
(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(10) International Publication Number
(43) International Publication Date
11 September 2009 (11.09.2009) WO 2009/111745 A2

(51) International Patent Classification: (74) Agents: KLASSEN, Karl et al; Seed Intellectual Proper
B21D 24/12 (2006.01) ty Law Group PLLC, Suite 5400, 701 Fifth Avenue, Seat

tle, WA 98104-7064 (US).
(21) International Application Number:

PCT/US2009/036401 (81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,

(22) International Filing Date: AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
6 March 2009 (06.03.2009) CA, CH, CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ,

(25) Filing Language: English EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,

(26) Publication Language: English KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,

(30) Priority Data: MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO,

61/034,843 7 March 2008 (07.03.2008) US NZ, OM, PG, PH, PL, PT, RO, RS, RU, SC, SD, SE, SG,
SK, SL, SM, ST, SV, SY, TJ, TM, TN, TR, TT, TZ, UA,

(71) Applicant (for all designated States except US): FA¬ UG, US, UZ, VC, VN, ZA, ZM, ZW.
TIGUE TECHNOLOGY, INC. [US/US]; 401 Andover
Park East, Seattle, WA 981 88-7605 (US). (84) Designated States (unless otherwise indicated, for every

kind of regional protection available): ARIPO (BW, GH,
(72) Inventors; and GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
(75) Inventors/Applicants (for US only): REID, Leonard, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,

Frederick [AU/US]; 18525 Northwest Village Park TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
Drive, Issaquah, WA 981 88 (US). ROSS, James ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
[US/US]; 5222 41st Avenue Southwest, Seattle, WA MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, TR),
98136 (US). JOHNSON, Tim [US/US]; 4134 54th Av OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW, ML,
enue Southwest, Seattle, WA 981 16 (US). NAM, Taek- MR, NE, SN, TD, TG).
sun [KR/US]; 9910 129th Place Northeast, Kirkland, WA
98033 (US). GLENN, Doug [US/US]; 800 South 219th Published:

Street A-I, Des Moines, WA 98198 (US). SHULTZ, — without international search report and to be republished
Matt [US/US]; 21212 Southeast 278th Way, Maple Val upon receipt of that report (Rule 48.2(g))
ley, WA 98038 (US).

(54) Title: EXPANDABLE MEMBER WITH WAVE INHIBITOR AND METHODS OF USING THE SAME

FIG. 9

(57) Abstract: A member has a wave inhibitor adapted to control the effects of a wave of longitudinally displaced material posi
tioned ahead of an expansion mandrel used to expand the member. The wave inhibitor has a decreasing transverse cross-sectional
area to diminish the effects attributable to the wave, such as workpiece distortions, material upset of the workpiece, lengthening of
the member, and excessively high strains in the workpiece. The wave inhibitor can also induce radially compressive stresses in the
workpeice and produce an interference fit.



EXPANDABLE MEMBER WITH WAVE INHIBITOR AND METHODS OF

USING THE SAME

CROSS-REFERENCE TO RELATED APPLICATION

This application claims the benefit under 35 U.S.C. § 119(e) of U.S.

Provisional Patent Application No. 61/034,843 filed March 7, 2008. This

provisional application is incorporated herein by reference in its entirety.

BACKGROUND

Field of the Disclosure

This disclosure generally relates to expandable members with at

least one wave inhibitor and methods of using the same.

Description of the Related Art

Members are installed in openings of workpieces for a variety of

reasons, including improving fatigue performance, reinforcement, and installing

components. One method of installing a member in the form of a bushing is the

FORCEMATE® installation process developed by Fatigue Technology, Inc. The

FORCEMATE® installation process is especially suitable for assemblies that will

undergo repetitive load cycles and/or may be susceptible to accumulating fatigue

damage. Various types of other installation processes can also be used to install

bushings.

When a hole is cold expanded or a bushing is installed using the cold

expansion method of drawing a tapered mandrel into and through the inner

diameter (ID) of the bushing, the majority of material is displaced radially.

However, a portion of material is also displaced longitudinally, in-line with the axis

of the bushing and just ahead of the mandrel. The amount of material that is

displaced longitudinally and the extent to which it is displaced is dependent on

many factors including, for example, the thickness of the receiving structure, length



of the bushing, the applied expansion, the mandrel taper angle, etc. As the

mandrel travels along the length of the hole, the longitudinally displaced material

ahead of the mandrel tends to accumulate. As the mandrel nears the exit end of

the hole, this material often tends to dissipate in one of two ways. If the cold

expansion tooling is configured such that the exit end of the hole or bushing is not

constrained, the accumulated material often results in deformation at the exit

surface of the bushing or exaggerated extrusion of the bushing. If the cold

expansion tooling is configured such that the exit end of the hole or bushing is

constrained (e.g., the exit end is in contact with the front of installation tooling), the

accumulated material often results in exaggerated radial expansion near or at the

exit end of the assembly and may also result in locally increased interference

between the mandrel and the hole or the bushing and the receiving structure at the

exit end as compared to the interference at the entry end of the assembly. A

combination of both radial and axial deformation will often result. Whether

resulting in deformation, exaggerated bushing growth, or imbalanced interference

from end to end, the longitudinally displaced wave of material associated with a

traditional cold expansion or bushing installation may be problematic for several

reasons. The wave of material may cause over expansion of the exit side of the

workpiece, resulting in unwanted crack initiation, crack growth, shear tears (e.g.,

shear tears emanating from an edge of the hole in which the bushing is installed),

and other failure mechanisms associated with high strains, especially if the

expansion exceeds the elongation properties of the workpiece. Accordingly,

waves of material formed during expansion processes often decrease fatigue

performance, load bearing capabilities, and the like.

When a hole of a workpiece is radially expanded, beneficial residual

stresses may be induced in a region of the workpiece about the hole. Increased

applied expansion at the exit end of the workpiece, attributable to the wave effect

during cold expansion or bushing installation, will often move both a zone of

material in compression and a balancing zone of material in tension that is

positioned radially away from the edge of the hole. This may result in material in



tension proximate to features where tension is undesirable, such as the outer edge

of a highly loaded lug.

Installation of a bushing may also produce upset ordistorted material

at the exit side of the bushing because of the wave of material generating a bi-axial

stress distribution in the workpiece along the length of the hole in which the

bushing is installed. Bi-axial stress distributions often cause workpiece material at

the exit side of the bushing to deform and bulge outwardly and, in some cases,

may cause a "volcano" effect. It may be difficult to incorporate a workpiece with

bulging surfaces into a load transfer joint because the bulging surfaces may

separate faying surfaces in the joint.

If numerous bushings are installed in a parent component, localized

deformations in the parent component may produce considerable overall distortion

of the parent component. Cupping of regions of the parent component (e.g., an

attachment lug or fitting) surrounding the bushings, cupping of bushing flanges

(e.g., flanges at exit sides of bushings), or combinations thereof may be the result

of a non-uniform stress state through the thicknesses of the parent component

and/or bushing. A stress concentration in the workpiece at the exit side of the

bushing often results in an outwardly bulging workpiece surface that causes

cupping of a bushing flange.

When expanding a bushing into a composite material, a steady

increase in applied expansion caused by displaced material building in front of a

mandrel and the bi-axial strain induced by the bushing are often detrimental to the

surrounding composite material. Non-uniform expansion and bi-axial strain, alone

or in combination, often result in localized over expansion, delamination, and

damage (e.g., micro-cracking) within the composite sub-structure.

The longitudinal length of a bushing may increase during the

installation process such that an exit end of the bushing protrudes outwardly from

the workpiece. For example, bushings that have relatively thick walls are well

suited for achieving high retention forces. Unfortunately, extremely high axial

forces are used to radially expand such thick-walled bushings. These forces,



necessary for proper radial expansion, often result in significant lengthening of the

bushing, as well as a significant amount of bushing material upset. Additionally,

extrusion or growth of the bushing may not be uniform across a non-flanged end of

the bushing where, for example, a majority of the growth occurs in a region

adjacent to an inner surface of the bushing.

BRIEF SUMMARY

Some embodiments include a member adapted to prevent, diminish,

limit, or substantially eliminate a traveling wave of material before the traveling

wave reaches an exit side of the member and/or workpiece in which the member is

installed. In some embodiments, the member has a transverse cross-sectional

area that varies along at least a portion of its longitudinal length such that drawn

material ahead of an expansion mandrel is inhibited by the portion of the member

with the varying cross-sectional area. In some embodiments, the transverse

cross-sectional area at or near an exit end of the member, i.e., the end at which

the mandrel exits, can be decreased to minimize, limit, or substantially eliminate

unwanted conditions {e.g., distortions or material upset of the workpiece,

excessively high strains in the workpiece, lengthening of the member, and the like)

caused, at least in part, by the wave of material.

In some embodiments, a section of an expandable member for

expanding a hole of a workpeice has a profile that gradually decreases along an

entire longitudinal length of the member or along only a portion of the longitudinal

length. The profile can gradually decrease towards an exit end of the member

such that an amount of displaced material of the member pushed ahead of an

expandable mandrel is minimized or substantially eliminated during the installation

process. The profile can also be selected to control expansion throughout the

thickness of the workpiece. For example, the profile can be selected to achieve a

general uniform residual stress zone between the entry and exit sides of the

workpiece while avoiding excessively high residual stresses (e.g., compressive or

tensile stresses) that may damage the workpiece.



In some embodiments, an expandable member includes a wave

inhibitor dimensioned to accommodate a substantial portion or most of a wave of

displaced material moving ahead of an expansion mandrel during radial expansion

of the member. As used herein, the term "wave" is broadly construed to include,

without limitation, a moving mass of material. When a member is radially

expanded, it is compressed between a workpiece and a mandrel. The

compression causes displacement of member material that moves away from the

region of compression along a longitudinal axis of the member. The wave

inhibitor, for example, can accommodate a sufficient amount of the wave such that

a substantially uniform stress field is produced in a portion of the workpiece

surrounding an opening in which the expandable member is installed.

The differences between residual stresses induced in the workpiece

at a mandrel entry side and at a mandrel exit side can be minimized, limited, or

substantially eliminated, thereby preventing or alleviating cracking (e.g., local

surface cracking), tears (e.g., shear tears), and other types of damage often

produces at an exit side using traditional techniques. Additionally, the expandable

member can be installed without a significant amount of localized surface bulging

and/or distortion (local or overall) of the workpiece.

In some embodiments, an expandable member for installation in an

opening of a workpiece is provided. The expandable member comprises a

member body having a first end, a second end opposite the first end, and a

sidewall extending between the first end and the second end and defining a

longitudinal passageway. The sidewall includes a longitudinally tapered section

adjacent to the second end. The tapered section is dimensioned to accommodate

displaced material of the member body moving along a longitudinal axis of the

member body away from the first end towards the second end when an expansion

mandrel moves through the longitudinal passageway to install the member in the

opening. The tapered section is adapted to radially expand the workpiece while

accommodating the displaced material so as to substantially prevent stress



concentrations associated with the displaced material in a portion of the workpiece

radially adjacent to the second end of the member body.

In some embodiments, a member installation includes a workpiece

and a member. The workpiece includes a first opening, a second opening, and a

hole extending between the first and second openings. The member is within the

hole of the workpiece. The member has a first end, a second end, and a member

body extending between the first end and the second end. The member body

defines a longitudinal passageway. The member body further includes a wave

inhibitor that has been radially expanded by an expansion mandrel so as to fix the

member to the workpiece after the wave inhibitor at least diminishes an amount of

material in a wave of material ahead of an expansion portion of the expansion

mandrel such that a first stress state in a first portion of the workpiece surrounding

the first opening is approximately equal to a second stress state in a second

portion of the workpiece surrounding the second opening. The wave of material

includes longitudinally displaced material of the member.

In some embodiments, a system includes a mandrel and an

expandable member. The mandrel is coupleable to an installation tool and

includes an expansion section. The expandable member includes a first end, a

second end opposite the first end, and a tubular main body extending between the

first end and the second end. The tubular main body defines a longitudinal

passageway sized to receive the mandrel. The main body includes a tapered

section adjacent to the second end. The tapered section is dimensioned to

accommodate displaced material of the main body pushed along a longitudinal

axis of the member by the expansion section of the mandrel moving along the

passageway prior to the expansion section of the mandrel fully expanding the

tapered section such that the displaced material and the tapered section are

expanded together.

In some embodiments, a method of installing a member into a

workpiece is provided. The method includes positioning a member in an opening

of a workpiece. The member has a first end, a second end, and a tubular body



extending between the first end and the second end. An expansion mandrel is

moved through a passageway of the tubular body. The member is radially

expanded causing longitudinally displaced material resulting from compression of

the member such that the displaced material moves along a longitudinal axis of the

member towards a tapered section of the member that accommodates the

displaced material so as to prevent stress concentrations attributable to the

displaced material in a region of the workpiece surrounding the second end of the

member as both the tapered section and the displaced material expand into the

region of the workpiece to form an interference fit or to cold expand the opening to

induce fatigue enhancing stresses in the workpiece. In some embodiments, the

displaced material is expanded into the region of the workpiece to both form the

interference fit and cold expand the opening to induce fatigue enhancing stresses.

In certain embodiments, a raidally expanded member can be

removed from an opening to induce fatigue enhancing stresses in a workpiece

without permanently installing the expanded member. Removing the radially

expanded member from the opening may include allowing the radially expanded

member to contract inwardly to provide a clearance fit between the member and a

hole in the workpeice. The radially expanded member may contract as the

mandrel is pulled out of the member.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

In the drawings, identical reference numbers identify similar elements

or acts. The sizes and relative positions of elements in the drawings are not

necessarily drawn to scale. The shapes of various elements and angles may not

be drawn to scale, and some of these elements may be arbitrarily enlarged and

positioned to improve drawing legibility.

Figure 1 is a side elevational view of an installation system having an

expansion mandrel attached to an installation tool and a pre-installed expandable

member positioned on the mandrel, according to one illustrated embodiment.



Figure 2 is a side elevational view of the installation system of Figure

1 after the member is installed.

Figure 3 is a side elevational view of an expandable member,

according to one illustrated embodiment.

Figure 4 is a cross-sectional view of the expandable member of

Figure 3 taken along line 4-4.

Figure 5 is a front elevational view of the expandable member of

Figure 3 .

Figure 6 is a detailed cross-sectional view of a tapered section of an

expandable member, according to one illustrated embodiment.

Figure 7 is a cross-sectional view of an expandable member

positioned in a hole of a workpiece before the member has been radially

expanded, according to one illustrated embodiment.

Figure 8 is a side elevational view of an expansion mandrel

positioned through an expandable member before the member has been radially

expanded, according to one illustrated embodiment.

Figure 9 is a side elevational view of the expansion mandrel radially

expanding a portion of the member, according to one illustrated embodiment.

Figure 9A is a detailed view of the expansion mandrel radially

expanding a portion of the member.

Figure 10 is a cross-sectional view of the expandable member and

workpiece of Figure 7 after the member has been radially expanded, according to

one illustrated embodiment.

Figures 11-14 are longitudinal cross-sectional views of embodiments

of expandable members.

Figure 15 is a cross-sectional view of an expandable member

positioned in a hole of a workpiece before the member has been radially

expanded, according to one illustrated embodiment.



Figure 16 is a cross-sectional view of the member and workpiece of

Figure 15 after the member has been radially expanded, according to one

illustrated embodiment.

DETAILED DESCRIPTION

In the following description, certain specific details are set forth in

order to provide a thorough understanding of various disclosed embodiments.

However, one skilled in the art will understand that the disclosed embodiments

may be practiced without these details.

Unless the context requires otherwise, throughout the specification

and claims which follow, the word "comprise" and variations thereof, such as,

"comprises" and "comprising" are to be construed in an open, inclusive sense, that

is as "including, but not limited to." It should also be noted that the term "or" is

generally employed in its sense including "and/or" unless the context clearly

dictates otherwise.

The headings provided herein are for convenience only and do not

interpret the scope or meaning of the claimed embodiments. The following

description relates to, without limitation, expandable members, wave inhibitors,

expansion mandrels, and installation systems. The terms "proximal" and "distal"

are used to describe the illustrated embodiments and are used consistently with

the description of non-limiting exemplary applications. The terms proximal and

distal are used in reference to the user's body when the user operates an

installation tool, unless the context clearly indicates otherwise.

Generally, an expandable member for installation in a workpiece can

have at least one wave inhibitor for reducing, limiting, or substantially eliminating a

traveling wave of material formed during the installation process. The wave

inhibitor can be a section of the member having a profile with a gradually

decreasing outer dimension, inner dimension, or both. When the member is

expanded, the wave inhibitor can both expand an adjacent region of a workpiece

and control the wave of material.



The wave inhibitor can extend along an entire longitudinal length of

the member or along only a section of the longitudinal length. The wave inhibitor

promotes substantially uniform radial expansion through the thickness of the

workpiece, and in some embodiments, a resultant residual stress zone may be

somewhat uniform from an entry side to an exit side of the member. Residual

compressive stresses or residual tensile stresses in the workpiece can be kept at

or below a desired level to, for example, avoid exceeding a yield strength of the

workpiece material, as well as to decrease or substantially eliminate surface upset,

localized distortions, or overall distortion of the workpiece.

If the workpiece is made of a composite material, excessive

interlaminar shear stresses in the composite matrix, through the bore of the hole,

that are caused by the wave effect during expansion can be controlled to reduce

the occurrence of sub-surface or surface delamination. Delamination may or may

not be detectable (e.g., visually detectable) and may lead to premature failure of

the assembly. The expandable members disclosed herein may be installed

without causing delamination often associated with traditional members.

Figure 1 shows an installation system 100 including an installation

tool 104, a nose cap assembly 110 coupled to the installation tool 104, and an

expansion mandrel 120 extending outwardly from the nose cap assembly 110

through an expandable member 140. Generally, the installation system 100 is

used to install the expandable member 140 within a hole 150 (illustrated as a

through-hole) in a workpiece 160 (shown in cross-section). The installation tool

104 pulls the mandrel 120 through the member 140 such that the mandrel 120

radially expands the member 140 into the workpiece 160. Figure 2 shows the

post-expanded member 140 that resulted in a generally uniform amount of

expansion along the entire length of the hole 150.

The illustrated member 140 of Figure 1 includes a wave inhibitor in

the form of a tapered section 142 dimensioned and adapted to control a wide

range of effects attributable to a wave of extruded material that is formed as the

mandrel 120 expands the member 140. When the mandrel 120 moves through the



member 140, the tapered section 142 moves outwardly against the workpiece 160

to induce residual stresses in the material of the workpiece 160 about the exit side

of the hole 150. The residual stresses can be beneficial compressive stresses that

improve performance by, for example, extending the fatigue and damage tolerance

life of the workpiece 160.

With continued reference to Figure 1, the installation tool 104

includes a main body 124 that is coupled to a grip 128. A user can manually grasp

the grip 128 for comfortably holding and accurately positioning the installation

system 100. The illustrated grip 128 is a pistol grip. However, other types of grips

can be utilized.

The installation tool 104 can be driven electrically, hydraulically,

pneumatically, or by any other suitable drive system. In some embodiments, the

main body 124 houses a drive system capable of driving the mandrel 120,

preferably along a predetermined path (e.g., a line of action), in a proximal

direction and/or distal direction. A pair of fluid lines 130, 132 provides pressurized

fluid [e.g., pressurized gas, liquid, or combinations thereof) to a piston drive

system that actuates the mandrel 120. One of ordinary skill in the art can select

the type of drive system used to achieve the desired motion of the mandrel 120.

The mandrel 120 comprises an elongated body configured to radially

expand the member 140 when the mandrel 120 is moved axially through a

passageway in the member 140. As used herein, the term "mandrel" is a broad

term and includes, but is not limited to, an elongated component having at least

one tapered portion or expansion portion used to expand a member. In some

embodiments, a gradually tapered portion of a mandrel can be used to radially

expands an expandable member so as to produce an interference fit between the

expandable member and a workpiece. Mandrels can have a one-piece or multi-

piece construction. In some embodiments, the mandrel 120 has a monolithically

formed body. In other embodiments, the mandrel 120 has a multi-piece

construction. For example, the mandrel 120 can be a split mandrel.



As used herein, the term "member" includes, but is not limited to, a

bushing (including a one-piece or multi-piece bushing), liner, tube, sleeve

(including a split sleeve), fastener, structural expandable fastener (e.g., an

expandable fastener that is incorporated into a structural workpiece), and other

structures that are suitable for coupling to a workpiece. An expandable member

can be expanded from a first configuration to a second configuration. In some

embodiments, for example, the expandable member 140 is a bushing that can be

radially expanded in order to form an interference fit with the illustrated through-

hole 150. The term expandable member refers to a member in a pre-expanded

state and a post-expanded state, unless the context clearly dictates otherwise.

Various types of expansion processes can be employed to expand expandable

members. In a cold expansion process, for example, the expandable member 140

is radially expanded without appreciably raising its temperature to produce residual

stresses in the workpiece 160 and/or expandable member 140 to enhance fatigue

performance. The residual stresses are preferably compressive stresses that can

minimize, limit, inhibit, or prevent crack initiation and/or crack propagation.

The expandable member 140 of Figure 1 can be installed in various

types of workpieces. As used herein, the term "workpiece" is broadly construed to

include, without limitation, a parent structure having at least one opening suitable

for receiving an expandable member. The opening can be a through-hole, blind

hole, or other type of opening. In some embodiments, the expandable member

can be installed in a structural workpiece, such as a bulkhead, fuselage, engine, or

other structural component of an aircraft. The expandable members can also be

installed in other transportation vehicles (e.g., automobiles, trains, watercraft, and

the like), rails such as railroad track rails, medical devices (e.g., implants), bridges

(e.g., suspension bridges, beam bridges, truss bridges, etc.), and the like. The

workpiece 160 of Figures 1 and 2 preferably has sufficient mechanical properties

such that the installation system 100 can install the expandable member 140 while

the member 140 is positioned within the hole 150. The user may or may not have

backside access to the workpiece 160.



Figures 3-5 show the expandable member 140 including a tubular

body 170 having a first end 172, a second end 174 opposite the first end 172, and

a sidewall 176 extending between the first and second ends 172, 174. The

sidewall 176 includes the tapered section 142 adjacent to the second end 174 and

defines a longitudinally-extending passageway 180 that extends generally along a

longitudinal axis 182 of the member 140. The first and second ends 172, 174

define first and second openings 190, 192, respectively, at opposing ends of the

passageway 180.

The sidewall 176 of Figure 4 has a varying transverse cross-sectional

area along the longitudinal axis 182. The transverse cross-sectional area normal

to the longitudinal axis 182 can be selected based on one or more characteristics

of the wave of material generated during the expansion process. The illustrated

sidewall 176 includes a non-tapered section 200 between the first end 172 and the

tapered section 142.

The section 200 is a relatively thick section of the sidewall 176, and

the tapered section 142 is a narrowed section of the sidewall 176. The tapered

section 142 has an average transverse cross-sectional area along its longitudinal

length that is less than or equal to an average cross-sectional area of the section

200. As shown in Figure 4, the wall thickness of the tapered section 142 gradually

decreases from the section 200 to the second end 174.

Referring to Figure 5, the sidewall 176 has a generally circular

profile, and the expandable member 140 can therefore be installed in the

workpiece hole 150 having a somewhat similar circular profile. In other

embodiments, the tubular sidewall 176 can have a generally elliptical cross-

sectional profile, polygonal cross-sectional profile (including rounded polygonal), or

combinations thereof. In some embodiments, the sidewall 176 and passageway

180 both have generally elliptical shapes. The dimensions, shape, and

configuration of the sidewall 176 can be selected based on the installation process

to be performed.



Figure 6 depicts the tapered section 142 that defines an angle of

taper β and includes a minimum outer dimension 210, a maximum outer dimension

212, and a transition outer dimension 214 extending therebetween. The maximum

outer dimension 2 12 is at least slightly larger than the minimum outer dimension

2 10 . As used herein, the term "outer dimension" can include, but is not limited to,

a circumference, perimeter, diameter, and other measurable lengths, widths, or

areas.

The illustrated transition outer dimension 214 of Figure 6 gradually

decreases from the maximum outer dimension 212 to the minimum outer

dimension 2 10 . The maximum outer dimension 212 can be approximately equal to

an outer dimension 220 of the section 200. The outer dimension 220 can be

generally uniform along the axial length of the section 200. In other embodiments,

the section 200 can have a variable outer dimension to, for example,

accommodate holes in workpieces with varying diameters.

With continued reference to Figure 6, the tapered section 142 has a

generally frusto-conical outer surface 227. In other embodiments, the tapered

section 142 has a longitudinally curved outer surface 227. The shape of the outer

surface 227 can be selected based on the angle of taper β, length Lτ of the

tapered section 142 (Figure 4), or other parameters that may affect the installation

process. The angle of taper β can be selected based on one or more properties of

the wave of material formed during installation and the length Lτ of the tapered

section 142. In some embodiments, the angle of taper β is equal to or less than

about 30 degrees, 20 degrees, 10 degrees, 5 degrees, or 3 degrees, or ranges

encompassing such angles. In some embodiments, including the illustrated

embodiment of Figure 4, the length Lτ of the tapered section 142 is less than half

of a longitudinal length L of the member 140, and the angle of taper β is less than

about 10 degrees. Such an embodiment is especially well suited for cancelling at

least a substantial portion of the wave. In some embodiments, the length Lτ of the

tapered section 142 is greater than a thickness t of the section 200 such that high

retention forces can be achieved between the section 200 and the workpiece 160,



while the tapered section 142 is sufficiently long to substantially eliminate the wave

of drawn material. In some embodiments, the length Lτ of the tapered section 142

is at least 150%, 200%, or 300% of the wall thickness t of the section 200.

The expandable member 140 of Figures 3-6 can be formed, in whole

or in part, of one or more metals (e.g., steel, aluminum, brass, combinations

thereof), metal alloys, and the like. Other materials can also be employed, if

needed or desired.

Figures 7-1 0 show one method of installing the expandable member

140. Generally, the expandable member 140 can be positioned in the hole 150 of

the workpiece 160. The expansion mandrel 120 can be positioned along the

passageway 180 and moved proximally to cause a wave of displaced material

ahead of or adjacent to a tapered section of the expansion mandrel 120, which

radially expands both the expandable member 140 and a region of the workpiece

160 surrounding the expandable member 140. As the expansion mandrel 120

moves from an entry side towards the exit side of the workpiece 160, the size of

the wave is reduced by the tapered section 142 to at least reduce the effects at the

exit side of the installation attributable to the wave.

Referring to Figure 7, the expandable member 140 is ready to be

expanded into the workpiece 160. The first end 172 of the expandable member

140 can be generally flush with or slightly offset from a first side 221 of the

workpiece 160. The second end 174 of the expandable member 140 can be

generally flush with or offset from a second side 222 of the workpiece 160. The

illustrated first and second ends 172, 174 of Figure 7 are generally flush with outer

surfaces of the first and second sides 221 , 222, illustrated as entry and exit sides,

respectively. A longitudinal length L of the member 140 is approximately equal to

a longitudinal length LH of the hole 150.

The expansion mandrel 120 can be inserted into and through the

expandable member 140 of Figure 7 and coupled to the installation tool 104. A

clearance fit can be provided between an outer surface 234 of the expandable

member 140 and the inner surface 230 of the workpiece 160 such that the



expandable member 140 and mandrel 120 can be conveniently repositioned any

number of times with respect to the workpiece 160.

Figure 8 illustrates the expansion mandrel 120 ready to expand and

install the expandable member 140. A front surface 240 of the installation tool 104

can bear against the second side 222 of the workpiece 160. The installation tool

104 pulls the mandrel 120 proximally, as indicated by the arrow 242, through the

passageway 180 of the expandable member 140 such that an expansion section

250 of the mandrel 120 radially expands the entry side of the member 140 into the

workpeice 160, thereby producing a wave of material ahead of the expansion

section 250.

The expansion section 250, illustrated as a tapered section,

continues to expand the expandable member 140 and pushes the wave of

displaced material away form the first end 172 towards the second side 222. In

this manner, the wave 260 (Figures 9 and 9A) can move along the longitudinal axis

182 of the member 140. The wave 260 can be formed of displaced material from

both the member 140 and workpiece 160. For example, Figures 9 and 9A shows

the expansion section 250 radially expanding the non-tapered section 200 of the

expandable member 140 such that a portion of the volume of the radially

expanded member and workpiece material is displaced ahead of the point of

maximum contact between the sidewall 176, the inner surface 230, and the

expansion section 250.

Of course, the taper of the expansion section 250 can be shallower

than the taper illustrated in Figure 9 . Additionally, the wave effect may primarily

occur at the interface of outer diameter the expandable member 140 and the inner

surface 230, especially if the expandable member 140 is made, in whole or in part,

of a material that is harder than the material of the workpiece 160. In some

embodiments, a significant portion of the wave is formed by workpiece material at

the interface of the member 140 and the workpiece 160.

As the expansion section 250 in Figure 9 is pulled towards the

installation tool 104, the wave of displaced material 260 moves towards the



installation tool 104. Once the wave 260 reaches the tapered section 142, the

amount of material in the wave 260 can be reduced as the expansion section 250

moves the tapered section 142 into contact with the inner surface 230 of the

workpiece 160 so as to close a gap 270. The tapered section 142 is further

radially expanded to form an interference fit with the workpiece 160 to minimize,

limit, or substantially prevent unwanted movement of the expandable member 140

relative to the workpiece 160. In this manner, an interference fit may be produced

along the entire axial length L of the expandable member 140 in the hole 150.

After the mandrel 120 moves out of the second end 174 of the

expandable member 140, the installation tool 104 and the mandrel 120 can be

removed from the installation 235 (shown in Figure 10). The sidewall 176 of the

post- installed member 140 can have substantially uniform dimensions {e.g., inner

dimensions, outer dimensions, and the like) along its longitudinal axis 182. The

illustrated sidewall 176 has a substantially uniform wall thickness, even though the

average wall thickness of the section 200 was significantly greater than the

average wall thickness of the tapered section 142 of the pre-expanded member

140.

With continued reference to Figure 10, the non-tapered section 200

may have been expanded to induce compressive stresses in a radially adjacent

first section 3 10 of the workpiece 160. The tapered section 142 may have been

expanded to induce compressive stresses in a radially adjacent second section

3 12 of the workpiece 160. The stresses in the second section 312 can be within a

desired range of the stresses in the first section 3 10 . In some embodiments, for

example, the compressive stresses in the first section 3 10 are generally equal to,

slightly greater than, or slightly less than the compressive stresses in the second

section 3 12 . Somewhat uniform compressive stresses can be induced throughout

the thickness T of the workpiece 160, even relatively high residual compressive

stresses, without significant deformation (e.g., bulging or upset material) at the

workpiece second side 222 or deformation of the inner and/or other edges of the

second end 174.



The tapered section 142 can be adapted to reduce or limit any

volcano effect of the expandable member 140 and/or of a region 300 of the

workpiece 160 immediately radially adjacent the second end 174, stress

concentrations at the region 300, cupping, and/or distortion of the workpiece, as

well as other mechanisms associated with overexpansion, such as, without

limitation, unwanted cracking and/or induced shear tears. Stress concentrations

can be highly localized stresses that damage the workpiece 160. The tapered

section 142 can be employed to prevent the formation of excessively high stress

concentrations.

If the workpiece 160 is made of a composite material, such as a

composite laminate, the compressive stresses in the first section 310 can be

sufficiently close to the compressive stresses in the second section 312 to

minimize or limit delamination. For example, the compressive stress can be close

enough to one another to prevent reaching the ultimate stress (e.g., ultimate shear

stresses) for the composite. The expandable member 140 of Figure 10 is

especially well suited for reducing or eliminating free edge delamination. To

minimize, limit, or substantially prevent damage to the material surrounding the

opening 150, the amount of radial expansion can be below a threshold amount of

expansion that would cause unwanted damage to the workpiece 160.

If the workpiece 160 is made, in whole or in part, of a composite

material, the tapered section 142 can be adapted to avoid excessive interlaminar

shear stresses attributable to the wave effect during the expansion process in a

region of the composite matrix along the length of the hole 150. In this manner,

problems associated with the wave effect can be alleviated or avoided altogether.

Because many types of delamination may or may not be detectable, delamination

may be difficult to identify and may lead to premature failure of the workpiece 160.

The expandable member 140 can be installed to significantly improve the working

life of the workpiece 160 as compared to conventional members, even though

visual inspection of a workpiece with a conventional member may appear similar to

the workpiece 160.



The composite materials can include, without limitation, reinforcing

elements {e.g., fibers, particles, and the like), fillers, binders, matrix, or the like.

Wood, fiberglass, polymers, plastics, metals, ceramics, glass, and the like can be

combined to produce the workpiece 160 with properties that are different from the

properties of its constituents individually. In some embodiments, the workpiece

160 can comprise a fiber-reinforced composite, particle-reinforced composite,

laminate {e.g., a stack of laminas), or combinations thereof. The matrix of the

reinforced composites can be made of metal, polymers, ceramics, or other suitable

materials for encapsulating other reinforcement features. The laminates can be

unidirectional laminates, cross-ply laminates, angle-ply laminates, symmetric

laminates, or the like.

Composites may have relatively low strain capabilities as compared

to metals. Expansion of the expandable member 140 can cause compressive

loading in the composite material surrounding the opening 150. If the compressive

loading is too high, fibers in a fiber-reinforced composite material can buckle,

which in turn affects the material's properties. Micro-buckling of fibers may

significantly reduce the water resistance of the composite material because

buckled fibers may cause micro-cracking of the matrix surrounding the fibers.

Splitting due to Poisson's ratio effect, matrix yielding, fiber splitting, debonding

{e.g., fiber debonding, interlamina debonding, or the like), and other failure modes

are often caused by compressive loading or high strains. Strains can be kept at or

below a desired level to prevent these types of failure modes when installing the

expandable member 140.

Figures 11-14 depict embodiments of expandable members, which

may be generally similar to the embodiments discussed in connection with Figures

1- 10, except as further detailed below.

Figure 11 shows an expandable member 400 that includes a tubular

main body 410 and a flange 420 extending radially outward from the main body

4 10 . The main body 4 10 extends between a first end 421 and a second end 422

and includes a tapered section 424 opposite the flange 420 and an outer surface



430 having a generally uniform outer dimension (e.g., a circumference) along a

longitudinal axis 431 of the member 400. The tapered section 424 defines an

inner surface 440 (illustrated as a frusto-conical surface) that flares radially

outwards away from the first end 421 towards the second end 422.

Advantageously, a close clearance fit can be formed between the outer surface

430 and a hole of a workpiece before the installation process. Such an

embodiment is especially well suited to prevent contaminates from entering gaps

between the outer surface 430 and an inner surface of the hole of the workpiece.

The wave inhibitors disclosed herein can extend along a portion of a

longitudinal length of a member or along substantially all of the longitudinal length

of a member. Figure 12 shows, for example, an expandable member 450 that

includes a wave inhibitor in the form of a tapered section 452 extending between a

first end 454 and an opposing second end 456. The first end 454 includes a flange

462. The illustrated tapered section 452 has an inner surface 455 that defines a

longitudinally-extending passageway 460 that flares outwardly away from the first

end 454 towards the second end 456. Because the tapered section 452 extends

along the entire length of the member 450, the formation of a traveling wave of

material can be substantially prevented throughout the entire radial expansion

process.

Referring to Figure 13, a member 480 includes a tapered section 482

having an inner surface 484 that curves radially outwards away from a longitudinal

axis 486 of the member 480. The curvature of the inner surface 484 can be

selected based on the desired wave canceling effect.

The expandable members can have a one-piece or multi-piece

construction. In some embodiments, expandable members can include a plurality

of separate components, wherein at least one of the components has one or more

tapered sections. Figure 14 depicts a two-piece member 500 that includes an

expandable member 5 10 surrounding a main body 5 16 of another expandable

member 5 12 . A flange 5 18 extends radially outward from a tapered section 520 of

the member 5 12 . In some embodiments, both members 5 10, 5 12 can include at



least one tapered section for adjusting the expansion of the workpiece and/or the

expansion of the member 500.

Figures 15 and 16 illustrate an expandable member 600 in

pre-installed and post-installed states, respectively, according to one illustrated

embodiment. The member 600, in the pre-installed state, can have a tapered

section 604 adapted to minimize, limit, or substantially eliminate lengthening of a

tubular body 6 10 of the member 600. The tapered section 604 of Figure 15 can at

least diminish the wave effect to prevent unwanted movement of the flange 620

relative to the workpiece 630, thereby reducing or eliminating the occurrence of

flange cupping. In some embodiments, a face 640 of the flange 620 can physically

contact a surface 622 of a workpiece 630 before, during, and/or after the

installation process. Figure 16 shows the face 640 physically contacting the

surface 622 of the workpeice 630 and the member 600 having a generally uniform

inner diameter 642. The tapered sections discussed in connection with Figures 1-

14 can also prevent unwanted member lengthening.

If the flange 620 becomes spaced from the surface 622, various

types of post installation processes can be performed to bring the flange 620

against the surface 622. As noted above, the tapered section 604 of Figure 15 can

also control any stress concentrations that may otherwise develop near an exit

side 643 of the workpiece 630 and/or member 600.

The techniques and methods disclosed herein can also be used to

expand holes without permanently installing an expandable member. After the

expansion process, the expanded member can be removed from the workpeice.

To allow convenient removal, the member can have a split tubular body. For

example, the expandable member 140 in Figures 3-5 can be a split sleeve with

one or more slits that allow for contraction after the expansion process. As such,

the expandable member 140 may be particularly well suited to perform cold

expansion on holes in wide range of materials, including high strength materials

(e.g., high strength aluminums) or other materials that may be prone to cracking or

fatigue problems. Thus, the wave effect often associated with cold expansion can



be reduced or limited while providing a desired amount of expansion over

substantially all or most of the length of the hole.

All patents and publications mentioned herein are hereby

incorporated by reference in their entireties. Except as described herein, the

embodiments, features, systems, devices, materials, methods and techniques

described herein may, in some embodiments, be similarto any one or more ofthe

embodiments, features, systems, devices, materials, methods and techniques

described in U.S. Patent Nos. 3,566,662; 3,892,121 ; 4,187,708; 4,423,619;

4,425,780; 4,471 ,643; 4,524,600; 4,557,033; 4,809,420; 4,885,829; 4,934,1 70;

5,083,363; 5,096,349; 5,405,228; 5,245,743; 5,103,548; 5,1 27,254; 5,305,627;

5,341 ,559; 5,380,1 36; and 5,433,1 00; and in U.S. Patent Application Nos.

09/603,857; 10/726,809; 10/61 9,226; and 10/633,294, and in Provisional Patent

Application No. 61/034,843, which are incorporated herein by reference. In

addition, the embodiments, features, systems, devices, materials, methods and

techniques described herein may, in certain embodiments, be applied to or used in

connection with any one or more of the embodiments, features, systems, devices,

materials, methods and techniques disclosed in the incorporated U.S. Patents and

Patent Applications.

The articles disclosed herein may be formed through any suitable

means. For example, the articles can be formed through injection molding,

machining, and other methods disclosed herein. The various methods and

techniques described above provide a number of ways to carry out the invention.

Of course, it is to be understood that not necessarily all objectives or advantages

described may be achieved in accordance with any particular embodiment

described herein.

Furthermore, the skilled artisan will recognize the interchangeability

of various features from different embodiments disclosed herein. Similarly, the

various features and steps discussed above, as well as other known equivalents

for each such feature or step, can be mixed and matched by one of ordinary skill in

this art to perform methods in accordance with principles described herein.



Additionally, the methods which are described and illustrated herein are not limited

to the exact sequence of acts described, nor are they necessarily limited to the

practice of all of the acts set forth. Other sequences of events or acts, or less than

all of the events, or simultaneous occurrence of the events, may be utilized in

practicing the disclosed embodiments.

Although the invention has been disclosed in the context of certain

embodiments and examples, it will be understood by those skilled in the art that

the invention extends beyond the specifically disclosed embodiments to other

alternative embodiments and/or uses and obvious modifications and equivalents

thereof. Accordingly, it is not intended that the invention be limited, except as by

the appended claims.



CLAIMS

What is claimed is:

1. An expandable member for expanding an opening of a workpiece,

the member comprising a member body having a first end, a second end opposite the

first end, and a sidewall extending between the first end and the second end and

defining a longitudinal passageway, the sidewall including a longitudinally tapered

section adjacent to the second end, the tapered section being dimensioned to

accommodate displaced material of the member body moving generally along a

longitudinal axis of the member body away from the first end towards the second end of

the member body when an expansion mandrel moves through the longitudinal

passageway to install the member in the opening, the tapered section is adapted to

radially expand the workpiece while accommodating the displaced material so as to

substantially prevent stress concentrations associated with the displaced material in a

portion of the workpiece radially adjacent to the second end of the member body.

2 . The expandable member of claim 1,wherein the tapered section is

configured to induce compressive stresses in the workpiece as a tapered section of the

mandrel moves along a length of the tapered section and expands the tapered section.

3 . The expandable member of claim 1, wherein the member body is

configured to produce substantially uniform stresses throughout material of the

workpiece defining the opening in which the expandable member is installed when the

member body is radially expanded into the workpeice.

4 . The expandable member of claim 1,wherein the tapered section is

sufficiently tapered along the longitudinal axis of the member body towards the second

end so as to substantially eliminate stress concentrations caused by the displaced

material in the portion of the workpiece radially adjacent to the second end of the

member body.



5 . The expandable member of claim 1, wherein the sidewall further

comprises a relatively thick section between the first end and the tapered section.

6 . The expandable member of claim 5, wherein the relatively thick

section has a first average cross-sectional area taken perpendicularly to the longitudinal

axis of the member body, the tapered section has a second average cross-sectional

area taken perpendicularly to the longitudinal axis of the member body, and the second

average cross-sectional area is less than the first average cross-sectional area.

7 . The expandable member of claim 5, wherein the tapered section

has an outer circumference that decreases from the relatively thick section to the

second end.

8 . The expandable member of claim 5, wherein, in a pre-installed

state, the relatively thick section has a first average wall thickness that is greater than a

second average wall thickness of the tapered section, and wherein, in an installed state,

the relatively thick section has a first average installed wall thickness that is substantially

equal to a second average installed wall thickness of the tapered section.

9 . The expandable member of claim 1, further comprising:

a flange extending radially outward from one of the first end and the

second end of the member body.

10 . A member installation, comprising:

a workpiece including a first opening, a second opening, and a hole

extending between the first and second openings; and

a member within the hole of the workpiece, the member having a first end,

a second end, and a member body extending between the first end and the second end

and defining a longitudinal passageway, the member body including a wave inhibitor

that has been radially expanded by an expansion mandrel so as to fix the member to the



workpiece after the wave inhibitor at least diminishes an amount of material in a wave of

material ahead of an expansion portion of the expansion mandrel such that a first stress

state in a first portion of the workpiece surrounding the first opening is approximately

equal to a second stress state in a second portion of the workpiece surrounding the

second opening, the wave of material including longitudinally displaced material of the

member.

11. The installation of claim 10, wherein, in a pre-installed state, the

wave inhibitor tapers towards the second end such that the material in the wave is

distributed along the wave inhibitor before the wave inhibitor is fully expanded by the

expansion mandrel.

12 . The installation of claim 10, wherein the wave inhibitor is a tapered

section of the member body, the tapered section has a longitudinal length that is

substantially parallel to a longitudinal axis of the member, the longitudinal length is

greater than a wall thickness of a portion of the member body between the first end and

the tapered section.

13 . The installation of claim 10, wherein the member body has a

substantially uniform transverse cross-sectional area between the first end and the

second end, and wherein, in a pre-expanded state, the wave inhibitor has a transverse

cross-sectional area that decreases towards the second end of the member body.

14. The installation of claim 10, wherein, in a pre-expanded state, the

member comprises a relatively thick section between the first end and the wave

inhibitor, the relatively thick section has a first average cross-sectional area taken

perpendicularly to a longitudinal axis of the member body and the wave inhibitor has a

second average cross-sectional area taken perpendicularly to the longitudinal axis, the

first average cross-sectional area is greater than the second average cross-sectional

area.



15 . A system comprising:

a mandrel coupleable to an installation tool; and

an expandable member including a first end, a second end opposite the

first end, and a tubular main body extending between the first end and the second end

and defining a longitudinal passageway sized to receive the mandrel, the main body

including a longitudinally tapered section adjacent to the second end, the tapered

section being dimensioned to accommodate displaced material of the main body pushed

along a longitudinal axis of the member by an expansion section of the mandrel moving

along the passageway prior to the expansion section of the mandrel fully expanding the

tapered section such that the displaced material and the tapered section are expanded

together.

16 . The system of claim 15, further comprising:

an installation tool adapted to move the mandrel along the passageway of

the expandable member.

17 . A method of installing a member into a workpiece, the method

comprising:

positioning a member in an opening of a workpiece, the member having a

first end, a second end, and a tubular body extending between the first end and the

second end;

positioning an expansion mandrel through a passageway of the tubular

body; and

radially expanding the member causing longitudinally displaced material

resulting from compression of the member such that the displaced material moves along

a longitudinal axis of the member towards a tapered section of the member that

accommodates the displaced material so as to prevent stress concentrations

attributable to the displaced material in a region of the workpiece surrounding the

second end of the member as both the tapered section and the displaced material



expand into the region ofthe workpiece to form an interference fit or to cold expand the

opening to induce fatigue enhancing stresses in the workpiece.

18 . The method of claim 17, wherein radially expanding the member

includes moving the expansion mandrel along the passageway of the tubular body.

19 . The method of claim 17, wherein radially expanding the member

includes moving the expansion mandrel along the passageway of the tubular body to

produce a substantially uniform stress state in a continuous surface of the workpiece

defining the opening.

20. The method of claim 19, wherein moving the expansion mandrel

along the passageway further includes radially expanding the tapered section to close a

gap between the tapered section and the workpiece before both the tapered section and

the displaced material expand into the region ofthe workpiece to form the interference

fit along a length of the tapered section.

2 1 . The method of claim 17, further comprising:

expanding a thicker wall section of the member to induce compressive

stresses in a first section of the workpiece adjacent to the thicker wall section; and

expanding the tapered section of the member to induce compressive

stresses in a second section of the workpiece after expanding the thicker wall section,

the second section of the workpiece surrounds at least a substantial portion of the

tapered section before and after expanding the tapered section.

22. The method of claim 2 1 , wherein the workpiece comprises a

composite material, the compressive stresses in the first section are sufficiently close to

the compressive stresses in the second section to prevent delamination of the

workpiece.



23. The method of claim 17, further comprising:

removing the radially expanded member from the opening.

24. The method of claim 23, wherein removing the radially expanded

member from the opening includes allowing the radially expanded member to contract

inwardly to provide a clearance fit between the member and the opening.
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