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(54) TOOLING WITH PERMANENT LOW FRICTION COATING FOR SETTING INTERFERENCE-FIT 
FASTENERS

(57) A system and a method are provided for install-
ing fasteners. The method includes inserting a fastener
(250) into a hole (230), and gripping ends of the fastener
via dies (510, 520). At least one of the dies (520) includes
a permanent coating having a static friction coefficient of
less than 0.2 at a surface (530) contacting the fastener.
The method further includes plastically deforming the fas-
tener (250) via force from the dies (510, 520), thereby
expanding the fastener into interference with the hole
(230) along a length (330) of the fastener such that an
amount of interference between the fastener (250) and
the hole (230) along the length (330) of the fastener is
greater than 38 micrometers and less than 510 microm-
eters.
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Description

Field

[0001] The disclosure relates to the field of mechanical
fasteners.

Background

[0002] Fasteners are used in the aerospace industry
to mechanically unite various structural components of
an aircraft. For example, metal panels that form a portion
of a skin of an aircraft wing may be joined to other metal
parts via bolts or rivets. In aircraft structures, it is often
desirable to install rivets in interference, meaning that
the rivet diameter after installation is larger than the di-
ameter of the hole that receives it. Interference fit instal-
lation of rivets can facilitate aircraft assembly operations
and improve joint performance, particularly fatigue per-
formance. As fasteners are intended to enhance the
structural strength of an aircraft, it remains desirable to
ensure that the act of installing a fastener does not dam-
age underlying structural components of the aircraft.
Specifically, too much radial interference at ends of the
rivets is undesirable.
[0003] The process of upsetting rivets may be further
complicated when using the rivet to attach different com-
ponents together, such as a wing skin of an aircraft and
an underlying stringer. In such environments, it may be
desirable to control the amount of radial interference the
rivets achieve along the axial length of the rivet through-
out the hole in which it is installed. Too little radial inter-
ference is undesirable at an axial location.

Summary

[0004] Embodiments described herein utilize en-
hanced tooling for installing fasteners. The enhanced
tooling described herein includes a permanent coating
with a low coefficient of friction. The low coefficient of
friction ensures that plastic deformation of a rivet during
installation results in a desired range of interference be-
tween the fastener and the hole throughout the length of
the hole (or depth of hole).
[0005] One embodiment is a method that includes in-
serting a fastener into a hole, and gripping ends of the
fastener via dies. At least one of the dies includes a per-
manent coating having a static friction coefficient of less
than 0.2 at a surface contacting the fastener. The method
further includes plastically deforming the fastener via
force from the dies, thereby expanding the fastener into
interference with the hole along a length of the fastener
such that an amount of interference between the fastener
and the hole along the length of the fastener is greater
than one and a half thousandths of an inch and less than
twenty thousandths of an inch.
[0006] A further embodiment is a method that includes
selecting a die that applies force which plastically de-

forms a fastener in order to expand the fastener into in-
terference with a hole, and selecting a coating having a
static coefficient of friction of less than 0.2. The method
further includes permanently applying the coating to the
die at a surface that will contact the fastener, thereby
ensuring that plastic deforming of the fastener via force
from the die will cause an amount of interference between
the fastener and the hole along a length of the fastener
between one and a half thousandths of an inch and twen-
ty thousandths of an inch.
[0007] A further embodiment is a system that includes
multiple dies that secure a fastener at a hole. The dies
include a first die that contacts a first end of the fastener,
and a second die that contacts a second end of the fas-
tener. The second die includes a permanent coating hav-
ing a static friction coefficient of less than 0.2 at a surface
contacting the fastener and the dies together apply force
that plastically deforms the fastener, thereby expanding
the fastener into interference with the hole along a length
of the fastener.
[0008] A further embodiment is a method that includes
inserting a fastener into a hole, and gripping the fastener
via dies at ends of the fastener, at least one of the dies
including a permanent coating having a static friction co-
efficient of less than 0.2 at a surface contacting the fas-
tener. The method further includes plastically deforming
the fastener via force from the dies, which results in co-
lumnar bulging that causes interference between the fas-
tener and the hole along a length of the fastener such
that a ratio of a maximum amount of interference to a
minimum amount of interference along the entire length
of the fastener is less than four.
[0009] A further embodiment is an apparatus that in-
cludes a first part, a second part, and a fastener placed
within a hole that bridges the first part and the second
part, the fastener securing the first part and second part
together. The fastener has been plastically deformed,
thereby expanding the fastener into interference with the
hole along an entire length of the fastener, such that a
ratio of a maximum amount of interference to a minimum
amount of interference along the entire length of the fas-
tener is less than four.
[0010] Yet another embodiment is a method that in-
cludes inserting a fastener into a hole, and gripping ends
of the fastener via dies. The method further includes plas-
tically deforming the fastener into interference with the
hole via force from the dies. A majority of plastic defor-
mation at the fastener along an entire axial length of the
fastener results in interference caused by columnar bulg-
ing of a shaft of the fastener in response to axial force
from the dies.
[0011] Other exemplary embodiments (e.g., methods
and computer-readable media relating to the foregoing
embodiments) may be described below. The features,
functions, and advantages that have been discussed can
be achieved independently in various embodiments or
may be combined in yet other embodiments further de-
tails of which can be seen with reference to the following
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description and drawings.

Description of the Drawings

[0012] Some embodiments of the present disclosure
are now described, by way of example only, and with
reference to the accompanying drawings. The same ref-
erence number represents the same element or the same
type of element on all drawings.

FIG. 1 is a diagram of an aircraft an exemplary em-
bodiment.
FIG. 2 is a partial section cut view of a section of
structure of a wing in an exemplary embodiment.
FIG. 3 is a zoomed-in view of a section of wing struc-
ture that includes a fastener in an exemplary embod-
iment.
FIG. 4 is a view of a fastener prior to installation in
an exemplary embodiment.
FIG. 5 is a zoomed in view of installation of a fastener
at a hole in an exemplary embodiment.
FIGS. 6-7 are zoomed in views of a die that includes
a permanent coating with a low coefficient of friction
in an exemplary embodiment.
FIGS. 8-9 are zoomed in views of a die plastically
deforming a tail end of a fastener in an exemplary
embodiment.
FIG. 10 is a flowchart illustrating a method for install-
ing a fastener in an exemplary embodiment.
FIG. 11 is a flowchart illustrating a method for fabri-
cating a die for installing a fastener in an exemplary
embodiment.
FIG. 12 is a block diagram of a fastener installation
system in an exemplary embodiment.
FIG. 13 is a flow diagram of aircraft production and
service methodology in an exemplary embodiment.
FIG. 14 is a block diagram of an aircraft in an exem-
plary embodiment.

Description

[0013] The figures and the following description illus-
trate specific exemplary embodiments of the disclosure.
It will thus be appreciated that those skilled in the art will
be able to devise various arrangements that, although
not explicitly described or shown herein, embody the prin-
ciples of the disclosure and are included within the scope
of the disclosure. Furthermore, any examples described
herein are intended to aid in understanding the principles
of the disclosure, and are to be construed as being with-
out limitation to such specifically recited examples and
conditions. As a result, the disclosure is not limited to the
specific embodiments or examples described below, but
by the claims and their equivalents.
[0014] FIGS. 1-3 illustrate exemplary environments in
which a fastener may be installed, while FIGS. 4-5 illus-
trate exemplary installation of a fastener, and FIGS. 6-9
illustrate the exemplary operations of tooling designed

to install a fastener.
[0015] FIG. 1 illustrates the structure of an exemplary
aircraft that may utilize enhanced fasteners. Specifically,
FIG. 1 is a diagram of an aircraft 100 in an exemplary
embodiment. Aircraft 100 includes nose 110, wings 120,
fuselage 130, and tail 140.
[0016] FIG. 2 is a partial section cut view of a section
of wing 120 of aircraft 100 indicated by view arrows 2 in
FIG. 1. As shown in FIG. 2, wing skin 200 comprises
multiple composite or metal parts (210, 220). Composite
parts may comprise composites of carbon fiber and resin.
For example, parts 210 and 220 may comprise aluminum
components having thickness T1 and a thickness T2,
respectively. Holes 230 bridges parts 210 and 220. Fas-
teners 250 are driven through holes 230 and installed in
interference with holes 230. Head end 260 is countersunk
into hole 230. In some embodiments, head end 260 may
be shaved flush with part 210. Fasteners 250 are plasti-
cally deformed to secure parts 210 and 220 together. In
this embodiment, fasteners 250 are aluminum rivets
which are each secured by plastically deforming the rivet,
expanding the rivet in the hole, filling a countersink and
forming a button 242. In further embodiments, fasteners
250 may comprise any suitable types of rivets (e.g., index
head, protruding head (crown), slug) or even bolts which
have a deformable tail.
[0017] FIG. 3 is a zoomed-in view of a section of a wing
structure that includes a fastener 250 in an exemplary
embodiment. FIG. 3 corresponds with region 3 of FIG.
2. FIG. 3 illustrates that parts 210 and 220 may each be
an aluminum part. FIG. 3 further illustrates that fastener
250 includes countersink 320 and shaft 360. After se-
curement, surface 330 of shaft 360 is placed into inter-
ference with surface 340 of hole 230. Button 240 is also
further detailed as having a button diameter BD and a
button height BH. BD is larger than a diameter (HD) of
hole 230. In one embodiment, HD is less than one inch,
such as three eighths of an inch.
[0018] When installed, fastener 250 is placed into in-
terference with parts 210 and 220 along the entire length
(LH) of hole 230. As can be seen from Figure 2, this
length corresponds to the depth of the hole 230 through
the parts 210 and 220. For example, interference is
achieved at a first location 321 having a diameter CSK
where countersink 320 meets a surface 212 of part 210,
at a second location 361 having a diameter D1 just after
countersink 320 terminates (e.g., twenty thousandths of
an inch in the negative Z direction from location 322), at
a third location 362 having a diameter D2 just before part
210 terminates (e.g., twenty thousandths of an inch in
the positive Z direction from location 365), at a fourth
location 363 having a diameter D3 just after part 220
initiates (e.g., twenty thousandths of an inch in the neg-
ative Z direction from location 365), and at a fifth location
364 having a diameter D4 just before part 220 terminates
(e.g., twenty thousandths of an inch in the positive Z di-
rection from location 367). In one embodiment where HD
is three eighths of an inch, plastically deforming fastener
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250 generates interference between the hole and the fas-
tener at each of locations 321 and 361-364 by an amount
less than twenty thousandths of an inch. As used herein,
location 365 may also be referred to as the interface be-
tween part 210 and part 220.
[0019] FIG. 4 is a view of fastener 250 prior to instal-
lation within hole 230 in an exemplary embodiment. FIG.
4 illustrates but one of numerous different types of rivets
or other fasteners that may be utilized (e.g., protruding
head rivets). As shown in FIG. 4, tail end 242 of fastener
250 has not yet been plastically deformed into button
240, and head end 260 has also not yet been deformed.
The length (LF) of fastener 250 is also illustrated.
[0020] FIG. 5 is a zoomed in view of installation of a
fastener 250 at a hole 230 in an exemplary embodiment.
FIG. 5, just like FIG. 3, corresponds with region 3 of FIG.
2. FIG. 5 illustrates that fastener 250 is plastically de-
formed by dies 510 and 520 applying force (F) in direc-
tions 512 and 522, respectively. In further embodiments,
one or both of the dies are driven to apply force. This
force is higher than the yield strength of the rivet material
(e.g., aluminum), causing the rivet to plastically deform
(i.e., permanently reshape). FIG. 5 further illustrates that
a surface 530 (shaped as a cup 532) of die 520 contacts
tail end 242 and plastically deforms tail end 242 into but-
ton 240. Similarly, surface 514 of die 510 contacts head
end 260 of fastener 250.
[0021] FIGS. 6-7 are zoomed in views of die 520 in an
exemplary embodiment. FIG. 6 corresponds with region
6 of FIG. 5, and FIG. 7 corresponds with view arrows 7
of FIG. 6. FIGS. 6-7 illustrate that die 520 includes a
permanent coating 600 at cup 532. Coating 600 has a
low coefficient of friction. The coefficient of friction (e.g.,
the static coefficient of friction) for coating 600 is less
than 0.2, may be in the range of 0.05 to 0.15, and may
preferably be in the range of 0.05 to 0.10. Furthermore,
coating 600 is permanent in that it has a wear life on par
with that of die 520. For example, coating 600 may be
utilized for tens or hundreds of thousands of cycles in-
stalling fasteners, unlike a sacrificial lubricant which is
worn off regularly after a few cycles installing fasteners
(e.g., less than one hundred cycles). Coating 600 may
be applied to surface 530 only, or may be applied all
along the exterior of die 520, including lip 610. Coating
600 may comprise Diamond-Like Carbon (DLC). DLC
has a desirable Vickers hardness between 5,000 and
10,000, is engineered to withstand substantial wear, and
has a low coefficient of friction m ranging from 0.05 to
0.10. In such embodiments, coating 600 may actually
increase the wear life of a die 520 or 510 by up to three
times in comparison with uncoated dies.
[0022] Furthermore, DLC is a thin coating (e.g., rang-
ing from 0.5 to 2.5 micrometers), and hence applying
coating 600 to die 520 as a DLC coating does not sub-
stantially change the shape or dimensions of die 520. In
a further embodiment, the properties of a DLC coating
may be tailored by adjusting which phases of carbon are
present in the DLC (e.g., adjusting amounts of graphite

phase material and diamond phase material present in
the DLC). In further examples, coating 600 may comprise
a Poly-Crystalline Diamond (PCD) coating having a thick-
ness between half of a micrometer and two and a half
micrometers. In some embodiments, it is desirable for
coating 600 to have a Vickers hardness greater than five
thousand, such as between eight hundred and ten thou-
sand (for example, between five thousand and ten thou-
sand).
[0023] FIGS. 8-9 are zoomed in views of a die 520
plastically deforming a tail end 242 of a fastener in an
exemplary embodiment. FIGS. 8-9 illustrate that as die
520 proceeds in direction 522, applied contact force (F)
from surface 530 causes material 812 to experience de-
formation. This also results in some friction with surface
530 in the directions indicated by arrows 810. The applied
force causes material 812 (from which fastener 250 is
formed) to flow. As material 812 flows, surface 530 ex-
periences a corresponding frictional force indicated by
arrows 820. This process continues until button 240 is
fully formed. The flow of material caused by die 520 and
die 510 pressing towards each other also causes some
amount of material 812 within fastener 250 to flow into
shaft 360, which results in columnar bulging 814 that
causes interference (i.e., increases interference). Thus,
expanding the fastener 250 comprises forcing columnar
bulging 814 at the fastener. If there is too little interference
or too much interference between fastener 250 and hole
230, then the fatigue life is less than desired. Thus it is
desirable to secure fastener 250 in place by achieving
interference such that CSK, D1, D2, D3, and D4 are all
within a desired range. In one embodiment, this range of
interference is uniform along the length of fastener 250
(e.g., between one and a half and twenty thousandths of
an inch, such as between three and eighteen thou-
sandths of an inch). In further embodiments, the range
of acceptable interference may vary depending on loca-
tion, such that locations closer to head end 260 or tail
end 242 have higher minimum and maximum values for
interference than locations closer to the center of shaft
360. As the hardness of the parts being fastened by fas-
tener 250 decreases, it also becomes harder to prevent
interference levels from exceeding a tolerance range.
The same effect occurs when T2 (of FIG. 2) is less than
T1 (of FIG. 2).
[0024] Utilizing a coated die 520 helps to ensure that
interference at tail end 242 of a rivet significantly drops.
This is beneficial because often tail end and/or head end
interference at D4 and D1, respectively, may be substan-
tially larger than interference created mid-span between
tail end 242 and head end 260, such as at D2 and D3.
Increased interference at D2 and D3 increases fatigue
strength of the joint, and when combined with interfer-
ence reduced below typical levels at D1 and D4, signifi-
cantly increases fatigue life of the joint. When a uniform
amount interference is desired along the length of fas-
tener 250, a significant reduction in tail side interference
therefore provides a benefit. Utilizing a coated die 520
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also significantly improved process repeatability, allows
for the application of greater force during installation, and
ensures that the process is less sensitive to other varia-
bles such as rivet variation, variation in parts 210 and
210, and minor lubricant contamination. The significant
reduction in tail side interference and the improved re-
peatability has therefore allowed for changes in the proc-
ess that improve interface and countersink interference,
thereby achieving improved fatigue life of the fastened
joint.
[0025] The advantageous interference characteristics
of fastener 250 as installed by dies 510 and 520 result
from dies 510 and 520 having smaller coefficients of fric-
tion than uncoated dies. When higher-friction dies are
utilized, more force applied by the dies is applied radially
at tail end 242 (and/or head end 260). This results in
material 812 flowing from button 240 into shaft 360 prox-
imate to D4, meaning that more material 812 is forced in
the radial direction. Hence, interference is undesirably
increased by a larger than desired amount at, for exam-
ple, D4 than at D2 and D3. This means that more material
flows to D4 at the expense of material flowing to D2 or
D3. In contrast, when lower-friction dies are utilized, more
force is applied and/or transmitted axially down shaft 360
of fastener 250, especially to the region where parts 210
and 220 meet proximate to D2 and D3. This means that
interference is primarily caused by columnar bulging of
shaft 360 (e.g., axial deformation), instead of by material
812 flowing radially from button 240 into shaft 360 prox-
imate to D4.
[0026] Phrased another way, when there is a great deal
of friction at die 510 and/or 520, applied force flows ma-
terial 812 intended for button 240 into shaft 360, resulting
in substantially more interference at D4 than at D2 and
D3. Hence, more friction results in more radial deforma-
tion from applied force. In contrast, when there is less
friction at dies 510 and/or 520, the expansion of shaft
360 is more even, as the generated interference (e.g., at
D4) results primarily from columnar bulging of shaft 360
instead of material flowing into shaft 360 from button 240.
Hence, less friction results in more axial force being ap-
plied/transmitted along shaft 360.
[0027] Furthermore, it remains important to emphasize
that mere lubrication of the fastener 250 at shaft 360 fails
to achieve beneficial results in regards to interference,
because lubrication of shaft 360 actually increases the
amount of interference experienced throughout hole 230
when fastener 250 is plastically deformed in place. Use
of any sacrificial lubricants (e.g., cetyl alcohol) at tail end
die 520 would present a substantial chance of fastener
250 being contaminated with lubricant. This would result
in amounts of interference that may lead to undesirable
fatigue at hole 230. In short, application of a sacrificial,
short-term lubricant is largely uncontrollable and may re-
sult in contamination of fasteners as button material flows
during compression.
[0028] Illustrative details of the operation and fabrica-
tion of dies 510 and 520 will be discussed with regard to

FIGS. 10-11. Assume, for this embodiment, that a tech-
nician wishes to install a large number of fasteners 250
in order to secure two different parts.
[0029] FIG. 10 is a flowchart illustrating a method 1000
for installing a fastener 250 in an exemplary embodiment.
The steps of method 1000 are described with reference
to dies 510 and 520 of FIG. 5, but those skilled in the art
will appreciate that method 1000 may be performed in
other systems. The steps of the flowcharts described
herein are not all inclusive and may include other steps
not shown. The steps described herein may also be per-
formed in an alternative order.
[0030] As an initial process, the technician may engage
in drilling and countersinking hole 230, or an automated
machine may drill and countersink holes 230 in accord-
ance with a Numerical Control (NC) program stored in
memory. According to FIG. 10, fastener 250 is inserted
into hole 230 (step 1002). At this point in time, fastener
250 has not yet been plastically deformed and hence
appears as shown in FIG. 4. The technician may then
utilize a tool that installs fasteners, and includes multiple
dies in order to contact or grip a fastener 250 at its ends.
The tool contacts or grips fastener 250 via dies 510 and
520 as shown in FIG. 5 (step 1004). As discussed above,
at least one of the dies (e.g., die 520) includes coating
600 at a surface that contacts fastener 250. This step
may alternatively be performed by an automated ma-
chine in accordance with an NC program stored in mem-
ory. Dies 510 and 520 at tail end 242 and head end 260
are then pressed together while fastener 250 is contacted
or gripped. This may comprise driving die 510 and/or die
520 towards each other. Thus, force from the dies is
achieved by driving one or more of the dies towards each
other. This action causes material at tail end 242 to flow
around hole 230, forming button 240 having a diameter
larger than a diameter of hole 230. In this manner, force
from die 510 and/or die 520 plastically deforms fastener
250 to form an interference with hole 230. To reiterate,
this process expands fastener 250 into interference with
hole 230 all along the length of fastener 250 (step 1006).
[0031] In one embodiment, a majority of plastic defor-
mation at fastener 250 along an entire axial length of
fastener 250 results in interference caused by columnar
bulging of shaft 350 in response to axial force from dies
510 and 520 and especially at the interface of the mate-
rials being joined. Thus, unlike systems which utilize un-
coated dies which cause interference at D4 to primarily
result from flow of material into shaft 360 due to radial
frictional forces, dies 510 and 520 force a majority of in-
terference along the entire length of shaft 360 (e.g., in-
cluding D4) to be caused by columnar bulging. Step 1006
may result in interference along the entire length of fas-
tener 250 being within a predefined range, especially at
the interface of the materials being joined (e.g., between
one and a half thousandths of an inch and twenty thou-
sandths of an inch), may result in a ratio of interference
between D1 and D2 (or between D3 and D4) being within
a predefined range (e.g., two to one), etc. As the amount
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of interference of fastener 250 with hole 230 is more uni-
form, the fatigue life of the joint is improved. For example,
that a ratio of a maximum amount of interference (e.g.,
at D4 or D1) to a minimum amount of interference (e.g.,
at D2 or D3) along the entire length of the fastener can
be less than four. This process may be performed via an
automated machine as described above for steps
1002-1004.
[0032] Dies 510 and 520 apply the substantial force to
multiple fasteners without excessive wear or cracking of
the die. After a period of time, such as after tens of thou-
sands of cycles of fastener installation and securement,
dies 510 and 520 may undergo sufficient wear to fail. In
such cases, it is desirable to craft a replacement die.
[0033] FIG. 11 is a flowchart illustrating a method 1100
for fabricating a die 520 for installing a fastener in an
exemplary embodiment. Specifically, FIG. 11 illustrates
a method 1100 for fabricating a die with a permanent low
friction coating that allows for enhanced material flow
characteristics during fastener installation.
[0034] According to FIG. 11, an untreated, uncoated
die is selected (step 1102). The die is capable of applying
sufficient force to fastener 250 to plastically deform fas-
tener 250. This forms an interference fit between fastener
250 and a hole 230. Selecting the die may comprise fab-
ricating the die, or choosing the die from one of multiple
available dies that have already been manufactured.
[0035] With a die selected, method 1100 continues and
a coating is selected that has a static friction coefficient
of less than 0.2 (step 1104). The coating may be selected
via any suitable technique, so long as the coating 600
exhibits desired physical characteristics. In one embod-
iment, the coating 600 is further selected to have a Vick-
ers hardness value of greater than five thousand, such
as between five thousand and ten thousand. This en-
sures that the wear life of the coating is sufficient for use
in a manufacturing environment where tens of thousands
of fasteners are installed on a daily basis (such as in the
aerospace industry).
[0036] With a coating 600 selected, the coating 600 is
permanently applied to the die at a surface 530 that will
contact fastener 250. Coating 600 may be applied to sur-
face 530 via any suitable processes including Physical
Vapor Deposition (PVD), Chemical Vapor Deposition
(CVD), sputter deposition, ion beam deposition, cathodic
arc deposition, etc. In any case, coating 600 is firmly ad-
hered to die 520, in that it is fused, baked, or otherwise
firmly adhered onto/integral with die 520. In a further em-
bodiment, both dies 510 and 520 (e.g., as used by a tool)
include coating 600 at the completion of method 1100.
Coating 600 is "permanent" in that coating 600 does not
rub off of the die during ordinary use (e.g., after a few
applications, as would be common with a sacrificial lu-
bricant), but rather fails after a much longer period of time
(e.g., when the die itself fails after a hundred thousand
cycles). To reiterate, dies 520 and 510 do not include a
sacrificial lubricant, but rather a permanent coating 600.

Examples

[0037] In the following examples, additional process-
es, systems, and methods are described in the context
of systems that install fasteners in order to secure struc-
tural components of an aircraft.
[0038] FIG. 12 is a block diagram of a fastener instal-
lation system 1200 in an exemplary embodiment. Ac-
cording to FIG. 12, system 1200 includes automated ma-
chine 1210, which automatically installs fasteners 1250
into holes 1274 and secures fasteners 1250 in place to
secure parts 1270 and 1272 together. In this embodi-
ment, automated machine 1210 includes memory 1212,
which stores NC program 1214 having instructions which
indicate locations at which to place fasteners 1250. For
example, the instructions may indicate controlling how
to apply a specified force, including upset profile, maxi-
mum force, dwell time, etc. Automated machine 1210
moves end effector 1222 via kinematic chain 1220 in ac-
cordance with instructions in NC program 1214. In this
embodiment, end effector 1222 operates tool 1226,
which may be a pressurized or hydraulic rivet gun. Tool
1226 includes multiple dies, including head end die 1230,
having a surface 1233 (in the shape of cup 1232) with
coating 1234, and tail die 1240, which includes its own
surface 1243 (in the shape of cup 1242) and coating
1244. Dies 1230 and 1240 come together to contact or
grip fastener 1250, and apply sufficient force to fastener
1250 to plastically deform tail end 1252, form button
1254, and expand shaft 1264. Head end 1262 and shaft
1264 are also illustrated.
[0039] Referring more particularly to the drawings, em-
bodiments of the disclosure may be described in the con-
text of an aircraft manufacturing and service method
1300 as shown in FIG. 13 and an aircraft 1302 as shown
in FIG. 14. During pre-production, exemplary method
1300 may include specification and design 1304 of the
aircraft 1302 and material procurement 1306. During pro-
duction, component and subassembly manufacturing
1308 and system integration 1310 of the aircraft 1302
takes place. Thereafter, the aircraft 1302 may go through
certification and delivery 1312 in order to be placed in
service 1314. While in service by a customer, the aircraft
1302 is scheduled for routine maintenance and service
1316 (which may also include modification, reconfigura-
tion, refurbishment, and so on). Apparatus and methods
embodied herein may be employed during any one or
more suitable stages of the production and service meth-
od 1300 (e.g., specification and design 1304, material
procurement 1306, component and subassembly man-
ufacturing 1308, system integration 1310, certification
and delivery 1312, service 1314, maintenance and serv-
ice 1316) and/or any suitable component of aircraft 1302
(e.g., airframe 1318, systems 1320, interior 1322, pro-
pulsion 1324, electrical 1326, hydraulic 1328, environ-
mental 1330).
[0040] Each of the processes of method 1300 may be
performed or carried out by a system integrator, a third
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party, and/or an operator (e.g., a customer). For the pur-
poses of this description, a system integrator may include
without limitation any number of aircraft manufacturers
and major-system subcontractors; a third party may in-
clude without limitation any number of vendors, subcon-
tractors, and suppliers; and an operator may be an airline,
leasing company, military entity, service organization,
and so on.
[0041] As shown in FIG. 14, the aircraft 1302 produced
by exemplary method 1300 may include an airframe 1318
with a plurality of systems 1320 and an interior 1322.
Examples of high-level systems 1320 include one or
more of a propulsion system 1324, an electrical system
1326, a hydraulic system 1328, and an environmental
system 1330. Any number of other systems may be in-
cluded. Although an aerospace example is shown, the
principles of the invention may be applied to other indus-
tries, such as the automotive industry.
[0042] As already mentioned above, apparatus and
methods embodied herein may be employed during any
one or more of the stages of the production and service
method 1300. For example, components or subassem-
blies corresponding to production stage 1308 may be
fabricated or manufactured in a manner similar to com-
ponents or subassemblies produced while the aircraft
1302 is in service. Also, one or more apparatus embod-
iments, method embodiments, or a combination thereof
may be utilized during the production stages 1308 and
1310, for example, by substantially expediting assembly
of or reducing the cost of an aircraft 1302. Similarly, one
or more of apparatus embodiments, method embodi-
ments, or a combination thereof may be utilized while the
aircraft 1302 is in service, for example and without limi-
tation, to maintenance and service 1316. For example,
the techniques and systems described herein may be
used for steps 1306, 1308, 1310, 1314, and/or 1316,
and/or may be used for airframe 1318 and/or interior
1322. These techniques and systems may even be uti-
lized for systems 1320, including for example propulsion
1324, electrical 1326, hydraulic 1328, and/or environ-
mental 1330.
[0043] In one embodiment, die 520 is utilized to install
fasteners onto a portion of airframe 118, and operates
during component and subassembly manufacturing
1108 in order to secure fasteners 250. These fasteners
may facilitate system integration 1110 by holding togeth-
er disparate parts, and then be utilized in service 1114
until wear renders fasteners 250 unusable. Then, in
maintenance and service 1116, a fastener 250 may be
discarded and replaced with a newly manufactured part
via the operations of die 520. Die 520 may be utilized
throughout component and subassembly manufacturing
1108 in order to install various fasteners 250.
[0044] Any of the various control elements (e.g., elec-
trical or electronic components) shown in the figures or
described herein may be implemented as hardware, a
processor implementing software, a processor imple-
menting firmware, or some combination of these. For ex-

ample, an element may be implemented as dedicated
hardware. Dedicated hardware elements may be re-
ferred to as "processors", "controllers", or some similar
terminology. When provided by a processor, the func-
tions may be provided by a single dedicated processor,
by a single shared processor, or by a plurality of individual
processors, some of which may be shared. Moreover,
explicit use of the term "processor" or "controller" should
not be construed to refer exclusively to hardware capable
of executing software, and may implicitly include, without
limitation, digital signal processor (DSP) hardware, a net-
work processor, application specific integrated circuit
(ASIC) or other circuitry, field programmable gate array
(FPGA), read only memory (ROM) for storing software,
random access memory (RAM), non-volatile storage,
logic, or some other physical hardware component or
module.
[0045] Also, a control element may be implemented as
instructions executable by a processor or a computer to
perform the functions of the element. Some examples of
instructions are software, program code, and firmware.
The instructions are operational when executed by the
processor to direct the processor to perform the functions
of the element. The instructions may be stored on storage
devices that are readable by the processor. Some exam-
ples of the storage devices are digital or solid-state mem-
ories, magnetic storage media such as a magnetic disks
and magnetic tapes, hard drives, or optically readable
digital data storage media.
[0046] Further arrangements are set out in the follow-
ing clauses.

A1. A method comprising:

inserting a fastener into a hole;
contacting or gripping ends of the fastener via
dies, at least one of the dies including a perma-
nent coating having a static friction coefficient
of less than 0.2 at a surface contacting the fas-
tener; and
plastically deforming the fastener via force from
the dies, thereby expanding the fastener into in-
terference with the hole along a length of the
fastener such that an amount of interference be-
tween the fastener and the hole along the length
of the fastener is greater than one and a half
thousandths of an inch and less than twenty
thousandths of an inch.

A2. The method of clause A1 wherein:

plastically deforming the fastener comprises
placing the permanent coating, having a Vickers
hardness between five thousand and ten thou-
sand, in contact with the fastener.

A3. The method of clause A1 or A2 wherein:
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plastically deforming the fastener is performed
without applying a sacrificial lubricant to the dies.

A4. The method of any of clauses A1 to A3 wherein:

plastically deforming the fastener comprises
placing the permanent coating, comprising Dia-
mond-Like Carbon (DLC), in contact with the
fastener.

A5. The method of any of clauses A1 to A4 wherein:

plastically deforming the fastener comprises
placing the permanent coating, comprising Poly-
Crystalline Diamond (PCD), in contact with the
fastener.

A6. The method of any of clauses A1 to A5 further
comprising:

countersinking the hole, or wherein the hole is
countersunk.

A7. The method of any of clauses A1 to A6 further
comprising:

drilling the hole, or wherein the hole is drilled.

A8. The method of any of clauses A1 to A7 wherein:

force from the dies is achieved by driving at least
one of the dies towards another of the dies.

A9. The method of any of clauses A1 to A8 wherein:

expanding the fastener comprises forcing co-
lumnar bulging at the fastener.

A10. The method of any of clauses A1 to A9 wherein:

plastically deforming the fastener comprises
plastically deforming a rivet.

A11. The method of any of clauses A1 to A10 where-
in:

plastically deforming the fastener causes mate-
rial at a tail end of the fastener to form a button
having a diameter larger than a diameter of the
hole.

A12. The method of clause A11 wherein:

the at least one die including a permanent coat-
ing contacts the tail end of the fastener.

A13. The method of any of clauses A1 to A12 where-
in:

both dies include the permanent coating or all
dies that contact or grip the ends of the fastener
include the permanent coating.

A14. The method of any of clauses A1 to A13 where-
in:

the hole bridges at least two parts or extends
through at least two parts; and plastically de-
forming the fastener secures multiple parts to-
gether.

A15. The method of clause A14 wherein:

plastically deforming the fastener is performed
without introducing cracks at the hole (or without
introducing cracks to material of the at least two
parts that define the hole).

A16. The method of clause A15 wherein:

the two parts comprise aluminum or the at least
two parts comprise aluminum.

A17. The method of any of clauses A1 to A16 where-
in:

the hole has a diameter of less than one inch.

A18. A method comprising:

selecting a die that applies force which plasti-
cally deforms a fastener in order to expand the
fastener into interference with a hole; and
either:

(a) selecting a coating having a static coef-
ficient of friction of less than 0.2, and per-
manently applying the coating to the die at
a surface that will contact the fastener,
thereby ensuring that plastic deforming of
the fastener via force from the die will cause
an amount of interference between the fas-
tener and the hole along a length of the fas-
tener between one and a half thousandths
of an inch and twenty thousandths of an
inch;
or:
(b) wherein the die comprises a coating hav-
ing a static coefficient of friction of less than
0.2 at a surface that will contact the fastener
thereby ensuring that plastic deforming of
the fastener via force from the die will cause
an amount of interference between the fas-
tener and the hole along a length of the fas-
tener between one and a half thousandths
of an inch and twenty thousandths of an
inch, and wherein the coating has been per-
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manently applied to the die.

A19. The method of clause A18 wherein:

the coating has a Vickers hardness between five
thousand and ten thousand.

A20. The method of clause A18 or A19 wherein:

the coating is not a sacrificial lubricant.

A21. The method of any of clauses A18 to A20
wherein:

the coating comprises Diamond-Like Carbon
(DLC).

A22. The method of any of clauses A18 to A19
wherein:

the coating comprises Poly-Crystalline Dia-
mond (PCD).

A23. The method of any of clauses A18 to A22
wherein:

either (a) permanently applying the coating com-
prises applying the coating via Physical Vapor
Deposition (PVD) or (b) the coating was perma-
nently applied via Physical Vapor Deposition
(PVD).

A24. The method of any of clauses A18 to A23
wherein:

either (a) permanently applying the coating com-
prises applying the coating via cathodic arc dep-
osition or (b) the coating was permanently ap-
plied via cathodic arc deposition.

A25. The method of any of clauses A18 to A24
wherein:

either (a) permanently applying the coating com-
prises applying the coating via sputter deposi-
tion or (b) the coating was permanently applied
via sputter deposition.

A26. The method of any of clauses A18 to A25
wherein:

either (a) permanently applying the coating com-
prises applying the coating via ion beam depo-
sition or (b) the coating was permanently applied
via ion beam deposition.

A27. The method of any of clauses A18 to A26
wherein:

the fastener comprises a rivet.

A28. The method of any of clauses A18 to A27
wherein:

the die causes material at a tail end of the fas-
tener to flow around the hole.

A29. The method of clause A28 wherein:

the die comprises one of multiple dies used by
a tool that installs fasteners.

A30. The method of clause A29 further comprising:

either (a) permanently applying the coating to
the multiple dies used by the tool or (b) the coat-
ing was permanently applied to the multiple dies
used by the tool.

A31. The method of any of clauses A18 to A30
wherein:

the die is capable of applying force to plastically
deform multiple fasteners without cracking.

A32. The method of any of clauses A18 to A31
wherein:

the die plastically deforms the fastener without
introducing cracks at the hole.

A33. The method of any of clauses A18 to A32
wherein:

the surface forms a cup.

A34. The method of any of clauses A18 to A33 further
comprising:

either (a) applying the coating at a thickness be-
tween 0.5 and 2.5 micrometers or (b) the coating
was permanently applied at a thickness be-
tween 0.5 and 2.5 micrometers.

A35. A system comprising:

multiple dies that secure a fastener at a hole,
the dies comprising:

a first die that contacts a first end of the fas-
tener; and
a second die that contacts a second end of
the fastener,

the second die includes a permanent coating
having a static friction coefficient of less than 0.2
at a surface contacting the fastener; and
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the dies together apply force that plastically de-
forms the fastener, thereby expanding the fas-
tener into interference with the hole along a
length of the fastener.

A36. The system of clause A35 wherein:

the permanent coating has a Vickers hardness
between five thousand and ten thousand.

A37. The system of clause A35 or A36 wherein:

the dies do not include a sacrificial lubricant.

A38. The system of any of clauses A35 to A37 where-
in:

the permanent coating comprises Diamond-
Like Carbon (DLC).

A39. The system of any of clauses A35 to A38 where-
in:

the permanent coating comprises Poly-Crystal-
line Diamond (PCD).

A40. The system of any of clauses A35 to A39 where-
in:

the permanent coating comprises a coating ap-
plied via Physical Vapor Deposition (CVD).

A41. The system of any of clauses A35 to A40 where-
in:

the permanent coating comprises a coating ap-
plied via cathodic arc deposition.

A42. The system of any of clauses A35 to A41 where-
in:

the permanent coating comprises a coating ap-
plied via sputter deposition.

A43. The system of any of clauses A35 to A42 where-
in:

the permanent coating comprises a coating ap-
plied via ion beam deposition.

A44. The system of any of clauses A35 to A43 where-
in:

the fastener comprises a rivet.

A45. The system of any of clauses A35 to A44 where-
in:

plastically deforming the fastener further causes
material at a tail end of the fastener to form a
button having a diameter larger than a diameter
of the hole.

A46. The system of any of clauses A35 to A45 where-
in:

the second die contacts the tail end of the fas-
tener.

A47. The system of any of clauses A35 to A46 where-
in:

both dies include the permanent coating.

A48. The system of any of clauses A35 to A47 where-
in:

the system plastically deforms the fastener to
secure separate parts via the hole.

A49. The system of clause A48 wherein:

the dies plastically deform the fastener without
introducing cracks at the hole or at material of
the parts defining the hole.

A50. The system of clause A48 or A49 wherein:

the parts comprise aluminum.

A51. The system of any of clauses A35 to A50 where-
in:

the hole has a diameter of less than one inch.

A52. The system of any of clauses A35 to A51 where-
in:

the coating has a thickness between 0.5 and 2.5
micrometers.

A53. A system comprising:

multiple dies arranged to secure a fastener at a
hole, the dies comprising:

a first die arranged to contact a first end of
the fastener; and
a second die arranged to contact a second
end of the fastener, wherein

the second die includes a permanent coating
having a static friction coefficient of less than 0.2
at a surface arranged to contact the fastener;
and
the dies together are configured to apply force
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that plastically deforms the fastener, thereby ex-
panding the fastener into interference with the
hole along a length of the fastener.

A54. The system of clause A53 wherein:

the permanent coating has a Vickers hardness
between five thousand and ten thousand.

A55. The system of clause A53 or A54 wherein:

the dies do not include a sacrificial lubricant.

A56. The system of any of clauses A53 to A55 where-
in:

the permanent coating comprises Diamond-
Like Carbon (DLC).

A57. The system of any of clauses A53 to A56 where-
in:

the permanent coating comprises Poly-Crystal-
line Diamond (PCD).

A58. The system of any of clauses A53 to A57 where-
in:

the permanent coating comprises a coating ap-
plied via Physical Vapor Deposition (CVD).

A59. The system of any of clauses A53 to A58 where-
in:

the permanent coating comprises a coating ap-
plied via cathodic arc deposition.

A60. The system of any of clauses A53 to A59 where-
in:

the permanent coating comprises a coating ap-
plied via sputter deposition.

A61. The system of any of clauses A53 to A60 where-
in:

the permanent coating comprises a coating ap-
plied via ion beam deposition.

A62. The system of any of clauses A53 to A61 where-
in:

the fastener comprises a rivet.

A63. The system of any of clauses A53 to A62 where-
in:

the dies together are configured to apply force

that plastically deforms the fastener to cause
material at a tail end of the fastener to form a
button having a diameter larger than a diameter
of the hole.

A64. The system of any of clauses A53 to A63 where-
in:

the second die is arranged to contact the tail end
of the fastener.

A65. The system of any of clauses A53 to A64 where-
in:

both dies include the permanent coating.

A66. The system of any of clauses A53 to A65 where-
in:

the system is arranged to plastically deform the
fastener to secure separate parts via the hole.

A67. The system of clause A66 wherein:

the dies plastically deform the fastener without
introducing cracks at the hole or at material of
the parts defining the hole.

A68. The system of clause A66 or A67 wherein:

the parts comprise aluminum.

A69. The system of any of clauses A53 to A68 where-
in:

the hole has a diameter of less than one inch.

A70. The system of any of clauses A53 to A69 where-
in:

the coating has a thickness between 0.5 and 2.5
micrometers.

A71. A method comprising:

inserting a fastener into a hole;
contacting or gripping the fastener via dies at
ends of the fastener, at least one of the dies
including a permanent coating having a static
friction coefficient of less than 0.2 at a surface
contacting the fastener; and
plastically deforming the fastener via force from
the dies, which results in columnar bulging that
causes interference between the fastener and
the hole along a length of the fastener such that
a ratio of a maximum amount of interference to
a minimum amount of interference along the en-
tire length of the fastener is less than four.
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A72. The method of clause A71 wherein:

plastically deforming the fastener comprises
placing the permanent coating, having a Vickers
hardness between five thousand and ten thou-
sand, in contact with the fastener.

A73. The method of clause A71 wherein:

plastically deforming the fastener is performed
without applying a sacrificial lubricant to the dies.

A74. An apparatus comprising:

a first part;
a second part; and
a fastener placed within a hole that bridges the
first part and the second part or that extends
through the first part and second part, the fas-
tener securing the first part and second part to-
gether,
wherein the fastener has been plastically de-
formed, thereby expanding the fastener into in-
terference with the hole along an entire length
of the fastener, such that a ratio of a maximum
amount of interference to a minimum amount of
interference along the entire length of the fas-
tener is less than four.

A75. The apparatus of clause A74 wherein:

the fastener comprises a rivet.

A76. The apparatus of clause A74 or A75 wherein:

interference between the fastener and the hole
along the length of the fastener is between one
and a half thousandths of an inch and twenty
thousandths of an inch.

A77. A method comprising:

inserting a fastener into a hole;
contacting or gripping ends of the fastener via
dies; and
plastically deforming the fastener into interfer-
ence with the hole via force from the dies,
a majority of plastic deformation at the fastener
along an entire axial length of the fastener re-
sults in interference caused by columnar bulging
of a shaft of the fastener in response to axial
force from the dies.

A78. The method of clause A77, wherein:

the dies include a permanent coating having a
static friction coefficient of less than 0.2 at a sur-
face contacting the fastener.

A79. The method of clause A77 or A78 wherein:

plastically deforming the fastener comprises
placing the permanent coating, having a Vickers
hardness between five thousand and ten thou-
sand, in contact with the fastener.

[0047] Although specific embodiments are described
herein, the scope of the disclosure is not limited to those
specific embodiments. The scope of the disclosure is de-
fined by the following claims and any equivalents thereof.

Claims

1. A method comprising:

selecting a die that applies force which plasti-
cally deforms a fastener in order to expand the
fastener into interference with a hole;
selecting a coating having a static coefficient of
friction of less than 0.2; and
permanently applying the coating to the die at a
surface that will contact the fastener, thereby
ensuring that plastic deforming of the fastener
via force from the die will cause an amount of
interference between the fastener and the hole
along a length of the fastener between one and
a half thousandths of an inch (38 micrometers)
and twenty thousandths of an inch (510 microm-
eters).

2. The method of claim 1 wherein:

the coating has a Vickers hardness between five
thousand and ten thousand.

3. The method of claim 1 or claim 2 wherein:

the coating is not a sacrificial lubricant.

4. The method of any preceding claim wherein:

the coating comprises Diamond-Like Carbon
(DLC) or Poly-Crystalline Diamond (PCD).

5. The method of any preceding claim wherein:

permanently applying the coating comprises ap-
plying the coating via Physical Vapor Deposition
(PVD), cathodic arc deposition, sputter deposi-
tion, or ion beam deposition.

6. The method of any preceding claim wherein:

the die causes material at a tail end of the fas-
tener to flow around the hole.
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7. The method of any preceding claim further compris-
ing:

permanently applying the coating to the die used
by the tool.

8. The method of any preceding claim further compris-
ing:

applying the coating at a thickness between 0.5
and 2.5 micrometers.

9. A system comprising:

multiple dies that secure a fastener at a hole,
the dies comprising:

a first die that contacts a first end of the fas-
tener; and
a second die that contacts a second end of
the fastener,

the second die includes a permanent coating
having a static friction coefficient of less than 0.2
at a surface contacting the fastener; and
the dies together apply force that plastically de-
forms the fastener, thereby expanding the fas-
tener into interference with the hole along a
length of the fastener.

10. The system of claim 9 wherein:

the permanent coating has a Vickers hardness
between five thousand and ten thousand.

11. The system of claim 9 or 10 wherein:

the dies do not include a sacrificial lubricant.

12. The system of any of claims 9 to 11 wherein:

the permanent coating comprises Diamond-
Like Carbon (DLC) or Poly-Crystalline Diamond
(PCD).

13. The system of any of claims 9 to 12 wherein:

the permanent coating comprises a coating ap-
plied via Physical Vapor Deposition (CVD), ca-
thodic arc deposition, sputter deposition or ion
beam deposition.

14. The system of any of claims 9 to 13 wherein:

plastically deforming the fastener further causes
material at a tail end of the fastener to form a
button having a diameter larger than a diameter
of the hole.

15. The system of any of claims 9 to 14 wherein:

the coating has a thickness between 0.5 and 2.5
micrometers.
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