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1
BURNISHING TOOL AND METHOD FOR
BURNISHING

CROSS REFERENCE TO PRIOR APPLICATION

‘This application is a divisional patent application of LS.
patent application Ser, No, 12/931,811, filed Feb, 10, 2001,

BACKGROUND OF THE INVENTION

The subject invention is directed to bumishing tools and
methods for buemishing a work piece and more particularly, 10
new and novel buraishing tools and methods whereby o bur-
nishing ool comprises a tool head having 2 law friction
polymer stpport bearing,

Ball, wheel, and roller burnishing tools with actively roll-
ing clements are well known, and have been widely wsed for
decades for surface finishing and sizing of metailic onticles,
Ball and roller burnishing is generally performed in a
nrachine tool, often a lathe, as a final muchining operation.

For the purpose of improving the surlace finish of a work
piece, a rolling element is pressed against the surface of a
work piece with suflicient foree 1o plastically detonm the higl:
points and asperities or “tooling marks™ left from prior
machining or grinding. Using o suitable histh-hardness rolling
element and the appropriate force for the work picce material,
climination of the tooling marks can leave a near minvor finish
limited only by the finish of the rolling efement, For unifonn
finishing, the rolling element is pressed against the work
piece surtace by spring or hydroulic means in & contralted
manner.

For precise sizing of o work picce, the rolling element is
forced against the surlice so that the work piece is deformed
slightly to contorm to a precise desired dimension, Smadl
reductions in work piece dimensions can be achieved so that
the final dimensions conform w0 tight telerances, For
example, an accurate slip-fit of a piston to a cylinder can be
controlied in production using roller bumishing of the cylin-
der bore and piston diameter, For accurate sizing, the bumish-

ing process is commaonly controlled by the interference fit of

the work piece with a fixed dimension by the tool's rigidly
fixed geometry, so that the finished dimension, and not the
bumishing force, is held constant.

Burnishing is a practical and cconomical means of extend-
ing the service life of aircral}, engines, steam and gas (ur-
bines, and virally any component subject to fatigue or stress
cormsion eracking (SCCY). For surliee enhancement, the
foree with which the rotling element is applied to the surface
must be controlled and be sulficient lo deform the work picce,
thus creating the magnitude and depth of coimpression
desired. Bumishing can also be used to improve the fatigue
and stress corrosion eracking resistance of existing compo-
neats withowt elianging either the material (nlloy and heat
treatment) or the design (physical dimensions) of compo-
nents. Processes such as “low  plasticity  bumishing™
described in U8, Pat, No. 5,826,453, and “deep rolling bur-
nishing” descrabed in U.S, Pal, No, 4,947,668 have been
developed to impart a layer of compressive residual stross,
with minimal or high amounts of plastic deformation, respec-
tively. Both processes provide compressive residual siress
within the surfuce of a work picee, resulting from a combi-
nation of subsurface deformation by Iertzian loading of the
rolling element against the surface, and the Jnteral expansion
of the surface by the bumishing teol. Such compressive
residual stress operates to retard fatigue crack initiation and
propagation, and mitigates stress corrosion cracking by
climinating the necessary tension at the surfuce,
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Burpishing tools used for inducing compressive residual
slress ina work picce typically have (ool heads comprising of’
one or more rolling elements supported by either an axel-
hearing support or hydrosttic bearings. Axel-bearing tools
lave wheels or rollers aflixed to an axel supporied by con-
ventional ball, roller, needte, or simple bronze bearings, with
the rinm of the whee! contacting the work piece. The nahiiple
cylindrical and conienl rolier toals commonly wsed for sizing
and finishing vse an inner race or shafl to support the rollers
retained in a cage. Unfortunately, such tools are bulky, limit-
ing aceess to the work picce, suffer from continual wear, and
develop heat inoperation that can Hmit the speed of bumish-
ing and the wol life.

Bumishing tools have also been developed that have tool
lieads with hydrostatic bearings to support the rolling cle-
ment. Ball and roller bumishing using hydrostatic tools pro-
vide deep residual compression for surface cnhancement to
improve faligue, stress cornosion cracking, and geneeal cor-
rosion performance ina wide variely of applications, Surface
enhancement offers great polential for improvements in
safety and reduction in the cost of maintenance and repair.
Fatigue and stress corrosion cracking can be miligated in
atuminum airceadt structures, landing gear, nuclear compo-
nents und radioactive waste storage containers, oil and gas
drilling and distribotion piping, for exampie.

One such burnishing fool is described in 18, Pat. No,
4,947,668 which uses s canstant pressure hydrostatic bearing
it whiclt the bumishing foree is controtled by the id pres-
sure that also operates o support a roiling element. Gther
such bumishing tools are deseribed in U8, Pat, Nos, 5,826,
453 and 6,415,486, Such burnishing (ools as described above
have too] heads containing a hydrostatic beanng that ulilizes
Huid Mow to support the rolling element, and to project out-
wardly from the ool head 1o lubricate the rolling element.
‘This ftuid can alse operate as a coolant as the rolling clement
contacts and rolls along the surface of a work piece. In such
systems, the force of bumishing is controlled by separate
hydraulic or other mechanical means. Unfortunately, such
bumishing tools must be continuously conneeted to systeins
providing @t source of the pressurized fluid for supporting and
for extending the rolling element ontwarlly frony the tool
head. Recovery ofthe hydrostatic fluid as it is expelled under
pressure from the burnishing tool either limits the ool o
¢losed machine 1ool applications, or requires Turther coni-
plexity by requiring & means of 1id recovery, Hydrostatic
bearing 1ools also have a limited angular snge over which the
foree can be applivd to the rolling element, If the processing
force is applied to the rolling element at more than a few
degrees from the axis of the bearing, the laternlresultant force
displaces the fluid separating and extending the rolling ele-
ment outwardly from the bearing seat. This often resulis in
excessive wear that limits the life of the rolling cleiment.
Theretore, hydrostatic bearing tools must be maintained inan
alignment nearly normal to the surfice of the work picce
during the bumishing operation, thereby Hmiting the range of
potentinl applications.

SUMMARY OF THE INVENTION

The present invention is a new and novel bumnishing tool
arxd method of bumishing. The burnishing tool comprises a
polymer, “plastic”, or polymeric bearing for supporting one
or more rolling elements incoporated within a tool head.

b o preferred embodinent of the invention, the bearing is
formed from polytetrafluoroethyiene (PTFI3) based resin.
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Inanother prefenred embodimentorthe isvention, the bew-
ing is formed from an ubtru-high-molecular-weight polyeth-
ylene (UHMWDPE or UHIMW) bused resin.

Ingsnother preferred embodinment oftheinvention, the bear-
ing is formed from o thermoplastic material,

hranother preferred embodiment of the invention, the bear-
ing is formed from a chemically inert material,

In a preferred embodiment of the invention, the rolling
clement is a spherical shaped rolling element,

In another preferred embodiment ol the invention, the roll-
ing clement is o conical shaped rolling clement,

lir another preferred embodiment of the invention, the rofl-
ing etement is & eylindrical shaped rodling element.

In anofher preferred embodiment of the invention, (he roll-
ing element is that of an elliptical solid of revolwtion with the
semimajor axis aligned parallel to the work piece surlace.

In another preferred embadintent of 1he invention, the roll-
ing element is in the shape of an elliptical solid of revolution
with the semiminor axis aligned paralle] to the work picce
surface,

Inn a preferred embodiment of the invention, the tool head
ineludes an encasciment designed 1o inerease the constraint on
the bearing as the processing Joad increases,

I a preferred embodiment ol the invention, at least «
portion of the bearing is supported by on encasement such that
it prevents or minimizes plastic deformation andlor ereep of
the material formring the bearing when leads exceed the yield
stress of the bearing material during use of the bumishing
tool.

I a preferred embodiment of the invention, the rolling
element includes o narrow wheel and axel o increase he
surfiee arca in contaet with the beanng,

Inanother preferred embodiment of the invention, the bur-

nishing tool further comprises a control system effective for 35

comtralling the burnishing operation.

In another preferred emibodiment of the invention, the bur-
unishing tool further comprises using a control systein to con-
trot the burnishing force being applied along the surface of the
work picce.

In snother preterred embaodiment of the inventien, the bur-
nishing tool further comprises a control sysiein 1o controf the
direction and patlt of the rotling etement across the surface of
the work piece,

Inanother preferred embodiment of the insvention, the bur-
nishing tool further comprises a warning signal for warning
the operator if the rolling clement seizes or begins to seize
during use,

Another aspect of this invention s o method of bumishing

the surlace of a work piece using o bumishing tool having one

or more rolling eleiments each supperied by a polymer bear-
ing for suppoeriing the rolling clement,

In another preferrad embodiment of the invention, the
methed fudher comprises the step of pressing one or more
rolling clements against the surlace of & work piece without
the use of a pressurized fuid W support the rolling clement.

In another preferred embodiment of the invention, the
method turther comprises the step of using a computerzed
control system to control the burnishing process.

In another preferred embodiment of the invention the
wethod further comprises the step of using a computerized
control systein to control the burnishing, foree being applied
along the surface of the work picce,

In anotlier preferced embadiment of the invention the
method Further comprises the step of using a computerized
control systen to control the direetion and path of the rolling
clentent across the surfuce of the work piece.
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In another preferred embodiment of the invention the
methed further comprises the step of providing a warning
signal it the rolling eleinent seizes or begins (o seize during
e,

Other embodiments and advantages of the invention will be
apparent from the following deseription, the acoompanying
drawings and the appended claims.

BRIEEF DESCRIPTION OF THI DRAWINGS

To provide a more complete understanding of the present
invention nid further Featnres and advantages thereof, reler-
ence is now made {o the following description taken in con-
junction with the accompanying dmwings, in which:

FICG. 1 is a schematic illustration showing the refationship
of the various components of the bumishing tool of the sub-
jeel invention;

FIG. 2 is a schemalic perspective illustration of a preferred
cmbadiment of the 100! head of the burnishing ool of the
subjeet invention and showing a spherical shaped rolling
clement or ball;

FiG. Yisaside cross-sectional viewofthetoal head of FIG,
Py

PIG. 4 is a schamatic perspective illustrdion of anotler
preterred embodiment ofa ool iead of the bumishing tool of’
the subject invention showing o conical shaped rolling cle-
ment;

FIG. § is a top sehematic view of the ol head of FiG. 4;

FIG. 6 is u schematic cross-sectional view of the tool head
ol FIG, 4 showing the conical shaped rolling element;

PG, 7 is a schemalie perspective illustration of another
preferad embodiment of a ool head of the bumishing tool of
the stibfeet invention showing a cylindrical shaped rolling
clement;

IFIG. 8 is a top schematic view of the tool head of FIG. 7;

FIG. 9 is & schemalic cross-sectional view of the tool head
of FIG. 7,

FIG. 10 is a schematic perspective illustration of another
preferred embodiment of a tool head of the bumishing tool of
the subject invention showing the rolling element having a
shape of an efliptical solid of revolution with the semimajor
axis of motation aligned paralle] to the surface of the work
picce;

FIG, 11 is atop schemalic view of the tool head of FIGH 10;

FIG. 12 is a schematie cross-sectional view of'the tool head
of FIG. 16,

FIG. 13 is a schematic perspective illusimtion of another
preferred embodiment of'a tool head of the burnishing tool of
the subject fnvention showing a rolling element having a
shape of an elliptical solid of revolulion with the semintinor
axis aligned paralle] to the work piece surface;

F1G. 14 is atop schematic view of the tool head of FIG. 13,

IFIG. 15 is o schematic cross-sectional view of the tool head
of FIG. 13 showing the rolling element having a shape of an
clliptical salid of revolution with the semiminor axis aligned
paratlet ta the work piece surlice,

FIG. 16 is a schematic perspective iltustiration of another
preferred entbodimeint of a tool head showing a sphereal
shaped relling element with an encasement designed 1o
increase the constraint on the bearing support as the process-
ing load increases; ‘

F1G, 17 is a side cross-sectional view of the tool head of
FIG. 16;

FIG. 18 is a schematic perspective illustration of anolher
preferred embodiment of a fool head showing a rolling cle-
ment having a narrow wheel and axel configuration eflective
for increasing the surface area in contact with the bearing;
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FIG. 19 is a schemitie fop view ol the bumishing tool of
I, 18;

FIC 20 is a sicde schematic cross-sectional view of the tool
kead ol FIG. 18;

FIG 21 is o graph iHustnrting the inercase in the effective
yield strength caleulated by finite element modeling, of one
prelerred embodiment oftle buniishing tool having a bearing
formed from polymeric nuterial (PTER), ondwhich is forther
consirained by reducing the gap between the rolling element
it e encasement;

FIG. 22 is o schematic perspective itlustration of a pre-
ferred embodiment of a tool head showing a rolling ¢lement
in the form of a solid of revolution having two diflerent radii
for burnishing difTerent fillet sizes without changing tool
heads;

FIG. 23 isa top schematic view of the ool head of FIG, 22;

FIG. 24 is a side schematic cross-sectional view of the tool
head of FIG. 223

FIG, 28 is a schematic perspective illustrtion of another
preferred embodiment of w (ool head showing a foree sensor
instatled within the encasement which is coupled to the bear-
ing and the control system for measuring the Jorce heing
applied to the work picce;

FI1G. 26 isaschematic side view of the ook head of FIGL 25

FiG, 27 is o side erossesectional view of the wol head of
FIG. 28;

FIG. 28 is a longitudingl cross-seclional view ofa preferred
embodiment of the sacket support of the bumishing tool of
the subject invention;

FI1G. 29 is a longitudinal cross-sectional view of another 3

preferred embadinent of the socket support of the bumishing
tool of the subject invention;

FIGi. 30 is an isometric schematic view of a pipe with a
Jongitudinalf and « butt weld being burnished on the outside

and inside simultancously using a preferred embaodiment of 3

the tool head shown in FIG. 26; and
FIG, 31 is a scheinatic side view showing the application in
FICE 30, displaying tool heads being used in tandem.

DETAILED DESCRIPTION O THE INVENTION

The present invention is a new and uniqgue burnishing ool
and method having a tool hewd comprising a rolling elemen,
such as a roller or ball, supported by a bearing positioned
witltin an outer refatively rigid encasement. The bearing is
tormad from a tow triction palynter based bearing materiul,
such as polytetrafluorocthylene (PTHE) based resing; or a
uhra-high-molecularsweight polycthylene (UHMWPE or
UMW), also known as high-modulus  polyethylene

(HMPE); or high-performance polyeihylene (HPPE), or 5

another polymer material that provides o fow coeflicient of
friction and is resistant to abrasion such that it is effective for
supporting tie rolling clement.

1t should now be understood that while polymer “plastic”

bearings have been used for rotating shafls, linear bearings

and similar applications, Such polymer bearings have not
been used in burnighing tools for supporting rolling elements
bevause of the limited compressive strength of the polynmers
used to form the hearings. It has been found, however, that
when constnicted in the manner of the present invention, the
bumishing tools can operate and sustain the higher loads
required by burnishing tools such us those vsed for inducing
compressive residual stress along and in the surfice of n work
picce. Accordingly, it has been Tound that tool heads and
corresponding rolling elements can be made smaller for &
given lask than either hydrostatic or mechanical bearing
tools, allowing greater access for processing. Further, by
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chiminating the need for pressurized Mutd Rows for supporting
and extending the rolling element outwardly from the (ool
head, additional advantages relating to cost, surfirce cleanli-
ness, feeezing/evaporation of the Huid, and the size, weight
ad complexity of the supporling components can be real-
ired,

Although the invention deseribed herein is deseribed in
some detail for purposes of clarity ol mderstanding, it will be
apparent that centain changes and modification may be prac-
ticed within the scope of the appended claims, Accordingly, it
shoutd be understood that the present disclosure various
embadiments are 1o be considered as exemplary of the prin-
ciples of the invention, and is not intended to limit the inven-
tion o stteh embodimeits and the specific examples iHus-
trated, and the invention is not to be limited 1o the details
given herein, but may be modified within the scope and
equiveslents of the deseriptions and examples contained
herein.

Referritg W FICG. 1, aschematic illustration of the bunish-
ing tool 100 of the subject invention is shown comprising a
toel head 102 having a rolling element 104 rotatably sup-
ported by a bearing 106 which is blanketed or confined by an
outer encasement 108, The burnishing taol 100 includes a
machine taol 110 which is coupled to the tool head 102 for
directing the tool head 102 across the surface of s work piece
W during the burnishing operation for providing a surlace
treatment o o work picce W osuch as, but not limited to,
inducing compressive residual stress along amd into the sur-
face of a wark piece W. In & preferred embodiment of the
invention, the bumishing 1ol 100 further comprises a control
system 112, such as a computerized control system or a
convention system such as o CNC control system, which is
coupled (o the machine tool 110 for directing the burnishing
operation. Inanother preferred embodiment of the invention,
the burnishing tool 100 also includes n warning signal 114 for
praviding a warning when the rolling element 104 scizes or
hegins to seize during use or when the bearing 106 is wom
down by a speeitied amount. Such a warning signal can be
coupled 1o the control system 112 that calenlates the focation
of the tool head 102 refative to the surface of the work piece
W (or if an ingrease of foree is necessary to move the rolling
element geross the surfiwee of the work piece}. This signal can
be wsed to determine when possible seizing of the rolling
clement 104 may oceur or if the bearing 106 lias worn down
by a specified amount, Inanother preferred embodiment, the
warning signal is a sensor 116 (FIGS, 25-27) embedded in
bearing 106 which is coupled to the warning signal 114 of the
control system §12 (FIG. 1), and senses if the bearing has
croded to a specilivd level thereby signaling for replacement
of the tool head 102 or bearing 104, It should also now be
apparent that the sensor 116 can also be in the form of a
“squecter” that generates a noise to provide the warming sig-
nat 114 when the bearing 106 as been worn down to a speci-
ficd amount. In snother preferred embadiment of the inven-
tion the tool head 102 can also comprise a sensor 116 (FIG, |
and FI1GS. 25-27) which is preferably removably mounted
within the encasement 108 and is coupled to the bearing 106
und operates as a pressure or foree sensor, The sensor 116 is
also coupled 10 the control system 112 that monitors amlfor
records the force being applied by the burmishing tool to the
surfice of the work pieee by the rolling element 104,

Referring to FIGS, 2-3, the rolling element 104, inthis case
is a spherical shaped ball, supported by the bearing 106, that
hos a seal (bearing surface) that is machined, pressed, or
atherwise fonned to conform exactly to the shape of the
surfice 118 of the rolling etement, 104, The bearing 106 is in
turn blanketed by a ridged encasement 108, fabricated from
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metal or other suitable material, such that 1o voids exist
begween the bearing seat 120 of the bearing 106, the surfice
118 ofthe rotting elemem 104 and the inner surace 122 of the
encasement 108, It shovld be understood that the thickness of’
the encasement is easiby detenmined by the size and shape of
the ol head, the size and shape ol the rwlling element, the
pracess to be perforimed, and the material fonning the encase-
ment and is such that the encasement provides a struclure
having sufficicut thickness along the inmer surfuce of the
beaning to provide a rigid support throughout the bumishing
operation,

In a preferred embadiment of the present ivention, the
bearing is formed from a polymeric bearing malerial, prefer-
ably a sclf-lubricating polymer andfor a low coeflleient of
Iriction polymer, such as a polyteteotluoroethylene (PTFE)
based resin. It has been found that PTEE and PITE based
resins provide a low coelficient of friction thereby minimiz-
ing the force needed to move (roll) the rolting element along
the surface of the workpiece as well as minimizing the heat
developed by friction during use. Fhe reduced friction wd
heat production allow greater processing speeds to be
achieved. It showld be understood that the sefection of the
bearing material is not limited to PTTL, but may include o
wide range of suilable polymeric materials, many of wihicly
are commondy used as bearing malerials for rotating shafls,
sich as ultra-high-molecular-weight polyethylene (U1IM-
WIE or UHMW) material and resins as well as other self’
lubricating polymer or polymer resins, A primary require-
mentofthe selectionofthe bearing materia! is that the friction
and heat generaled during the bomishing process will be
maintained within acceptable Bmits for the paricular appli-
cation as well as having the strength o withstand the reactive
force being applied by the rolling element against the sulace
ol the work piece. In another preferred embodiment of the
invention, the bearing material is chosen such that it is chemi-
cally inert, so that even minute particles afthe bearing mate-
rial that might transfer onto the surface of the rolling efement
and to the surface of the work piece will not cause contami-
nation in applications such as medical implants or nuclear
components,

Inanother preterred embodiment of the invention, the bear-
ing is formed from a thermoplastic polymer material that can
be formed into the desired configuration by heating and press-
ing into the exact shupe required 1o suppont the rolling cle-
ment and completely setinto and fitd the voids along the inner
surlace of the encasement.

In a preferred embodiment of the present invention, as
ilustrmied in FIGS, 2-3, the encasement 108 supports the
bearing 106. 'The encasement 108 is formed from a metaf or
other strong and rigid material, such as a stainless steel,
tungsien, brass or other such tool material that can suppornt the
wenker bearing 106 and not deform during the bumishing
operation. The use of a relatively strong and rigid material to
form the encasement 108 supporting the bearing 106 f1as been
found to allow for an increase in the Joad bearing capacity of
the bearing 106 by preventing, or severely limiting, deforma-
tion of the bearing 106 under load. 1thas also been found that
the relatively strong and rigid inaterial forming the encase-
meint 108 greatly increases the effective compressive strength
of that bearing 106, causing # 1o behave much as a hydro-
statically confined fluid, resisting deformation under load,
This feature of the invention has been found to greatly extend
the load bearing capacity of the bearing 106, surprisingly
even exceeding that ol a hydrostatic bearing in sizes less than
nominally about 0.5 inch dizmeter spherical rolling elements,
orabowt 0.2 square inch surface area supported by the bearing
material,
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During use, the bumishing ool 100 operates (o move the
bumishing head towards the surface 10 ofthe work picce Wio
e treated (step Lyuntil the rolling element 104 makes contact
with the surface 10 (FIG. 1) and moves along the surface 10
(step 2} with suflicient foree to produce the desired surface
trepiment to the surface, such as nducing adesired magnitude
of residuad stress along and within the surface of the work
piece W, The burnishing torce being applied is nominally on
the axis of the wol such that the rolling element 104 is pressed
info the bearing seat 126 (step 3). The rigid outer encasement
108 suppuoris the softer polymeric bearing 108 by folly blan-
keting the inner surface of the bearing except al the narrow
gap 124 formed between the rolling element 104 and the inner
surface 122 of the encasenent 108 {step 4). By maintaining
the gap 124 sufliciently narrow, the viscoelastic polymeric
hearing 106 is constrained from delorming other than by
extriding through the gap 124, and is thus held under nearly
hydrostatic loading, conditions. The effective compressive
strength of the bearing 106 hias been found to inerease as the
wap 124 is redueed, as depicted graphically in FIG. 2§, and is
further discussed below. The compressive strength of prior art
polymerie bearings that are not confined by the rigid encase-
ment of the present invention have been found not fo be
sufticient for use as a bumishing tool.

As shown in FIG. 2, the tool head 102 inclades a tool
attachment 126, such as a rxl, a threaded or bayonet attach-
ment, conventionally used to attach a tool head 102 to &
machine wol 110 (FIG. 1) or oflier mechanical equipment tor
positioning and moving the rolling clements across the sur-
face ol the work piece as directed by a contral system £12.

Referring now to FIGS. 4-6, in another preferred embodi-
ment of the invention the tooling head 102 is shown wherein
the rotling clement 104 is in a conical shape, suitoble for
processing fitlet radii or to create a range of contact pressure
along the axis of the cone. The bearing seat 120 conforms to
the outer shape of the rofling element 104 and is constrained
by the rigid encasement 108, The small gup 124 between the
rulling etement 104 and the encasement 108 limits the defor-
mation of the polymeric bearing 106, as deseribed above,

Referring now to FIGS. 7-9, another preferred enibodi-
ment of invendion the tooling head 102 is shown wherein the
rolling element 104 is in a eylindrical shape, suitable for
processing a wide surface area vnder wniform line contact
witl: the roller surface. The bearing seat 120 conforms to the
outer shape of the rolfing element 104 and is constrained by
the rigid encasement 108, The small gap 124 between the
rotling element 104 and the encaseinent 108 limits the defor-
mation of the polymeric bearing 106, as described proviously,
increasing the efTeclive compressive strength of the bearing
and increasing the range of foad on the roller in service,

Referring now to FIGS. 10-12, another preferred emboddi-
ment of the invention, the tood head 102 is shown wherein the
rolling element 104 is in an efliptical shape with the semi-
major axis parallel to the contact surface of the work picce W
(IF1G. 1). The elliptical shaped rolling element 104 provides a
rnge of tool mdii that ¢y be brought into contaet with the
work piece and a langer contaet radivs wilth more clearance
than a spherical shaped relling element. The beanng seat 120
conforms to the outer shape of the rolling element 104, and is
constrained by the rigid encasement 108, The small gap 124
between the rofling element 104 and the encasement 108
limits the deformation of the polymeric bearing 106, as
described previously, increasing the effective compressive
strength ofthe bearing and inervasing the range ot load an the
rolling element in service,

Referring now to FIGS. 13-15, in another preferred
cnibodiment of the invention the tool head 102 is shown
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wherein the rolling clement 104 is in an elliptical shape with
the semi-minor axis parallel to the surface of the wark picce.
The elliptical shaped rolling clement 104 permits aceess (o
pracess snwab fillet radii. The bearing seat 120 conforms (o the
outer shape of the rofling element 104, and is constrained by
the rigid encasement £08, The small gap 124 between the
rotling clemeant 104 and the encasement 108 limits the defor-
mation ol the polymeric bearing 106, as deseribed previously,
ncreasing the effective compressive strength of the bearing,
and inereasing the useful range of loaud on the rolling element
in service,

Referring to FIGS. 16-17, in another preferred embadi-
ment ol the invention, the too] head 102 has a rolting element
104, wd polymerie bearing 106 confined in an encasement
108 having o aper portion 128 such that the gap 124 through
which the polymeric bearing 106 must deform under load
diminishes in width as the rolling element 104 is forced into
the bearing seat 120 as the processing foad on the rolling
element 104 increases. It is wnderstood that the example of' a
sphierical rolling elenent depicted in FIG. 16-17 js not mea
to limit tools that ensploy a tapered gap. The wolling elements
in tools employing the tapered gap of Lhe current invention
may be spherical, cylindrical, elliptical, or any other suitable
solid of revolution as deseribed previouwsly. The bearing seal
120 conforms to the outer contonr of the rolling element 104,
and is constrained by the rigid encasement 108. The small gap
124 between the mlling clement 104 :nd the encasenment 108
is designed to become narrower as foree is applied to the
rolling efement 104, increasing the constraint on the bearing
106 and thus increasing the compressive load bearing capac-
ily 0 a grealer extent than the genenally constant gap 124
design previously described, The degree of internal taper of
the encasement cim be adjusted to give a controlled rate of
decrease in the gap 124, and thus the rte of jncresse in

confinement of the bearing 106, with increasing force an the

rolling element 104, In another preferred embodiment of the
bumishing tool, the tool head 102, the bearing 106, and
encasement 108 operate together to retain the rolling element
104 without the need of a cap or ollier means of retention. The
encasement 108 and bearing 106 extend o beyond the center
of rotation of the rolling element 104, and the encasement 108
is formed to a smaller dimension so that the rolling element
104 is held in position in tlie tool head, without the need fora
separate cap or retention device. H should be understood that
in a preferred embaodinent of the invention the encasement
can include a retuiner 130 (FIG. 1) that conventionally per-
mits a conventional rolling element retainer cap 132 {F1(;. 28)
to be attached to the encasement for maintaining the rolling
element within the tool head and against the bearing. The
bearing seat 120 conforms to the outer contour of the rolling
element 104 and the encasement 108, as previously disclosed.
i is understood that the example of a rotling element 104
Liaving a spherical shape as shown is not intended to limit the
invention, and any suitable solid of revolution may be subsli-
tuted s the rolling element and the appropriate shaped rolling
clement retainer cap can be employed,

Referring to FIGS. 18-20, in another preferred embaodi-
ment of the bumnishing ot of the subject invention, the ool
head 102 is shown having a olling element 104 in the shape
of a solid of revaelution, in this case a narrow disk, that incor-
porates an axel feature 134 that increases the surface area of
the rofling element 104 in contaet with the support bearing
106 1o allow greater Joad bearing capacity, in tite example
shown, which is not intended te limit the range of rolling
elements which can be employed in the invention, the shape
of a narrow disk is suitable for burnishing very small fillet
radii, tread roots, and similar small features. Fhe bearing seat
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120 conforms {o the outer contour of the rolling clement 104
and is constrained by the rigid encasement 108 as described
ahove. The small gap 124 between the rolling clement 104
and the encasement 108 limits the delormation of the poly-
meric bearing 106, as described previously, increasing the
cllcetive compressive strenpth of the bearing and increasing
the range of load on the roller in service,

FIG. 21 illustrates a primary feature of the prelerred
vinbodiments of the invention, the increase in the eflective
compressive strength of the polymeric bearing as the gap of
unsupported bearing material is reduced. The example shown
inFIG. 21 is based upan a finite element solution for the onset
of yiclding under a 0.5 inch dismeter piston for a bearing
materal with a nominat compressive yield strength of abowt
800 psi. Solutions with and without constraint by a surround-
ing rigid encasement are shown. It has beon found that the
eflective compressive sirength increases significantly for &
gap widthofless thanabout 0.1 inch. Preferably the gap width
is less than about 0.025 fnches and more preferably less than
about 0.002 inches. At the mininem of0.025 inch plotied, the
compressive strength of the constrained bearing approaches
abaut 2.5 times the nominal, and Lully about § times the
strength of the wnconstrained bearing malerial of the same
diameter. The gap of an unsupported bearing is not Himited to
the value af about 0,025 inches as shown, bul may be further
reduced as required, limited only by the avaifable manufac-
turing tolernnces. 1 is clear from the solution showa that as
the eflective compressive strength of the bearing will con-
finue 1o increase, without pricticat limit, as the gap is reduced
to approach total confinement, and the incompressible hear-
ing material approaches purely hydrostatic loading.

Referring now to FIGS. 22-24, an embodiment of the (ool
head 102 of the subject invention is showan having a complex
rolting clement 104 of the type made possible by the present
inventionis illustrated, The mlling element 104 isinthe shape
of a solid of revolution formed wilh two different radii 136
and 138 that may be sized, for example, to process fealures of
difterent dimensions on a work picce. The bearing seat 120
conforms with and supports the rolfing element 104, The
bearing 166 is supported by the rigid encasement 108, The
bearing 106 is confined on all surfaces except in the small gap
124 that is sized to increase the effective compressive strength
of the bearing to the intended Joad bearing capacity of the
tool.

It showld be understeod ihat the various embadiments of
the rofling clements 104 as shown can be held in contact wilh
their respective bearing seats 120 by various methods such as
by extending the encasement beyond the widest point of the
rolling element as previously described; by use of a conven-
tional retaining ring as previously deseribed; by use of rotat-
ing shafis; or by any other conventional means tor securing
the rotling element in the socket of a tool head.

Referring to F1G. 28, the tool head 102 is shown having a
rolling element 104 adapied to be altached by the tool attach-
ment 126 to the machine tool 110, The machine tool 110
includes a tool head support 140 having a slide 142 compris-
ing a longitudinally extending bore 144 with o first end 146
for receiving a rod member 148 which is attached to the (ool
attachment 126 of the ool head 102. A second end 150 of the
bore 144 has a threaded imner surface 152, Received on the
threads is a pressure adjustntent serew 154 having an inner
end 156 which is coupled to the rod member 148 through a
miechanical spring means 158 suchas a Belvil er compression
spring or other like means. In order to lock the rod member
148 within the lirst end 146 of the bore 144, the outer periph-
eral surtace 160 of the too] head support 140 is provided with
first and second recesses 162 each having a radially extending
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aperture 164 which cooperste with a rndially extending aper-
ture 166 in the rod member 148 for receiving @ lock pin 168.
‘The recesses and lock pin configuration atlows the tood head
to expand or contract axially towards or away from the work
picce while permitting the ool head to be casily attached or
detached from (he tool head support 140, However, other
locking means such as detents, locking screws, and the fike
may also be wilized for retaining the rod member within the
bore of the slide. Itshould be understoodthat the slide 142 has
# generally rectangular cross-section to permit it (o be casily
mounted 1o a lixture of any particular desceription for control-
ling the movement of the tool head, for example within the
recess ol 'a conventional lathe ool post. However, olher cross-
seclionad configurations, suclias a clicular cross-seclion, may
also be selected. Vurther, it will be apparent 1o one skitled in
tke art that the socket support may be provided with a Nange
or other known nieans for mounting onto @ conventionat tool
support fixture.

Tor understand how the parts above deseribed are interre-
lated, the operation of the bumishing tool will now be
described. The tool head is advanced lowards the surface of
the work picce until the forward most tip of the rolling ¢le-
ment makes comtact with the work piece surface (step 8). The
proper presstire of compressive force to be applied o the
surface of the work picce during the bonishing operation is
provided by carefully tightening or loosening the adjustiment
screw of the socket support (step 6). Because the tool liead is
coupled to the adjustment screw through the spring means,
tightening or loosening the adjustment serew will cause the
spring means to comipress or expand axially and will corre-
spond to a given force exerted onthe surface of the work piece
by the rolling element, Further, because the rolling elenent is
coupled throtigh a spring means having known spring char-
acteristic, slight varintions in the workpicee surlace will be
absorbed by the spring means without affecting the bumish-
ing operation. Accordingly, the pressure or the compressive
force exerted on the surlace of the workpiece by the mlling
clement can be precisely regulated. The burnishing operation
is then controfled by the control system which controls the
moveinent ofthe work piece or the movement of the tool head
(step 7).

[nanother preferred embodiment of the invention as shown
in FIG. 29, the adjustment screw 184 (FIG, 28) is replaced by
 follower rod 170 of a eylinder piston asseinbly 172, By
moving the tollower rod 170 inwardly or otntwardly, the
spring tension is correspondingly increased or decreased and
the pressure or compressive lorce applied by the rolling ele-
ment to the surface of the workpicee is correspondingly
adjusted.

It should now be understood that the relling elements, as
shown above, are not limited to spherical rollers (balls) like
the conventional hydrostatic bearing tools, but can wilize
conical, oblong elliptical, cylindrical, and small wheel-and-
axe] rollers, as deseribed in detail above,

1t shiould alse now be apparent 10 one skilled in the art that
the burnishing tool of the subject invention can be used o
repliace burnishing tools using conventional hydrostatic Auid
bearings or an axel rotating o mechanical bearings for many
bumishiing applications, It should also now be apparent that
the bumishing tool of the subject invention eliminates the
need for apparatus Lo pressurize, deliver and return liydro-
static bearing Muidinto and outofthetool head. Thus, the bulk
and complexity of an existing wheel tool with an axis sup-
ported by mechanical batl or roller bearings is eliminated,
minimizing interference with the work piece and increasing
the load beuring capacity. Further, the polymeric material
forming the bearing that supports the rolling clement and
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which is Turther supported by intinate contact with a metallie
ar other rigid encasement operate to prevent plastic deformaa-
tion orcreep of the polymeric bearing, allowing the bearing to
support higher loads than would otherwise not he possible.

1t should also be apparent o one skilled in 1he ant, the
present invention also eliminates the newl to deliver, control,
and recover hydrostatic bearing fuid, allowing it to he used in
a wider range ol applications. Blimination of the supporting
Nuid is necessary for applications such as burnishing of medi-
cal implants or miclear power components where chemicad
contamination of the surface cannot oceur. Applications of
bumishing al femperatures and in environments that may
cause freezing ur evaporation of the supporting fluid, such as
processing portions of aireril structures in hostile environ-
ments are now made possible with the present invention, The
climinalion of the Ruid alsoallows for burnishing in arcas that
waonld otherwise be impossible to reach due to the fluid trans-
port cables,

11 shoutd also tow be apparent 1o one skilled in the art that
elimination of the supponting fluid allows the burnishing tool
of the subjeet invention te operate and perlonm a bumishing
operation under or in contact with a fluid, including but not
limited to, being completely submerged. For example, this
applies directly to piping or atank that coutd not or preferably
not drined during the bumishing process, Funther, the bur-
nishing tool ol the subject application climinates or signifi-
cantly reduces the problent of contaminating the contents of
the pipe or tank with bumishing Muid or the residue of bur-
nishing fluid. As shown in FIG. 30 and FIG. 31, a workpiece
stich as a pipe W or other conlainer having one or more welds
SW are being burnished with a prelerred embodiment of the
tool head 102, Fhe bumishing process is performed with a
force I applied by a contral system 112 (FIG. 1) such as
described herein, As shown, ina preferred cinbodiment of the
invention and depending on the desired compressive siress
pattern Lo be induced into the workpiece, a pair of bumishing
tools 102 can be wlifized such that burnishing force I is
applied in opposite directions with equal or different levels of’
force. It should now be apparent that the use ofthe burnishing
toed of the subject invention pemiits various apparatus to be
utilized for directing and moving the burnishing head along
the surfiree of the workpiece to be burnished, such as a pipe or
container, without the need for delivering a hydraulic ftuid to
the buraishing head.

It should also now be understood that the bumishing tool of
the subject invention can be positioned cither manually or by
use of'a control system, such as by use ofa computer numeri-
rtt control (CNC) machine fool or mbot as know in the an,
with a conlral programmed to position the tool and vary the
force of bumnishing. it should also now be understood that the
burnishing heads illustrated above are not limited to the par-
ticular forms illustrated above, but that such forns described
are for use as illustrative examples of the subject invention
and that a variety of other forms including, bul not limited 1o,
asingle point, caliper or other confighrations known in the art
can be adapted and used atong the fines of the subject inven-
tion,

As fully described above, the present invention comprises
a polymeric bearing material blanketed by a metal or other
strong materipl encasement that both supports the weaker
polymer bearing, and defines the geometry of the burnishing
tool lip. The encasenient hias been found o increase the toad
bearing capacily of the bearing by preventing, or severely
limiting, deformation of the bearing under load. It has also
been found that the eacasement greatly increases the eftective
compressive sirengih of the bearing, causing it to behave
murch as a hydrostatically confined fuid, resisting deforma-
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tion under load, This feature of the invention greatly extends
the load bearing capacity ol the polymeric bearing, and it has
surprisingly been found that it exceeds thal of & hydrostatic
bearing in sizes less than nominally aboul 0.5 inch diometer
spherical rolling elements, or abowt 0.2 square inch surfice
anvi.

It shonld also he understond that the encasenment shown
and described above fimctions such that as force is applicd Lo
te rolliog member, it forther incrcases the toad bearing
capucity as the working toad inercases. Further, the cross
sectional area of the bearing defined by the surmounding
encasement can be tapered so that as Toree is applicd (o the
waol and the rolling clement in pressed inlo the bearing, the
crass sectional arca of any unsupported portion ol the bearing
in contact with the rolling elemient is reduced. Redueiag the
cross seclion through which the materind fonning the bearing
must flow in order 1o plastically deform increases the con-
sleaint on the bearing, approximating hydrostatic loading.
The compressive strengih of the bearing is then elfectively
increased as the bumishing force inereases.

It should also now be wnderstood that 1he rigid encasement
supporting the bearing which may be fabricated from metal,
ceramic, composite, or other material sulficient to adequately
support the bearing, can extend over more than half of the
rolling element surlface. The mnpular range over which the
processing torce can then be applicd to the rolling etement is
then preatly extended over that possible with currently avail-
able hydrostatic or conventional ball or roller bearing tools.

While the method and apparatus deseribed constitules pre-

ferred embodiments of the invention, it is to be understond

that the invention is nol Emited o the precise method and
apparatus, and that changes may be made therein withowt
departing from the scope of the invention which is delined in
the appended claims.

What is claimed is:
1. A method of burnishing comprising the steps of:
performing a burnishing operation along at least a portion
of'the surfuce of the work piece using & burnishing lool
comprising at least one tool head having a rigid encase-
ment supporting a bearing formed from asofler polymer
or polymer based resin material, and a oHing elemem
supported by the bearing; and
moving the rolling clement adong the at least a portion of
the surface with sullicient force to produce a desired
magnitude of residual stress along and withinthe surface
of the work picee.
2. The method of claim 1 wherein the polymer is polytet-
ralluareethyiene or polytetraflitorocthylene based resin,
3. The methad of claiin T wlherein the palyner is an ultra-
high-molecular-weight polyeilylene or ulira-high-molecu-
lir-weight polyethylene based resin,
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4. The method of elaim 1 wherein the polymer is a thermo-
plastic material having # Tow coelficient of Triction and having
sullicient compressive strength to support the robling element
during a burmishing operation.

5. The method of claim 1 where the rigid encasement is
fabricated from o metallie, ceramie, or composite material.

6. The method of elaim | wherein the rolling element has
the shape of a solid of revolution,

7. The method of claim 6 wherein the rolling element has
the shape of a sphere, a cone, a cylinder, or an ellipse.

8. The methed of claim 7 wiherein the nolling element
inchides an axes featwre that operates to increase the surface
area of the rolling element in contuct with the bearing.

9. The method of claim 4 wherein the rolling lement has
the shape of & solid of revelution that confonns to the geom-
etry of the work pieve having al least one poirl ofcontoet with
the work piece.

10. The methad of claim 1 wherein said bearing is sup-
ported by the encasement such that the stress in the bearing
approxinates hydrostatic loading when force is applied o the
rolling clement.

11. The methed of elaim I wherein said bumishing tool
includes a gap formed between the rolting element and the
cncasement wherein the gap is sulliciently narrow such that
the bearing is constrained from deforming other than by
extending through the gap,

12. The method of ¢laim 11 wherein the gap is less than
about 0.25 inches wide.

13. The meihod of elaim 11 wherein the gap is less than
about 0.025 inches wide.

14. The method of claim 11 wherein the gap is less than
about 0,002 inches wide,

15. The methed of claim 11 wherein the gap becomes
smaller in width as the rolting elemnent is forced against the
bearing doring a burnishing operation.

16. The method of elaim 11 wherein the encasement has a
taper portion such that the width of the gap diminishes as the
roling element is forced into the bearing during a burnishing
aperation.

17. 'The method of claim 1 wherein the burnishing tool
lurther comprises a sensor for providing a warning signal
when the rolling element is near or begins to seize during the
bumishing operation.

18. ‘the method of claim 1 wherein the bumishing tool
further comprises a control system couplud to 4 machine tool
and wherein the controf systemn operates to direct the bumish-
ing operation.

19, 'Phe method of claim 1 wherein at least a portion of the
bumishing operation is performed while ot least a portion of
the burnishing tool is submerged it a fluid.

20. Ihe method of claim 1 wherein the work pieceis apipe.
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