 

20 secondary indenter 22 ( designated "dsec" in the figure) 
diameter of 0.300 inches (7.62 mm), is shown in FIG. 10. 
The elements of FIG. 10 have been developed and are noted 
like the data set forth in FIGS. 6 through 9 above. Impor­
tantly, the action of the compound indenter incorporates the 

25 best effects of a single diameter indenter, without producing 
the undesirable effects of surface tension in a workpiece. As 
a result of using our new indenter shape, a large zone of 
compressive stress extends through the full depth of a thick 
workpiece material or deep stack components. FIG. 10 

30 shows three lines, depicting (1) use of a simple, single 
indenter of 0.210 inches (5.33 mm) diameter to produce a 
dimple depth of0.114 inches (2.90 mm) in a workpiece, (2) 
a simple, single indenter of 0.300 inches (7.62 mm) in 
diameter to produce a dimple depth of 0.014 inches (0.36 

35 mm) in a workpiece, and (3) a compound indenter, with a 
primary indenter shape of0.210 inches (5.33 mm) diameter, 
and a secondary indenter shape of 0.300 inches (7.62 mm) 
in diameter, to produce an overall dimple depth dd of0.100 
inches (2.54 mm) in a workpiece. The extent of the com-

40 pressive stress generated by the compound indenter is 
greater at all areas of the workpiece when compared to either 
of the single diameter indenters when acting on a workpiece 
alone. As clearly illustrated in this FIG. 10, the use of a 
compound indenter for thick workpieces and deep stacks of 

45 materials is clearly an important advance in the art of 
manufacturing structures with improved fatigue life. 

A close review of the information depicted in FIGS. 9 and 
10 reveals one aspect of the improvement provided by the 
present invention. In FIG. 9, the zero hoop stress line Z100 

50 represents a maximal extent of residual stress which can be 
provided using a prior art single indenter of diameter 0.300 
inches (7.62 mm). This line has vastly different residual 
stress performance at the work surface 102 as compared to 
the back surface 104. More precisely, the distance from the 

55 hole wall 106 of the compressive stress along the work 
surface 102 as compared to the distance of the compressive 
stress along the back surface 104 results in a uniformity ratio 
of 39.7% for this workpiece and indenter combination. In 
contrast, on an identical workpiece (1.00 inch (25.4 mm) 

60 thick 2024-T3 aluminum plate), by using the compound 
indenter as taught herein, the zero hoop stress line Zuo 
showninFIG.10 shows that a uniformity ratio of53.9% was 
achieved. This represents an improvement of 36% in the 
uniformity ratio resulting from cold working of the work-

65 piece by use of or novel compound indenter. 
We have found that use of dynamic indenters, while not 

absolutely necessary, can be employed in carrying out the 
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process set forth herein. In conjunction with such efforts, it 
is sometimes advantageous to use an optimized profiled 
indenter with an uniform pressure profile, having a surface 
shape of the primary indenter of any compound indenter to 
be defined by the equation: 

4(1-v2JPmaJ -[Slll 

[ 

1 2 . 28 ]112 
P, = E a2 d/8 

wherein 
p

2 
=normal displacement of a selected surface location of 
said contacting end of said indenter above a flat reference 
plane; 

v=Poisson's Ratio of the material comprising said structure; 
E=Elastic Modulus of the material comprising said struc­

ture; 
Pm =a pre-selected uniform pressure greater than the yield 

stress of the material comprising said structure; 
a=radius of the contacting end of said indenter; and 
8, r=polar coordinates of a selected surface location on said 

contacting end of said indenter. 
Regardless, this method is characterized by working a 

bounding portion of material in a structure, where the 
bounding portion is adjacent a pre-selected location for an 
opening in said structure, in order to provide residual 
compressive stresses in said bounding portion for improving 
the fatigue life of said structure. The method includes 
providing a first compound indenter having a first indenter 
surface portion, where the first indenter surface portion 
adapted to impact the structure at pre-selected surface loca­
tions adjacent said pre-selected location for the desired 
opening in the structure. A second indenter surface portion 
is provided, adapted to impact the structure at pre-selected 
surface locations adjacent the pre-selected location for the 
desired opening in said structure. The structure is indented 
by the primary and secondary indenters for a selected dimple 
depth. This provides beneficial residual stress in the struc­
ture toward the bounding portion of material of the structure. 

14 
downward against workpiece 126, and (b) the reverse side 
150 of workpiece 126, so that the second pair adjustable 
compound indenters 160 and 162 can be actuated upward 
against the reverse side 150 of workpiece 126. Lower unit 

5 striking mechanisms 138L and work as described above for 
upper striking mechanisms 138. Lower mount 140L and 
lower press ram 142L function as described above for the 
mount 140 and the press ram 142, respectively. Also, for 
automated manufacturing, it is anticipated that such an 

10 apparatus will often include a base 170 and a stand 172, 
often including a generally C-shaped yoke 174, all as 
necessary for spacing upper compound indenters 120 and 
122 and/or lower compound indenters 160 and 162 at a 
desired distance from obverse 124 and reverse 150 sides of 

15 a workpiece 126. 
Each one of the adjustable compound indenters 120, 122, 

160 and 162 can be adjusted as required, both with respect 
to the length of primary indenters (further described below) 
and with respect to the amount of indentation ( dimple depth 

20 "dd") achieved in the workpiece 126, so as to provide a 
desired residual compressive stress pattern in the workpiece 
126 after manufacture of desired holes through the work­
piece 126. 

Specific details of one embodiment for a desirable adjust-
25 able compound indenter 120 are illustrated in FIG. 13. An 

adjustable primary indenter 200 is adjustably secured in a 
primary indenter housing 202. The indenter housing is 
removeably secured from an adapter block 204. A nose cap 
210 is provided at the distal end of the indenter housing, with 

30 a passageway 212 therethrough defined by sidewalls 214 
that is sized and shaped for passage of the support 216 of 
working end 218 of adjustable primary indenter 200. A top 
plate 220 above sidewalls 222 of the adapter block 204 
provide a suitable location for a threaded adapter 224. As 

35 better seen in FIG. 14, the primary adapter housing 202 
utilizes external threads 230 for threaded engagement to the 
internal threads 232 in the adapter block 204. More impor­
tantly, the primary indenter 200 utilizes load receiving 
threads 240 for acting with respect to interior threads 242 in 

40 the indenter housing 202, for translating rotation of the 
primary indenter into vertical motion, to change the primary 
indenter 200 protruding length X between a first length X 1 

and a second length X2 , with respect to the foot face portion 
Turning now to FIG. 11, the use of a pair of adjustable 

compound indenters 120 and 122 as taught herein is 
depicted during automated work flow for indenting the 
obverse side 124 of a workpiece 126 located on a platen or 45 

anvil 128. The adjustable compound indenters 120 and 124 
can be actuated downward in the direction of reference 
arrow 130 against the workpiece 126 to provide suitable 
indentations 132 and 134 therein so as to provide a desired 
residual compressive stress pattern in the workpiece 126 
along sidewalls of apertures (not shown in FIG. 11) after the 
manufacture of the desired holes through the workpiece 126. 
Importantly, the compound indenters 120 and 122 can be 
moved as indicated by reference arrows 136 to impact on, 
and release from, the obverse surface 124 of workpiece 126 

246 of nose cap 210. 
The primary indenter 200 further includes a driver 

receiver 250 for receiving the drive end 252 of a drive pin 
254. The drive pen 254 is drive pin is driven via a 90 degree 
worm type gear 258 or other suitable speed reducer for 
connection to a stepper motor 260 (not shown, but see FIG. 

50 11 or FIG. 12) or other suitable drive for adjustment of the 
length X of the primary indenter 200. I have found that the 
necessary drive mechanism 258 is easily accomplished by 
use of speed reducer drive catalogue number 2Z18-E0200, 
from Stock Drive Products, Inc. of 2101 Jericho Turnpike, 

55 Box 5416, New Hyde Park, N.Y. 11042-5416. This device 
provides input to rotating shaft 262 that is acted upon by the 
aforementioned stepper motor for turning as indicated by 
reference arrow 264. 

by using an appropriate striking mechanism 138, which may 
be hydraulic, pneumatic, mechanical, electromechanical, 
electromagnetic, or any other appropriate striking mecha­
nism. Alternately, or additionally, one or more indenters 120 
and 122 affixed to mount 140 can be moved back and forth 
to and away from workpiece 126 by a ram or press actuator 
142 or other suitable device as better indicated in FIG. 12. 

FIG. 12 shows the use of a two pairs of adjustable 
compound indenters as taught herein to indent (a) the 
obverse side 126 of a workpiece using indenters 120 and 
122, as just described in reference to FIG. 11, so that the 
adjustable compound indenters 120 and 122 can be actuated 

In FIG. 14, a vertical cross sectional view of the adjust-
60 able compound indenter 120 just illustrated in FIG. 13, 

shown, additionally and more clearly showing certain inter­
nal components, including drive pin 250 and the 90 degree 
angle speed reducer 258 for connection to a stepper or other 
drive motor 260 suitable drive for turning the primary 

65 indenter 200 to rotate in threads 242 of the primary indenter 
housing 202 to achieve vertical adjustment of the length X 
of the primary indenter 200. Also, note further details of the 
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nose cap 210 with integral secondary indenter 300 (better 
seen in FIG. 18 below) which is attached to the distal end 
302 of the primary indenter housing 202. Also illustrated is 
the working end 218 primary indenter 200 that has indented 
a dimple 308 in a workpiece 310 to a dimple depth of"dd". 5 

It has been observed that for like materials and for like 

16 
Importantly, the supporting shaft 216 and end 218 of the 

primary indenter 200, as well as the various components just 
described on the nose cap 210, are provided with a durable 
low friction coating. Thus, both the primary indenters, the 
secondary indenter, and any tertiary indenters, ideally 
include such a durable low friction coating. A suitable 
durable low friction coating includes a coating of chromium 
nitride. Better yet, such a coating also includes tungsten 
disulfide. Such coatings, although relatively thin, have a 

treatment, the dimple depths required are consistent. Thus, 
this provides for the use of dimple depths as a quality control 
measure for the process, and thus as a measure of effective­
ness of the method. 

FIG. 15 is an exploded perspective view of the adjustable 
compound indenter 120 illustrated in FIGS. 13 and 14, now 
additionally showing certain internal components, including 
threads 320 on threaded adapter 224 for attachment to the 
threaded receiver 322 in top plate 220, and external threads 
330 on the primary indenter housing 202 for receiving 
internal threads 332 (see FIG. 14) in the nose cap 210, for 
threaded attachment of the nose cap 210 to the to the primary 
indenter housing 202. Also shown is the knurled surface 340 

10 thickness from 0.0002 inches (0.005 mm) to about 0.0003 
inches (0.008 mm). These low friction coatings reduces 
friction and shearing at the edge of the dimple, and allows 
better radial flow of metal, which in tum provides greater 
residual stress, thus better achieving the ultimate objective, 

15 greater fatigue life improvement. Also, such coatings also 
reduce stripping force as the primary 200 and secondary 300 
indenters are removed, as well as minimize metal pickup on 
the indenter surface. 

of nose cap 210, suitable for manually affixing nose cap 210 20 

to the primary indenter housing 202. Additionally, not the 
passageway defined by edgewall 342 for tightly receiving 
therethrough the support shaft 216 of the primary indenter 
200. 

The use of the compound indenters in manufacturing of 
thick stacks of material is further shown by FIGS. 20, 21, 22, 
23, and 24. FIG. 20 illustrates the use of opposing, integral, 
one-piece compound indenters on a thick stack, to create 
desirable residual stresses in both the first side of an upper 
workpiece and in the second side of a lower workpiece, so 

For a complete understanding of the invention, attention 
is directed to FIGS. 16, 17, and 18, each of which shows 
important details of the nose piece or nose cap 210. In FIG. 
16, a bottom view of the nose cap 210 is provided, taken 
looking up at the nose cap 210 shown in FIG. 17. As 
illustrated, the nose cap 210 includes an integral secondary 
indenter 300, which is substantially in the form of a flat, 
annular contacting ring. As shown, the secondary indenter 
300 is of narrow radial width of approximately 0.003 inches 
(0.076 mm). Radially outward from the secondary indenter 
300, the contour of the nose piece 210 includes a contour 
360 having a first blend angle bend of approximately 135° 
with a 0.01 inch (0.25 mm) radius. Then, the contour of the 
nose piece 210 includes a tertiary indenter 400 having an 
outside radius of0.029 inches (0.74 mm). Next, the contour 

25 that desirable compressive stress is created throughout the 
thick stack. With respect to FIGS. 20 and 21, it should be 
noted that the anticipated actual aperture hole edge location 
480 may be located radially inward of, or radially outward 
of, the peripheral edge 502 of the indenter 503 or peripheral 

30 edge 504 of indenter 506. The choice of wall location is 
dependent on various factors, most importantly of course the 
amount of beneficial residual stress present, after treatment, 
at the pre-selected wall location. 

Another feature of the method of the present invention is 
35 the use of wet sealant, or bonding agent between a first and 

second workpiece, such sealant 920 between workpiece 900 
and 910 illustrated in FIG. 21. This is important in the 
manufacture of aircraft for corrosion resistance and wet 
wing construction using polysulfide type sealants or other 

40 materials. of the nose cap 210 includes a second blend radius 402, 
radially outward from the tertiary indenter 400, having a 
second blend angle bend of approximately 133° with a 0.01 
inch (0.25 mm) radius. Next, the nose cap 210 includes a 
concave portion 410 before flat portion 246 of foot 412 is 
completed. Importantly, the nose piece 210 has a contour, in 45 

the radially outward direction, which includes a foot 412 
having an concave annular portion 410 radially outward 
from a last, here second 402, blend radius. As illustrated, for 
work on aluminum for many common fastener sizes, it has 
been found that best results are achieved by locating the 50 

concavity 402 at a location approximately 0.05 inches (1.27 
mm) radially outward from the edge wall 422 of a cylindri-
cal slot for receiving said primary indenter, and to define the 
concavity by removing material with an angle of approxi­
mately five (5) degrees with respect to the flat surface 246 55 

of foot 412. For most applications, it is appropriate that the 
flat portion 246 of foot 412 be oriented transverse to the axis 
of indentation (see reference numeral 430 in FIG. 14) in 
workpiece 310. 

Details of the primary indenter 200 as set forth in FIG. 19 60 

have been previously discussed. However, this figure more 
clearly shows drive receiver 250 of depth of about 0.75 
inches (19.05 mm) for receiving the drive end 252 of drive 
pin 254. Also shown in better detail is the peripheral wall 
angle beta (~) of about five degrees, more or less, which 65 

enables cleaner indentation to and withdrawal from a work-
piece. 

FIG. 22 illustrates the use of a flush rivet with a shank 
portion to join a first workpiece having a chamfered hole 
edge therein to accommodate the flush rivet head, and a 
second workpiece having a straight or transverse hole edge­
wall therethrough for accommodating the shank of the rivet. 
FIG. 23 illustrates the use of rivet having a round head to 
join a first workpiece having a straight or transverse hole 
edgewall therethrough, and a second workpiece also having 
a straight or transverse hole edgewall therethrough. In FIG. 
22, the peripheral edge 802 of a fastener 800, is shown with 
a small indentation IF adjacent thereto. FIG. 22 is particu­
larly interesting since it provides an indication that a coun­
tersunk type outer edge wall 804 can be prepared according 
to the methods described herein to provide a desirable 
beneficial residual stress pattern in the body 806 of structure 
808. Likewise, the body 810 of structure 812 adjacent to the 
more conventional perpendicular edge wall 814 can be 
treated to provide a desirable beneficial stress pattern in the 
body 810. More conventionally, as shown in FIG. 23, a 
fastener 840 having an externally protruding head 842 is 
provided to join structural members 844 and 846. In such 
structures, apertures defined by sidewalls 848 and 850, 
respectively, accommodate the fastener shank 852. The 
beneficial residual stress is advantageously provided in both 
structural member 844 and in member 846. 

Although it is generally expected that most structures 
would substantially benefit from increased fatigue resistance 
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understood that the foregoing description of representative 
embodiments of the invention have been presented only for 
purposes of illustration and for providing an understanding 
of the invention, and it is not intended to be exhaustive or 

being imparted from both the obverse and the reverse sides 
of the structure. However, in some applications, there may 
arise useful results when only a single side is treated. Such 
one-sided treatment of a structure is depicted in FIG. 21. 
Here, a first workpiece 900 has been dimpled 902 in a single, 
obverse side 904 according to the method taught herein. 
Preferably, a tapered drill 906 is utilized to drill the desired 
aperture, through workpiece 900, as well as through match­
ing workpiece 910 in which no cold working for stress 
relieve has been achieved. Alternately, in FIG. 20, single 
side working of two workpieces in a stack is depicted. 
Indenters 503 and 506 are used to provide beneficial residual 
stress near the desired locations for fastener apertures in the 
finished structure fabricated from the workpiece 532 and 
534. 

5 restrictive, or to limit the invention only to the precise forms 
disclosed. Alternative features serving the same or similar 
purpose may replace each feature disclosed in this specifi­
cation (including any accompanying claims, the various 
figures of the drawing), unless expressly stated otherwise. 

10 Thus, each feature disclosed is only one example of a 
generic series of equivalent or similar features. Further, 
while certain materials are described for the purpose of 
enabling the reader to make and use certain embodiments 
shown, such suggestions shall not serve in any way to limit 

FIG. 24 illustrate the use of a tapered drill 906 for drilling 
a blind hold defined by edgewall 940 in thick workpiece 
942. 

15 the claims to the materials disclosed, and it is to be under­
stood that other materials, including other metals and vari­
ous compositions, may be utilized in the practice of our 
methods, and in the manufacture of structures utilizing the 

Further, it is also important to understand that unusual 
configuration, non-circular type apertures can be treated 20 

with the method described herein, to provide beneficial 
residual stress levels at desired locations bounding locations 
adjacent the interior edge wall of through passageways in 
structures. Thus, structures having non-circular holes therein 
can advantageously be treated with this method to provide 25 

beneficial residual stress levels at desired locations in the 
structure. 

apparatus and methods disclosed herein. 
The intention is to cover all modifications, equivalents, 

and alternatives falling within the scope and spirit of the 
invention, as expressed herein above and in the appended 
claims. As such, the claims are intended to cover the 
structures, apparatus, and methods described herein, and not 
only the equivalents or structural equivalents thereof, but 
also equivalent structures or methods. The scope of the 
invention, as described herein and as indicated by the 
appended claims, is thus intended to include variations from 
the embodiments provided which are nevertheless described 

It is to be appreciated that the novel compound indenter, 
and the process of utilizing such compound indenter in thick 
materials or deep stack workpieces, to reduce fatigue stress 
degradation of such parts, is an appreciable improvement in 
the state of the art of cold working metal parts subject to 
fatigue concerns. Importantly, this compound indenter and 
the method of employing the same can advantageously treat 

30 by the broad meaning and range properly afforded to the 
language of the claims, as explained by and in light of the 
terms included herein, or the equivalents thereof. 

a hole before it is machined. Thus, the tooling apparatus and 35 

the method of its use disclosed herein provide substantial 
improvement over currently used treatment methods by 
eliminating various tooling and tooling aids, such as expan­
sion mandrels, sleeves, and hole lubricants. 

In this improved method, control of the magnitude and 40 

depth of residual stress is determined by the properties and 
characteristics of a particular workpiece, nature of the force 
or displacement imparted on the workpiece, as particularly 
and effectively accomplished via advantageous use of appro­
priately dimensioned and designed compound indenters. 45 

Importantly, the use of a compound indenter in manufac­
turing process as disclosed herein are readily automated and 
can be put into any automated fastening environment. 
Although only a few exemplary embodiments of this inven­
tion have been described in detail, it will be readily apparent 50 

to those skilled in the art that our novel methods for cold 
working metal, and the tooling and other apparatus for 
advantageously implementing such processes, may be modi­
fied from those embodiments provided herein, without mate­
rially departing from the novel teachings and advantages 55 

provided herein, and may be embodied in other specific 
forms without departing from the spirit or essential charac­
teristics thereof. Therefore, the embodiments presented 
herein are to be considered in all respects as illustrative and 
not restrictive. As such, the disclosure and the claims are 60 

intended to cover the structures described herein and not 

The invention claimed is: 
1. A method for working a bounding portion of material 

in a structure, said bounding portion adjacent a pre-selected 
location for an opening through said structure, in order to 
provide residual compressive stresses in said bounding 
portion for improving the fatigue life of said structure, said 
method comprising: 

providing a first compound indenter, said first compound 
indenter comprising 
a first indenter surface portion, said first indenter sur­

face portion adapted to impact said structure at 
pre-selected surface locations adjacent said pre-se­
lected location for said opening through said struc­
ture, and 

a second indenter surface portion, said second indenter 
surface portion adapted to impact said structure at 
pre-selected surface locations adjacent said pre-se­
lected location for said opening through said struc­
ture; 

said first indenter surface portion spaced apart from 
said second indenter surface portion; and 

indenting said pre-selected surface location of said struc­
ture with said first compound indenter to provide said 
residual compressive stresses in bounding portion of 
material. 

2. The method as set forth in claim 1, further comprising 
removal of a selected portion of material from said structure, 
said selected portion of material removed from said structure 
having an outer border portion, said outer border portion 
located at or adjacent to said pre-selected surface location on 

only structural equivalents thereof, but also equivalent struc­
tures. Thus, the scope of the invention is intended to include 
all variations described herein, whether in the specification 
or in the drawing, including the broad meaning and range 
properly afforded to the language and description set forth 
herein to describe such variations. Therefore, it will be 

65 said structure having been impacted by said first indenter 
surface portion and said second indenter surface portion of 
said first compound indenter, so that said bounding portion 
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of material expands transversely to said outer border portion 
of said selected portion of material removed from said 
structure. 

3. A method for working a bounding portion of material 
in a structure, said bounding portion adjacent a pre-selected 5 

location for an opening through said structure, in order to 
provide residual compressive stresses in said bounding 
portion for improving the fatigue life of said structure, said 
method comprising: 

20 
( c) providing in said second structural member, a second 

fastener aperture defined by second sidewall portion; 
( d) inserting a fastener through said first and said second 

fastener apertures; 
( e) securing said fastener. 
10. The method of claim 9, further comprising the step of 

applying force or displacement to said fastener to seat said 
fastener within said first and said second fastener apertures. 

11. The method of claim 10, wherein the step of seating 
providing a first compound indenter, said first compound 

indenter comprising: 
10 said fastener further comprises deforming an end portion of 

said fastener in order to secure and retain said fastener 
against said first structural member. a first indenter surface portion, said first indenter sur­

face portion adapted to deform said structure at 
pre-selected surface locations adjacent said pre-se­
lected location for said opening through said struc- 15 

ture, and 
a second indenter surface portion, said second indenter 

surface portion adapted to deform said structure at 
pre-selected surface locations adjacent said pre-se­
lected location for said opening through said struc- 20 

ture; 
said first indenter surface portion spaced apart from 

said second indenter surface portion; and 

12. The method as set forth in claim 9, wherein the depth 
of indentation on the obverse and the reverse side is differ-
ent. 

13. The method as set forth in claim 9, further comprising, 
post indentation, the step of drilling a hole into or through 
said workpiece. 

14. The method as set forth in claim 13, wherein said step 
of drilling comprises a drilling step selected to provide a 
finished hole selected from the group consisting of (a) 
straight through hole, (b) stepped hole, ( c) a blind hole, ( d) 
a countersink hole, (e) a non-round or non-circular hole. 

15. The method as set forth in claim 14, further compris-deforming said pre-selected surface location of said struc­
ture with said first compound indenter to provide 
residual stress in said bounding portion of material, 
wherein said bounding portion is adjacent to said 
pre-selected location for said opening through said 

25 ing the step of threading the hole. 

structure. 
4. The method as set forth in claim 3, further comprising 30 

removal of a selected portion of material from said structure, 
said selected portion of material removed from said structure 
having an outer border portion, said outer border portion 
located at or adjacent to said pre-selected surface location on 
said structure having been deformed by said first indenter 35 

surface portion and said second indenter surface portion of 
said first compound indenter, so that said bounding portion 

16. The method as set forth in claim 9, further comprising 
(a) contacting a preselected portion of said second struc-

tural member with a first compound indenter at a 
pressure greater than the yield point of the composition 
of said second structural member to deform a portion of 
said second structural member in a manner so as to 
impart a pre-selected residual stress at a location at or 
near a selected location for said second fastener aper­
ture through said second structural member, and 
wherein said residual compressive force is substantially 
uniform along the entire length of sidewall portions of 
said second fastener aperture. 

of material expands transversely to said outer border portion 
of said selected portion of material removed from said 
structure. 

5. The method as set forth in claim 1 or claim 3, wherein 
said first compound indenter comprises a dynamic indenter. 

6. The method as set forth in claim 2 or claim 4, wherein 
removal of said selected portion of material from said 
structure defines an elongated recessed portion. 

17. The method as set forth in claim 13, wherein said step 
of drilling comprises a drilling step selected to provide a 

40 finished hole selected from the group consisting of (a) 
straight through hole, (b) stepped hole, ( c) a blind hole, ( d) 
a countersink hole, and ( e) a non-round or non-circular hole. 

18. A method for manufacturing a workpiece for having 
an enhanced fatigue life structure, said workpiece having a 

7. The method as set forth in claim 6, wherein said 
elongated recessed portion comprises a closed end portion. 

8. The method as set forth in claim 2 or claim 4, wherein 
removal of said selected portion of material from said 
structure defines a through passageway. 

45 first surface, a second surface, a thickness of material 
therebetween, and at least a first pre-selected location at 
which a hole having an edge location is to be fabricated in 
said workpiece, said method comprising: 

9. A method of manufacturing a joint which includes 
overlapping at least first and second structural members, 
said method comprising: 

50 

(a) securing said workpiece at a first working location, 
said first working location suitable for press forming 
work on said workpiece; 

(b) deforming a pre-selected location on said workpiece 
by indenting said workpiece at said pre-selected loca­
tion with a compound indenter having a first indenter 
surface portion and a second indenter surface portion, 
said first indenter surface portion spaced apart from 
said second indenter surface portion. to create residual 
compressive stresses through said thickness of said 
material of said workpiece along said hole edge loca­
tion; and 

( c) machining an aperture in said workpiece to provide 
said hole in said workpiece. 

(a) contacting a preselected portion of said first structural 
member with a first compound indenter at a pressure 55 

greater than the yield point of the composition of said 
structural member to deform a portion of said first 
structural member in a manner so as to impart a 
pre-selected residual stress at a location at or near a 
selected location for a first fastener aperture through 60 

said first structural member, and wherein said residual 
compressive force is substantially uniform along the 
entire length of sidewall portions of said first fastener 
aperture; 

19. The method of claim 18, wherein the deformation of 
said workpiece results in a residual compressive stress along 

65 said hole edge location through said material thickness of 
said workpiece, from said first surface of said workpiece to 
said second surface of said workpiece. 

(b) machining said first structural member to define said 
first fastener aperture via sidewall portions resulting 
from said machining; 
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20. The method of claim 18, further comprising the steps 
of: 

(a) determining desired application of stress and strain in 
said workpiece during said indentation step, by using 
finite-element analysis of the workpiece and the rela- 5 

tionship of residual stress as a function of the material 
of the workpiece as well as of the applied force and 
indenter shape; and 

(b) selecting an appropriate indenter shape and applied 
force to form the workpiece while avoiding surface 10 

upset on the workpiece. 
21. The method as set forth in claim 1, or in claim 3, or 

in claim 9, or in claim 18, wherein said first compound 
indenter further comprises a first foot portion. 

22. The method as set forth in claim 21, wherein said first 15 

foot portion applies a load to said workpiece sufficient to 
substantially avoid surface upset in said workpiece. 

23. The method as set forth in claim 22, wherein said load 
applied to said workpiece is applied prior to impacting or 
deforming said workpiece. 20 

22 
from a second indenter surface portion, to create 
residual compressive stresses through said thickness of 
said material of said workpiece along said desired hole 
edge location; 

( c) machining an aperture in said workpiece to provide 
said hole in said workpiece; 

( d) wherein the deformation of said workpiece results in 
a predetermined zero hoop stress profile, after reaming, 
substantially as set forth in FIG. 10. 

28. A method for making a thick metal part in which holes 
are to be fabricated at predetermined locations, said part 
having first and second surfaces and a thickness of material 
therebetween, said method comprising the steps of: 

(a) providing a thick metal plate 
(b) applying a controlled strain and/or stress rate at at least 

one of said predetermined locations at which holes are 
to be formed, by indenting said part with a compound 
indenter, said indenter of the type having a primary 
indenter, a secondary indenter, a tertiary indenter, and 
a foot, by actuating a ram against said first surface of 
said part; and 

( c) machining the indented part to remove material to 
shape a hole and thus convert the thick metal plate into 
a finished part. 

( d) wherein the manufacture forming greatly reduces the 
handling necessary by allowing said hole to be fabri­
cated by a single drilling operation to provide a hole in 
a desired configuration in the finished part. 

24. The method of claim 18, wherein said method of 
manufacturing involves advancing said workpiece incre­
mentally in a machine to position said workpiece to the 
repetitive action of one or more selected compound indent­
ers, to thereby create desirable residual compressive stress at 25 

a plurality of pre-selected locations, and machining an 
aperture at a plurality of said pre-selected locations, so as to 
provide a plurality of holes in said workpiece each having 
improved fatigue life by virtue of having residual compres­
sive stress along at least a portion of an edge wall of said 
hole. 

29. The method of claim 28, wherein forming occurs with 
30 the zero hoop stress relationship as a function of dimple 

depth substantially as set forth in FIG. 10. 
25. The method as set forth in claim 24, wherein said 

residual compressive stress is provided along the entire hole 
edge wall throughout the thickness of said workpiece 
between said first surface and said second surface. 35 

26. A joint comprising: 
(a) a stack of structural members including: 

30. The method as set forth in claim 28, wherein said foot 
applies a load to said workpiece sufficient to substantially 
avoid surface upset in said workpiece. 

31. A joint comprising: 
(a) a stack of structural members including: 

(1) a first member having a body made of material 
having a bounding portion of material substantially 
perpendicular to a first fastener aperture in which the 40 

first fastener aperture defined by a first edge wall 
portion is conditioned by the method of claim 1, or 

(1) a first member having a body made of material in 
which a first fastener aperture defined by a first edge 
wall portion is conditioned by the method of claim 9, 
or of claim 28 to have a residual, radially inward 
compressive stress adjacent the first edge wall por­
tion, and wherein said first member has a first surface 
which is substantially perpendicular to said first edge 

of claim 3, or of claim 18, wherein said bounding 
portion of the material provides a residual, radially 
inward, substantially uniform compressive stress to 45 

the first edge wall portion, and 

wall portion of said first fastener aperture; 
(2) a second member having a second fastener aperture 

defined by a second edge wall portion, said second 
fastener aperture aligned with said first fastener 
aperture; and 

(2) a second member having a second fastener aperture 
defined by a second edge wall portion, said second 
fastener aperture aligned with said first fastener 
aperture; and 

(b) an interference fit fastener including a shank portion, 
said shank portion located adjacent said first fastener 
aperture and adjacent said second fastener aperture, and 
wherein said first fastener aperture provides residual 
compressive stresses around said shank. 

27. A method for manufacturing a workpiece for having 
an enhanced fatigue life structure, said workpiece of the type 
having a first surface, a second surface, a thickness of 
material therebetween, and at least a first pre-selected loca­
tion at which a hole having an edge location is to be 
fabricated in said workpiece, said method comprising: 

(a) securing said workpiece at a first working location, 
said first working location suitable for press forming 
work on said workpiece; (b) deforming a preselected 
location on said workpiece by indenting said workpiece 
at said preselected location with a compound indenter 
defined by a first indenter surface portion spaced apart 

50 

55 

(b) an interference fit fastener including a shank portion, 
said shank portion located adjacent said first fastener 
aperture and adjacent said second fastener aperture, and 
wherein said first fastener aperture provides residual 
compressive stresses around said shank. 

32. The joint as set forth in claim 31, wherein said second 
edge wall portion in said second member is conditioned to 
have radially inward compressive residual stress. 

33. The joint as set forth in claim 31, wherein said 
interference fit fastener comprises a flush type rivet further 

60 comprising a countersunk portion, and wherein said residual 
compressive stress is applied through said body of said first 
member along said countersunk portion of said rivet. 

34. The joint as set forth in claim 33, wherein said 
interference fit fastener comprises a rivet having a straight 

65 shank portion, and wherein said residual compressive stress 
is applied substantially uniformly through said body of said 
first member along said first edge wall portion. 
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35. A joint comprising: 
(a) a stack of structural members comprising 

(1) a first member having a body made of material in 
which a first fastener aperture defined by a first edge 
wall portion is conditioned by the method of claim 1, 5 

or of claim 3, or of claim 9, or of claim 18, or of 
claim 28, to have a residual, radially inward com­
pressive stress, and wherein said first member has a 
first surface which is substantially perpendicular to 
said first edge wall portion of said first fastener 10 

aperture; 
(2) a second member having a second fastener aperture 

defined by a second edge wall portion, said second 
fastener aperture aligned with said first fastener 
aperture; and 15 

(b) one or more fasteners, said one or more fasteners 
securely affixing said first member to said second 
member. 

36. The joint as set forth in claim 34, wherein said second 
edge wall portion in said second member is conditioned to 20 

have radially inward compressive residual stress. 
37. The joint as set forth in claim 31, wherein said joint 

further comprises, between said first and said second mem­
bers, a sealing compound. 

38. The joint as set forth in claim 31, wherein said joint 25 

further comprises, between said first and said second mem­
bers, a cured sealant. 

39. The joint as set forth in claim 31, wherein said joint 
further comprises, between said first and said second mem-
bers, a bonding compound. 30 

40. The joint as set forth in claim 31, wherein said joint 
comprises two members. 

41. The joint as set forth in claim 31, said joint comprises 
at least three members. 

42. A metal plate structure that is manufactured for 35 

enhanced fatigue life, said structure having a first surface, a 
second surface, a thickness of material there between, and at 
least a first preselected location at which a hole having an 
edge location is to be fabricated, said metal plate structure 
having a bounding area adjacent said edge location, said 40 

metal plate structure manufactured using a method compris­
ing: 

(a) securing said metal plate structure at a first working 
location, said first working location suitable for press 
forming work on said metal plate structure; 45 

(b) indenting a pre-selected location on said metal plate 
structure by indenting said metal plate structure at 
said preselected location with a compound indenter, 
in said bounding area a substantially uniform 
residual compressive stresses through said thickness 50 

of said material of said metal plate structure along 
said hole edge location; 

( c) machining an aperture in said metal plate structure 
to provide said hole in said metal plate structure; and 

( d) wherein said metal plate structure has a first surface 55 

which is substantially perpendicular to said hole 
edge location. 

43. The metal plate structure as set forth in claim 42, 
wherein said metal plate structure is manufactured by a 
method wherein said deformation of said metal plate struc- 60 

ture in a predetermined zero hoop stress profile, after ream­
ing, substantially as set forth in FIG. 10. 

44. The metal plate structure as set forth in claim 42, 
wherein said metal plate structure is manufactured by a 
method wherein said deformation of said metal plate struc- 65 

ture results in a residual compressive stress along said hole 
edge location through said material thickness of said metal 
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plate structure, from a first surface of said metal plate 
structure to a second surface of said metal plate structure. 

45. An article of manufacture comprising: 
a finished metal part, said finished metal part comprising 

a metal plate having first and second surfaces and a 
thickness of material therebetween, said metal plate 
having predetermined locations at which holes are 
fabricated therein, said metal part comprising material 
bounding the predetermined locations, wherein said 
material bounding the predetermined locations pro­
vides a radially inward compressive stress toward the 
predetermined locations, said metal plate manufactured 
according to a method comprising the steps of: 

(a) providing the metal plate; 
(b) applying a controlled strain and/or stress rate at, at 

least one of said predetermined locations at which holes 
are to be formed, by indenting said metal plate with a 
compound indenter, said indenter of the type having a 
primary indenter, a secondary indenter, a tertiary 
indenter, and a foot, by actuating a ram against said first 
surface of said metal plate; 

( c) machining the indented metal plate to remove material 
to shape a hole having an edge wall portion, and thus 
convert the metal plate into a finished metal part; and 

( d) wherein said holes are fabricated by a single drilling 
operation to provide a hole in a desired configuration in 
said finished metal part, and 

( e) wherein said first surface is substantially perpendicular 
to said edge wall portion. 

46. The part of claim 45 wherein the finished metal part 
comprises aluminum. 

47. A method of manufacturing a joint which includes 
overlapping at least first and second structural members, 
said method comprising: 

(a) contacting a pre-selected portion of said first structural 
member with a first compound indenter at a pressure 
greater than the yield point of the composition of said 
first structural member to deform a portion of said first 
structural member in a mamier so as to impart a 
pre-selected residual compressive stress at a location at 
or near a selected location for a first fastener aperture 
through said first structural member, and wherein said 
pre-selected residual compressive stress is substantially 
uniform along the entire length of sidewall portions of 
said first fastener aperture; 

(b) machining said first structural member to define said 
first fastener aperture via sidewall portions resulting 
from said machining; 

( c) providing in said second structural member, a second 
fastener aperture defined by second sidewall portion; 

( d) inserting a fastener through said first and said second 
fastener apertures; and 

( e) securing said fastener to said first and to said second 
structural members, to for a workpiece comprising a 
secure, fastened joint between said overlapping first 
and second structural members. 

48. The method as set forth in claim 47, wherein said first 
structural member comprises a first obverse side, and 
wherein said second structural member comprises a first 
reverse side, and further wherein the depth of indentation on 
the obverse side and the depth of an indentation on the first 
reverse side is different. 

49. The method as set forth in claim 47, further compris­
ing, contacting a pre-selected portion of said second struc­
tural member with a first compound indenter at a pressure 
greater than the yield point of the composition of said second 
structural member to deform a portion of said second 
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structural member in a manner so as to impart a pre-selected 
residual compressive stress at a location at or near a selected 
location for said second fastener aperture through said 
second structural member, and wherein said pre-selected 
residual compressive stress is substantially uniform along 5 

the entire length of sidewall portions of said second fastener 
aperture. 

50. A method for making a thick metal part in which holes 
are to be fabricated at predetermined locations, said part 
having first and second surfaces and a thickness of material 10 

therebetween, said method comprising the steps of: 
(a) providing a thick metal plate; 
(b) applying a controlled strain and/or stress rate at, at 

least one of, said predetermined locations at which 
holes are to be formed, by indenting said part with a 15 

compound indenter, said indenter of the type having a 
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primary indenter, a secondary indenter, a tertiary 
indenter, and a foot, by actuating a ram against said first 
surface of said part; 

( c) machining the indented part to remove material to 
shape a hole and thus convert the thick metal plate into 
a finished part; and 

( d) wherein the manufacture forming greatly reduces the 
handling necessary by allowing said hole to be fabri­
cated by a single drilling operation to provide a hole in 
a desired configuration in the finished part. 

51. The method as set forth in claim 50, wherein said foot 
applies a load to said part sufficient to substantially avoid 
surface upset in said part. 

* * * * * 


