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FIG. 6b 1
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FIG. 9
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1
METIHIOD AND COMPRESSION APPARATUS
FOR INTRODUCING RESIDUAL
COMPRESSION INTO A COMPONENT
HAVING A REGULAR OR AN IRREGULAR
SHAPED SURFACE

CROSS REFERENCE TO RELATHD
APPLICATION

‘Ihis application relates (o and claims benefit of LS,
provisional patent application No. §1/668,111, filed Jul. §,
2012, entitted: Method and Apparatus for Introducing
Residual Compression Into a Component Having an Trregu-
lar Shaped Surface and which is incorporated in its eatirety
by reference.

BACKGROUND OF THE INVENTION

‘Mids invention relates fo inducing compression along and
imo the surface of & component and more paricularly to a
method and apparatus for inducing compressive residual
stress along and into the surface of a workplece having a
regular or an‘irregular surface topography.

Many metallic machines and varions structural compo-
nents are subject to filure by fatigue, corrosion figue, or
stress corposion cracking (SCC). Failures generally initiate
Trom the surthee of the component in higlly stressed areas,
often from seratehes, corrosion pils, or other surface damage
that creates a shallow notch or indentation that produces a
local stress concentration. It is well known that sorfuce
enhancement, such as the inlroduction of a layer of com-
pressive residual stress, can i of sollicient magnitikle and
depth, mitigate the stress concentration due fo the damape
amd greatly improve the “damage tolerance™ or fatigue
strength and service life of a component. Further, since SCC
resquires surface tension above a threshold level, placing the
surlice in residual compression can eliminate or signifi-
cantly reduce 8CC.

The introduction of compressive residual stress s
achicved in all pructical cases by introducing non-uniform
cold work, or plastic strain, inta the workpiece. The resulting
mnonnt and disteibution of residual stress and the resulting,
change in shape depend npon both amount and distribution
of plastic strain and the ariginal geomeltey of the workpiece.

The intraduction of residual stress is also vsed in the
lorming of components, such as the curved skin of aircrall
wings. For forming applications the magnitude, depth and
distribution of the induced stress throughout the workpicee
are critical properties requiring precise control,

In same applications, the cold working of the metallic
material is used to modify the mechanical and chemieal
properties of the existing surfice or a surlace Iayer deposited
by plasma spray, cold spray, plating, or some other process.
The original surface and/or the deposited surface tayer is
deliherately cold waorked to a required amount 1o achieve the
desired propertivs, such as work hardening, Cold working
may be folowed by heat treatment for crystalline grain
refinement or to promote diflusion and bonding of o coating
to a substrate, For these surface mudification applications
the nwgnitude and disteibution of cold working are the
critical processing properties that require precise control.,

A variety of surface enhancement processes have been
developed, Hanmer peening of welds is an ancient practice

known to eliminate residual tension caused by shrinkage of

the hot weld, but is an uncontrotled mannal process. Modern
processes for inducing compression along and into the
surface of a workpiece include shot peening (81°), laser
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shock peening (ESP), low plasticity bumishing (LPR), deep
mHing (DR}, wlirasonic peening (UP), ultrasonic needle
peening (UNDP), Bapper peening (I°1%), and carvitation peening
{CP), However, ull such methods have limitations that make
automalel application 1o certain surfaces, such as iregular
topography surlaces often found in welded assemblies,
diflicult or undesirable,

Application of LPB, DR, CP and ESP alt require that the
surface of the workpicce or component, to be processed be
well defined geometrically so that the mechanical bumishing
tool, the cavitation zone, or the faser focol spot can be
accurately positioned during processing. The posilioning
reguirements for these methads are simikar (o machining.
Autonrated processing of welds or other irregular topogra-
phy surfaces using CNC control is diflicult because the
workpiece shapes, sorlace geometries, or irregularities vary
making the process non repeatable. Therefore, companents
having Jrregular topogmphy surlaces, such as manually
welded assemblies, cannol be reliably treated because the
frreguliritics may cause (he processing tool to be positioned
too close or distant from the surlace to be elfective, and
some regions may be missed altogether during processing,

SB, UP and UNP all wtilize a blast of shot propelled from
nozzles or thrown from a wheel, a flnidized cloud of shot
ricocheting in u chamber, or elusters of randomly impacting
necdles to deform the surlace by covering it with dimples,
Programmed robotic direction of shot flow from norzle
pecning systems is a common practice, FP wiilizes a rotating
flexibie sheet studded with impacting media (shot) generatly
positioned manually, One such lapper peening system is
disclosed in LS. Pat. No. 7,954,348 that controls the speed
of'the rotating “flapper” to regulate the impacting force and
speed, While these methods can accommodate processing of
an irregular topography surface, such as a manual weld, they
impaci the surface randomly thereby making it difticult to
achieve the optimum surface processing necessary for cer-
fain applications. Further, to achieve full coverage of the
treated surface the media (shot or needles) hmpact the
surface repeatedly, oflen as many as 16 tines on some areas
in order to be sure that most of the surtace has been impacted
once. The repeated impacts can highly cold work the surface
which can be detrimental to work hardening atloys, leaving,
a compressive fuyer that is subject to rapid thermal stress
refaxation or mechanical overload relaxation in service.

“old working also work soflens hardened steels leaving a
soflened surface layer, and transforms retained austenite
causing slight swelling and oflen results in an unacceptable
change in critical dimensions. The depth of compression
achievable by shot is limited by the size of the media used,
and is generally more shaltow than the depth of compression
induced by LPB or LS Finally, the repeated impacting
required of these methods is also simply incllicient in (erms
of coergy usage.

Robatically controlled hinmmer peening has been devel-
oped such as for the peening of welds, where the impacting
head follows o fixed path defined by the robot control code.
However, such systems do not provide an elfective method
of controlling and monitoring the performanee of the peen-
ing process, or for accommodating irregularities in the
surlace of the workpicce thereby reducing or eliminating the
likelihood of inducing the desired or effective compression
afong surfaces having such irregularities.

Accordingly, a need exists Tor a method and apparatus of
inducing compressive residual stress along and into the
sirface of workpiece; that can be automated, such as by
robotic or CNC machine tools; prociuces a controtled desired
depth sd magnitude of compression and cold work; and can



US 9,789,582 B2

3

be reliably applied with process monitoring (o workpieees
having an irregular topopraphy surlice.

SUMMARY OF THIE INVENTION

The present invention is @ methed and compression
appatatus for inducing compression along end into the
surkice of a component and more particularly, for inducing
controlled compression along and into the surface of &
component workpicce having a regolar or an imegular
topography surface. Tix a preterred embodiment of the inven-
tion, the compression apparalus comprises a precision con-
trol system, such as a computer numerically contmolled
(CNC) rabot or machine tool, for positioning and controdling
the movement of a tool head elfective for conlacting the
surfaee of the workpiece wid inducing compression along
andd into the sueface of the workpicee and for providing an
apparaius and methed  for accommodating topography

irregularities atong the surface of the workpicce, as may be ,

encountered in cast, welded or similar surlaces.
Preferably, the compression apparatus for inducing com-

pression along and into the surface of a workpiece includes

a ool head, such as an impact tool head, having a compres-

sion clement of a controlled shape, that operates (o create a 2

specilic contralled zone of plastic deformation ad achiev-
ing & preseribed depth and magnitide of residusl compres-
sion {residual compressive stress) slong and within the
surfitce of the workpicce,

In another preferred embodiment of the invention, the
compression apparatus for inducing compression into and
along the surlace of o workpicce is in the form of an impact
appamtus and inchides a control system (hat operates such
that the impacts of the compression clement are spaced to

minimize excessive defornution (ofien encountered with -

conventional shot peening, ullmsonic peening and needle
peening) so as to miniinize the cold working of the surface
by reducing or efiminating rndon repeat impacts along (he
surlace of the workpiece.

Iita preferred embodiment of the invention, the compres-
sion apparatus for inducing compression along and into the
surface of a workpicce includes a positioning deviee and a
fexible arm asscinbly extending from an end of the posi-
tioning device for supporting the tool head.

In snother preferred embodiment of the fnvention, the
flexible ann assembly operates to provide one degree of
freelom in flexure such that the toot head is free to move
perpendicutar (nonmal) te the surlace of the workpicee being
worked and paralle} to the impact vector of the tonl head.

In another preferred embodiment of the invention, the,
compression apparatus for inducing compression along and
into the surlace of & workpicee operates such that a control
systeim, in conjunction with the positioning device, finc-

tions to position the tool head and move the ool bead such s

that il follows a nominal virtual comtrol surlace defined ta be
at a distance below the actual surface of the workpicce.

In another preferred embodiment of the invention, e
compression apparatus for inducing compression along and
inter the surlace of a workpiece is an impact tool having a
control system that functions in conjunction with the posi-
tioning device to position and move the tool head such that
it follows a naminal virlual control surlace defined to be
located at o distance within the ange of the tool head stroke
in the direction towards the surlace being treated (Lhe stroke
of the ool head) and below the actwal surface of ihe
workpiece being treated,
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I another preferred embodiment of the invention, the
flexible arm assembly vperates to accommadate a range of
topography irregularities along the surface of the workpicee
to be treated,

In a preferred embodiment of the invention, the control
surfaee is selected to accommodate the range of topogriphy
irregularities along the surface of the workpicee to be
treated.

Inanother preferred embodiment of the jnvention, the ool
head is an impact teol head driven by a trip hammer or
similar device driven pneumatically, hydmulically, magoeti-
cally, or electrically at a controlled reciprocating rate of
impact.

In another preferred embodiment of the invention, the
Impact rate or frequency of the compression element of the
(ool head is from about 1 to about 100 impacts or sirikes per
second.

In another preferred embodiment of the invention, the
impact rate or frequency is vaned to provide a desired
spacing between impacts of the compression element of the
too] head along the sirface of the workpicce,

In another preferred embodiment of the invention, the
speed of positioning of the tool head along the surfuce of the
warkplece is varied to provide a desired spacing between
impacts of the compression element atong the surface of the
warkpicce.

In another preferrel embodiment of the invenltion, the
impact rate or frequency is varied slong with speed of
positioning of the ool head to change the impact spacing
along the surlace of the workpicce.

i another preferred embodiment of the invention the
striking force of the compression element is selected to
provide the desired depth to which the material forming, the
workpiece is deformed to ensure the depth of the residual
compression is achieved.

In o preferred embodinment of the invention, the compres-
sion element has a spherical shape for contacting the surface
of the workpicce.

In a preferred embodiment of the invention, the compres-
sion element has a geometric shape such that the compres-
sion element does not produce ancas of demarcation along
the surface of the workpicee that operate as stress risers.

In & preferred embodiment of the invention, the compres-
ston element has a geometric shape with only rounded
edges.

Inn a1 preferred embodinient of the invention, the ool head
camprises more than one impacting surface having a pre-
determined spacing.

A preferred embodiment of the invention, is a method of
inducing compression along the surface of a workpiece
comprising the steps of placing a workpieee in position for
processing, using a positioning device coupled to a Hexible
arm assembly and a tool head monnted on the flexible ann
assembly such that the flexible anm assembly operates to
provide one degree of freedom in flexure sich that the teol
head is free to move perpendicular (normad) to the surfree of
the warkpiece being worked and parallet 1o the stroke of the
tool head and wherein the tool head has a compression
clement that operates to impact the surface of the workpiece.

In a preferred embodiment of the invention, the method
further comprises the step of using a control device to
position ard move the towl head such that the compression
clement operates to impact the surlace of the workpicce.

In a preferred embodiment of the invention, the method
lurlher comprises the step of using o control device to
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position and move 1he tool head such that the compression
clement operates to travel along the surfice of the work-
Hece.

In another preferred embodiment of the invention, the
method further comprises the step of using a control syslem
to direct the movement of the ol head.

In mnather preferred embodiment of the invention, the
contral system operates to monitor and record the movement
of the toal head and the Jorce being applicd against the
surlace during processing of the workpiece,

In another preferred embudiment of the invention, the
control system aperates 1o monitor and record the Torce
being applied by the compression element along the surface
of the warkpiece.

In another preferred embodiment of the invention, the
contml system operates o control the force being applicd by
the compression clement against the surfuce of the work-
piece,

In a preferred embodiment of the invention, the tool head
is an impact tool head and the impact spacing of the
compression element is variad 1o achieve difterent states of
residual stress by changing the mte at which the ool head
follows a confrol surtuce.

In another preferred embodiment of the invention, the
speed by whicl the tool head is moved along the surlace of
the workpiece is varied to change the spacing belween
impitets or sirikes of the compression element along the
surfice of the workpiece.

In another prefesred eimbodiment of the invention, the
force being applied against the surface of the workpiece by
the compression element is varied to induce the desired
comipressive stress along and in the surlace of the work-
picce.

In another preferred embodinient of the invention, the
striking foree of the compression element is varied to change
the depth of compression along the surface of the workpicee,

In another preferred embodiment of the invention, the
slriking force of the impact element is varied to change the
magnide of compression alang the surfuce of the work-
plece.

I another preferred embodiment of the invention, the
impact spacing and force are determined for inducing the
desired form, depth, and magnilude of fhe subsurface
residual stress distribution produced and the svrface rough-
ness,

In a preferred embodiment of the invention, the elastic
deflection ol the flexible anm apparatus is sefected to accom-
moddate sy irregularities of the surface being worked.

In a preferred embodiment of the invention, the toof head
is an impact tool with at least one compression element each
having a spherical shape for comacting the surfuce of (he
workpicee,

In a preferred embodiment of the invention, the tool head
is an impact tool with at least one compression element
having a geomelric shape such that the impact of {he
compression element does not prodece anarca of demarca-
tion along the surface of the woarkpiece that operate as a
slress riser,

In a preferred embodinent of the invention, the toof head
has at Jeast one compression element each having a geo-
melric shape with only rounded cdges.

In a preferred embodiment of the invention, the virdual
conlrwl surfice is defined to be within the aclual surlace of
the workpiece such that il accommodates the mnge of
topography irregularitics afong the surluce of the workpiece.
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In a preferred embadiment of the vention, the virual
contral surface is defined to be below (lurther within) the
acton] surface of the workpiece and within the range of
motion of the fool head.

i o preferced embodiment of the invention, one or more
compression elements are elastically pressed against the
surlaice of the workpicce by a force equal to the spring
constant of the flexible arm apparatus times the distance
from the virual control surfice to the point of contact of the
ane or more compression elenents with the surface of the
workpiece,

In o preferred embaodiment of the invention, the region of
the workpicee is selected for impact surface enhancement
treatinent where fatigue or SCC failures might originate,

In a preferred embodinient of the invention, the control
system is a closed loop process.

In another preferred embodiment of the invention the
closed loop process is achieved by means of an acceterom-
cter, toad cell, micraphone or other force or impact trans-
ducer attached to the toof head or the flexible wm assembly
such thal cach impact or strike against the surlice of the
workpiece by a compression element produces an electrical -
signal that is calibrated to detennine the foree of impact or
strike atd monitored by the conlrol system to verify aml
record the processing.

In a preforred embodiment of the jnvention, the control
system functions o determine if the impact strike of the
compression element is not within a predetennined range for
producing the desired compression, the control system oper-
ales to direct the compression apparatus 1o re-impact or
restrike the surlace of the workpicce at the missed position
or posilion of an Inadequate impact or sirike to ensure
coniplete coverage of the surface, and/or rejects the work-
picce andor indicates that additional processing is required,

In a preferred embodiment of the invention the location of
any processing flaw or error is recorded along with the
position andfor error in the striking force.

In a preferred embodiment of the invention, the operating
parameders are selected 1o induee the desired compressive
stress within and along the surface of the workpicce with the
minimum amount of cold working.

A preferred embodiment of the invention is a method of
inducing compression or cold work along the surface of a
workpiece comprising the steps of placing a workpiece in
position for processing, wsing a control system to direct a
tool head having a compression elenent such that said tool
head tollows a virtual control surface, wherein said virtual
contro} surface is positioned between the surface of the
workpiece and a distance within the workpiece, and using
the compression clement to contact the surface of the
workpiece and provide controlled cold work along and
within the surface of the workpiece,

In a preferred embodinient of the invention the method
includes the step of using the compression element to
contact the surface of the workpiece and create a specitic
controfled zone of plastic deformation achieving a pre-
scribed depth and magnitude of residual compression along
and within the surface of the workpicee,

In & preferred embodiment of the invention the method
inchedes the step of determining the amount of controlled
cold work (o achieve a desired amownt of work hardening
the surface of the workpiece.

In a preferred emboediment of the invention the method
includes the step of determining the amount of controlled
cold wark (o0 achieve a desired mmount of refined grain
structure along and within the surface the surface of tle
workpiece,
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In a4 preferred embodiment of the invention the method
includes the step of Tieat treating the workpicce.

Other advanlages, objects, and embaodiments of the inven-
tion will be apparent rom the following deseription and the
accompanying drawings,

BREGF DESCRIPTION OF THE DRAWINGS

The forgoing and other features of the invention will be
best understood with reference to the following, detailed
description of a specilic embodiment of the invention when
read in canjunction with the accompanying drowings, where
in:

FIG. 1 is a dingranumatic view illustrating the various
companents of the compressiot apparatus ol the subject
invention for inducing compression along wd into the
surlace of a workpiece;

FIG. 2 is a perspective diagrammatic view of the com-
pression apparals of the subject invention showing the
positimting device coupled to the flexible ami assembly for
supporling the tool head for inducing compression along and
in the surlace of a workpiece;

FiG. 3 is another diagrommaltic view of the flexible unm
assembly of FIG. 2 supporting the tool head eflective for
inducing compression atong and into the surtace of o work-
picce, the flexible amm assembly operates o maintain the
tool heird having al least one compression element against
the surface of a workpieee having an jnegular surlace
lopography;

FIG, 4 is a section diagrammatic view of a portion of 1he
Hexible amt assembly o FIG. 2 and supporting the (ool head
and at least one compression element for conlacling the
sirfice of the workpiece and having an secelerometer or
olher transducer for monitoring the force of tlie compression
clement on the surface of the workpicce,

FIG. 5 is a control diagram showing connections and
linkages for sensing compression force and conlrol of the
position of the tool head of the subject invention during
processing;

FIGS. 6a, 65 is a flow charl showing the method of the
subjeet invention for inducing compression along and inlo
the surtace of a workpicce;

FIG. 7 is a flow chart showing another preferred method
of the subject invention for inducing a contrelled amount of
cold work along and into the surface of the workpicee;

FiG. 8 is a plot of high cycle fatigue data and damage
tolerance achieved by the apparatus and method of the
subject invention itlustrating the increase fatigue strengih of
a workpiece having damage along thwe surface; and

FIG. 9 is a plot of the longitudinal residual stress distri-
bution as o function of depth produced by the present
invention.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention relates to inducing compression and
cold work along and in the surface of component work-
picces, In deseribing the preferred embodiments of the
invention ilustrated in the drawings, specific terminology
will be resorted to for the sake of clorily. However, the
invention is not intended to be limited to the specific terms
so selected, and it is to be understood that each specilic term
includes all technical equivalents that operate in a similar
manner to accomplish a similar purpose,

The apparatus amd method of the invention operate 1o
provide controtled plastic strain by compression to create
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cold work and compressive residual stress along and in the
surface of a workpiece having an imregular surface lopogra-
phy, such as welds, ¢astings or re-worked components, for
which automaled processing, siech as be use of CNC con-
trolted machines or robots was not previously practical or
refiable, In a preferred embadiment of the invention, the
compression apparatus operales as an impact apparatus
comprising a precision positioning control system, such as a
computer or & numerically contralled (CNC) robot or
nachine tool, for controlling the movement of a tool heid
that operates to induce compression along and into the
surface of a warkpicee.

Preferably, the compression appartus includes a tool
head having a compression element of a controlied or
predefined shape that operates (o ereate a specific controtled
zone(s) of plastic deformation for achieving a prescribed
depth and magnitude of residual compression (compressive
stress) along and within the surface of the waorkpiece. In a
preferred embodiment of the invention, the compression
apparatus comprises an clastic or spring loaded flexible ann
assembly for positioning the tool head such that it Tollows a
predelined virtual contrel surface while holding the com-
pression element in contact with the workpiece. It should
now be understood that in & preferred embodiment of the
invention, the contour of the virual control surface remains
substantially constant regardless of any irregularities along
the surface ot the warkpicce, The use of an elastic or spring
loaded flexible ann assembly provides an elfective system
for secommodating any geometric or topography irregulari-
ties along the surlice of the workpiece, such as may be
enconntered in casl, welded or similar component surfaces,
‘The detining and wse of' & virlual control surface eliminates
both the need for precise prior knowledge of the workpicce
surfice topography and the need for complex and expensive
systems for locating and following surface irregularities
such as a robolic vision system or ather system requiring
relatively complex sensors for scanning or detecting surlace
irregubaritics.

FIGS, 14 illustrate a preferred cmbadiment of the inven-
tion whereby the compression apparatus 100 for inducing
compression atong and into the surlace of a werkpiece
inctudes a tood head 102 for indueing compression along and
into the surface of a workpicce. In a preferred embodiment
of the inveation, the compression apparatus 100 includes o
posilioning device 104 having a control system 106, such as
a computer, robotic system, CNC system, and the like.
Preferibly, the control system 106 further comprises other
devices, such as a suitable input device 108, like a keypad,
touch screen, or any other suilable inpul device that can
accept infonmation or instructions from an operator {includ-
ing operating parameters, instructions directing movement
or contrelling the direction or path of the tool head during
aperation); one or more suitable owtput devices 110, such as
a computer display, printer, image-forming or display
device, and the like; and a data storage device 112 such as
any of the wsual devices used lor the storage of data, such as
computet hard drives, floppy dises, binary codes, optical
bits, mechanical seribes, maugnetic tupes, compact dises,
digital audio tapes, analog tapes, vinyl discs, and any device
or devices capable of storing data. It shouki be understood
that the controd system 106 can include any combination of
the above components, or any number of different compo-
nenls, peripherals, and other devices. Preferably, the control
system 106 operates under the control of an operating
systemy, such as the open source Linux operating systeny, the
WINDOWS operating system developed by Microsoli Cor-
poration or the MACINTOSH operating system developed
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by Apple Computer Corporation. It should be understood,
however, that other operating systems could be wiilized to
implement the system sollware H4 of the compression
apparatus 100 of the present invention, Tt should be under-
stoedd thal the controb system 106 can also comprise con-
vetional CNC code control, but it is understood that the
control system 106 may include any comprter conlrolled
machine programmed for directing the positioning device
104 o move tie tool head 102 dong a defined virual control
surfice, The workpicee W being processed in FIGS, 2-4 is
shown as a right-angle butt weld of twa plates, but it is 1o be
understeod that the workpicce processed by the invention
may he any surface having a relatively smooth surface found
on machined or groud components, or an irregwlar surfiee
topopraphy such as welded component surfuces, cast sur-
faces, or other surlaces having such an irregular lopography.

FIGS, 2, 3and 4, illusirate in increasing detail, a preferred
embadiment of the compression apparatus 100 for inducing
compression ajong and into the surface S of i workpicee W,
Inn FiGG. 2, the preferced embodinent the ool hiead 102 is in
the form of an impact tool such as a peening head that s
driven by a trip lrunmer or other similar device that is
operated prewmaticatly, hydmulically, magnetically, or elec-
teically at a controlled reciprocating rate of impact, Prefer-
ably, the tool head 102 includes an compression clement
136, shown in FIG. 4, in the Torm of & spherical ball or other
geometrically shaped elentent, having a genermlly rounded
contour (siteh as an ellipsoid, eylindrical or other geometrie
shapes) so that the impact of the compression element 136
against the surface of the warkpiece W does not produce any
sharp surface demareations that can nclion as stress risers
along the processed surface. I shoutd be understood that the
specific geometric shape of the conipression element 136 as
wellas the specific matedal composition of the compression

element 136 Js selected for providing @ particular surlace 3

linish and residual stress distribution for the workpiece. Ina
preferred embodiment of the invention, the compression
clement 136 is tormed from Cr steel, which provides rela-
tively long tool life while reducing dust, and minimizing
replacement needs and cost, Furher, the use of Cr steel
compression elements reduces or eliminates the formation of
surface demareations that con lead to fatigue crack initiation,
such as notches often created duriag shot peening by broken
shot. It shonld be understood that the compression element
coir be fonned from a1 variely of other materials having
different miodules of efasticity, hardness, ond other charac-
teristics depending on the materal, the particular siruciure,
and the compressive residual stress to be inducad along and
into the surlace of the workpiece.

In another preferred embodiment of the invention, the s

compression element 136 is mounted within or to the tool
head 102 such that it is Tree to rotate with respect to the ool
head 102, It has been found that such rotation permits the
compression element 136 to rotate during use thereby allow-
ing the surfuce of the compression element 136 to be aligned
for comtacting the surface of the workpiece while evenly
wearing, the compression element 136 1o greatly extend the
life of the compression element 136,

The positioning device 104, such as a conventional G-axis
industrial robot, is coupled to a flexible amm assentbly 116
attached to the end of a last axis 122 of the positioning
device 104, The workpiece W is hekd in position for pro-
cessing by a conventional fixture {not shown) or olher
suitable means of fixing the tocation and orientation of the
workpiece W. Ina preferred embodiment of the invention, as
shown in FIGS, 3 and 4, the flexible arm assembly 116
inchutes one or more longitudinally extending parallel
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springs 120, such as longitwdinal exteading flat springs,
having sullicient fength 1o aliow the tool head 102 1o be
positionad as needed and o access tightly spaced ateas of
he workpiece W, The springs 120 operate to form a rect-
angular suspension that defonns to maintain the axis 122 of
the tool head 102 normal to the processing surfuce S of the
warkpiece W during operation when the tool head 102 is
moved across the surface S of the workpiece W being
processed,

In a preferred embodinent of the invention, the operating
range 124, the distance between the paint of contact 126
with the tool head 102 at the irregnlar surface 1S and a vidual
control surlace 128, is shown in FIG. 4, and is sel o be
greater than the variation in the topography of the irregular
surfice 18, The amowt of spring pretoad of the flexible ann
assembly 116 is oqual to at least the operating range 124
times the combined spring constant of the springs 120 so that
the too] head 102 is preferably held at all times in contact
with the swrliace S as well as the irregutar surface 18, The
preload of the springs 120 are determined to cause the tool
head 102 to llow a virlnal controd surface 128 thit is below
the acmal irregular snrface 18 (deeper within the surlace of
the workpicce) by an amount that is greater than the devia-
tions along the surface 8 of the workptece W. For example,
if the variation in weld topography for a group of welded
workpieces Lo be processed was 0.25 inches, defining a
virtual conlrl surface as 0.5 inches below the surface
ensures the tool head 102 remains in constant contacl with
the irregular surfzee IS, The actual amount of spring prefoad
may vary Irom the example iflustrated, and may be changecd
over any range that will keep the tool head 102 in conlact
with and not overload the springs 120 of the flexible ann
assembly 116, It should now be appareat that when the
flexible arm assembly 116 presses the compression clement
136 against the surface 8 of the workpiece W in order to
follow the vinual control surface 128 located below the
actual ircegular surface 1S of the workpiece W, the recipro-
cating axis 130 of the tool head 102 is thei held paralled to
the fuce 132 of the last axis 118 of the positioning device
104, In this way, the force heing applied against the surface
S of the workpiece W is al all times held normal to the
control surfice 128 so that the foree deforming the irregolar
surface I8 of the workpiece W remains constant even in the
event a complex surfuce is followed,

Reterring to FIG. §, in a preferred embodiment of the
invention, the compression apparuius includes a tool head
having an aceelerometer 134 attached to the tool head 102
or, dlternately the end of the springs 120, and produces an
electrical signal ES proportional to the force being applicd
against the surluce S of the workpiece W. The signal S is
used by the control system 106 and is calibrated to allow
direct determination of the force being applied against the
surfice § of the workpiece W in real time during processing,
It should be widerstood that other devices such as load cells,
microphonie transducers, or other force sensing fransducers
muy be used together with or as an altemative to an
accelerometer for determining the force being applied
against the surface of the workpicee. The vontrof system 106
aperates fo monitor the force, compares it 10 the upper and
lower force operating bounds, and the system soflware 114
operates to direet the data storage deviee 112 to record the
processing and any detected errors in the force that falls
outside of the allowed range. ‘The systein soltware 114
preferably operates to select from a range of actions in the
event of a force fault, such os, to simply indicate the
acewrrence of the Fult, rejecting the workpiece, or inter-
nipting the process and repeat the processing of the work-



US 9,789,582 B2

11

picce at the location of the fault, 1t should now be understood
by one skilled in the an that other actions, nol poted here,
may be taken as well with respeet (o the manulaciuring or
pracessing of the workpiece, In a preferred embodiment, the
system sollware 14 operates to provide an oulput on the
output device 112 to warn a system operator that a fault has
ocenred, The operator can then review the workpiece and
the identilied faull and wsing the input device 108 can
provide additional processing instnuictions inlo the control
systemy 106 for the workpicce which can then be imple-
mented by the system soflware 134 of the compression
apparatus 100,

Referding o FIGS. 6a-6h, the methad of inducing com-
pression adong and into the surface ofa workpicee comprises
the steps of delining a region of the component for process-
ing (step 200}, fn an exemplary illustetion, such regions
may include regions of high tensile residual stresses in weld
Tusion and heal afected zones (11AZ) along the surface of u
component and containing notches at the weld toes and
those formed by the overlapping passes of welding, The
process zone of e example extends through the fusion, heat
allected zone (11AZ) and into the porent metal beyond the
weld, The depth and magnitude of residual compression
needed to achicve the required fatigue perfornemee is deter-
mined from prior taiture anslysis, observation of surlace
flaws, measurement of existing residual tensile stress, frac-
ture mechanics analysis, and/or other conventional materials
performance methods (step 202). It should be understood
that processing of welded areas may be done when the

surface is al an clevated temperature, such as a result of

welding or heated by olher means, o provide deeper and
highter magnitede ol plastic steain than produced by treating
the surfiace al romn lemperature. A tool Bead having a
stitable diumeter o provide aceess W the surfuce features
amd geometry of the workpicce to he processed and which
provides a suitable surface finish is selected (step 204). A
foree and the allowed upper and lower foree bounds that will
produce suitable depth of compression are selected (step
206). The workpiece is positioned on a suitable stoand,
conveyer or olher means, so that it is in a fixed reprodugible
position, accurate within the irregularities of the surluce, for
processing of a number of like workpieces (step 208). The
workpiece surface irregularity is determined by measuring
wvlfor estimating the range of variation for thie population of
picces to be processed (slep 210). A virtual conmtrol surlace
is defined al a distance between the actual surface being
processed and below the actual surface os deseribed above
{step 212). The ool head is then moved along following the
virtual control surface in a pattern such that the compression
elements contacls the surfce with suflicient compressive
force to create a desired distribution of residual stress and
surtitee finish (step 214). It should be understood 1hat the
contro systemt saflware, such as CNC processing control
code, is prepared for the particular positioning device that
pasitions the too] head tor providing compression along the
virtal conteol surface so that the springs defleet forcing the
compression element(s) against the surfuce, including any
irregular surlace portions of the workpiece. The tool head is
moved over the surlace at the speed amd in the paltern
necessary to cover the surface to be processed and induce the
desired compression along and within the surface of the
workpiece (step 216),

In a preferred embodiment of the invention the force
being applied against the surlace of the workpiece is moni-
tored by the accelerometer, or other force sensor, attached
near the tool head (step 218). The force measured as a
calibrated electrical signal is read by the control system and
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the system sollware operates o compare o a requested or
predetermined desired foree to determine whether the arca
heing processed is heing freated properly, that is, within the
range of force needed 1o produce the depth and magnitude
of compression required (step 220}, Preferably, the process-
ing data is recorded by the data stormge device and the
system soflware operates fo compare it to the predetermined
desired force to provide processing quality control records
(step 222). Because the measurentent of e compression
force is measured in real time during the processing, i
desired, the control system can operate to detenmine if
additional pracessing is required and if additional processing
is needed it can operate to reposition the tool to repeat the
processing of the affected area of the workpicce (step 224),
Preferubly, the Jocation and the force andfor any devialion in
force being applied along the surluee are recorded and a
determinatiom can be made if (reatment of the surface of the
workpicce has been properly achieved (the depth and mag-
nitwde of residual compression has been achieved) (step
226), 1f in the event the desired amount of compression has
not heen achieved, the control system can operate to roject
or identily the workpicce for {urther processing (step 228).
It should now be apparent that the mechanical linkages of
the positioning device, Nexible ann assembly, ad tool head
provide the location and speed of positioning of the ool
head along the workpiece while lallowing the predetine path
(contral surfree) inpuited info the control system using the
inpul device, such as inputted into the systens sofiware, such
as a CNC programmed code. An ouiput signal from the
acecterometer or feedback loop provides closed foop control
for comparing o the preset minimum and maximum force
hounds. If the force is outside of the allowed processing
bounds, the control soflware is programmed to record the
error, rejeet e workpicee (component), and/or signal the
posilioning device to reposition the tool head to repeat the
treatment for inducing conmpression at the location where the
faujl aecurred. The system software of the control system
an also be programmed to record inte the data storage
device the entire sexquence of processing (including for a
impact tool recording information concenming the individual
impacts) 1o provide a detailed record of the processing.
Alternately, it may simply record the suceess or failure of the
processing and indicate that 1o the operator. In another
preferred embodiment of the invention, the control soflware
of the control system can openite to compare the force
applied at a location with the preset minimun: and maximum
force bounds and determines if the amount of foree applied
to the surface at the loeation and i additional processing is
required. The systein software then operates to calculate the
correction Jorce that must be applied 1o the surlace at hat
location to induce the desired compression (compressive
residual stress),

As shown, the meclanical linkages of the control system,
positioning device, flexible am assembly, and tool head
operate together to provide the location and speed of posi-
tioning of the tool head along the surface of the workpicce
while following, the control surface. The output signal from
the accelerometer or feedback loop provides closed loop
control and is compared by the control system to a miniimum
and maximum force bovndary. If the force is outside of the
altowed processing force boundary, the system software of
the control system operates to record the error, reject the
component, andfor signal the robot to reposition the taol to
repeat 1he compression treatment at the location where the
fault occurred. The system soflware firther operates to
record the entire sequence of processing and provides a
detaited record of sueh processing. Alternately, in a pre-
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ferred embodinent the system records the suecess or failure
of the processing and indicates that to the opemtor.

Tn a preferred embodiment of the invention the method
inctudes determining the compressions foree and the allowed
upper and lower force bounds that will produce suitable
depth of compression are selected (step 302}, In a preferred
embadiment of (he invention, the compression force is
imparted along the surface of the workpicee by impacting
the surface with the compression clement swely that the
impact spacing is selected to produce the required residual
compression, andfor cold work, andfor a suitable sueface
finish (step 304). The rate of reciprocation of the impacting
ton] is selected to allow calculation of the positioning speed
for the desired spacing and the lime required for processing
the selected area (step 306). H has been found that preferably
the fmipact rate or frequency of the tool head is from abon
1 to aboul 100 impacts or sirikes per secomnd, In a preferred
embodiment the speed of moving the teol head over the
surface of the workpiece is caleulated to provide the desired
impaet spacing (step J08), It should be understood that the
impact spacing may be varied for the purposes of changing
both the residual stress distribution and the surface finish by
aliering the speed of ol positioning,

In another preferred embodinent of the invention, as

shown in FIG. 7, the method of the subjeet invention for 2

inducing compression along the surlace of a workpicce
camprises the steps of placing & workpicee in position for
processing (step 400) and vsing a conteol system to direct a
toal head having a compression element such that said tool
head follows  virua) contral surface (step 402), I should be
understood that the virtwal control surfiee is positioned
between the surliee of the warkpicee and a distance within
the workpiece, A compression element is then used to
contact the surface of the workpicee and provide controlled

cold work along and within the surface of the workpicce 3

(step 404). In a preferred embodiment, the method further
comprises the step of using the compression element to
contact the surtice of the workpiece and create a specific
controlled zone of plastic defonnation achieving a pre-
seribed depth and magnitude of restdual compression along
andd within the surface of the workpiece (step 406). In o
preferred embodiment, the method includes the step of
determining the amount of controlied cold work to achieve
a desired amount of work hardening of the surface of the
workpiece (step 408) and/or the desired amount of con-
trolled cold work to achieve o desired amount of refined
grain structure along and within the surfiree of the workpiece
(step 410). Afier the surfaee of the workplece ls been
treated, the workpicce can be heat treated (step 412) or have

other processes applied, such as plasma sprays or olher 3

similar coatings applied (step 414).

Referring to FIG, 8, is a plot of high eycle fatigie dataand
damage toleranee achieved by the apparatus ond method of
the subject invention and illusteates the inerease Iatigue
strength of a workpiece having damage along the surface,
The residual stress distributions wnexpectedly found to be
prowdneed by the invention using a tool head comprising a
compression element for impacting the surfwe of the work-
picce is shown in FIG. 9. Unlike most peening operations,
the residual compression is found to be maximum at the
surfuee, and to extend nearly linearly to a depth of over two
(2) miltimeters. Conventional shot peening, deep rolling, or
low plasticity bumishing deform the surface in Herlzian
loading causing maxinun compression to occur below the
surtace where the maximum Hertzian shear occurs, The
form of the residual distrbution produced by ihe present
invention using a tool head comprising a compression
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clentent {or & peening tool) for bnpacting the surface of the
workpiece was expected to follow the same Iertzdan form.
I was unexpectedly found however that the invention of the
stibject application produces both maximum compression at
the surface and compression decper than ty pically achieved
with the other avatlable methods, and operates (o improve
fatigue strength and damage tolerance in workpicees. It is
kinown that because fatigue cracking initiates at the surlace,
having maximum compression ocenrring at the surface will
provide the maxinmm high eycle fatigue performance of (he
componcent, The greater depth of compression allows deeper
damiage ol any sort 1o be tolerated by holding the noteh
formet in high compression. Both the high surface com-
pression and greater depth of compression are known to be
beneficial in suppressing SCC by maintaining the surface,
andd any near surlace malerial affected by intergranulor
corrosion, below the tensile stress threshold for cracking.
Accardingly, the compression appamius and method of the
subject invenlion produce both maxiniim compression at
the surface and compression deeper than typically achieved
wilh the other available methods, thereby operaling to
improve fatigue strengih and damage tolerance in compo-
nets,

A method and compression apparitus for improving the
Tatigue and stress corrosion erucking perfonmance of iregu-
lar surlaces of components, such as welds, using robotic or
CNC machine to position a tool head for inducing compres-
sion atong and into the surface of o workpiece to awtomati-
ally folfow the surface iregulurities. The tool head is
operates and follows the irregular surlicee by a flexible arm
assembly while following a virtual contral surface located
below the actual surface of the workpicce and allowing the
irregular topogriphy surfuce (o be uniformly processed., Ina
preferred embodiment, cold working is minimized by using
single impact spacing at conirlled intervals. Tn another
preferred embodiment of the invention, the spacing and
impitet foree are contolled 1o introduce a desired amount
and depth of cold working, Impact force is measvred and
companxd 1o larget values for performance documentation
and correction by repositioning, such as (hrough CNC
control, to recover any missed or madequately peened
region. Thus, the subject apparatus and method of the
subject invention allows for full coverage of compression
without repeated freatment (such as withow! impacting the
surface of the workpiece repeatedly) thereby minimizing
cold work of the surlace. Minimizing the amount of cold
work eliminates or reduces sollening of components formed
from hardened steels aixl reduces swelling and other unac-
ceptable changes in critical dimensions due (o cold woerk
induced phase transformations,

It should now be apparent to one skilled in the art that the
compression apparatus and method of the subject applica-
tion allows compression to be induced along and inte the
surface of a workpiece using & refatively small ool head
such that compression can be induced in confined arcas,
siich as in weld assemblies (e, welded closed impeller
components}. Further, during operation various surface con-
figorations can casily be treated withant requiring moditying,
processing codes and other systems,

It should also now be apparent to one skilled in the art that
the compression apparatus and method of the subject inven-
tion pennits the inducement of compression along and into
the surface of the workplece to be performed in a controlled
manter and/or with & minimim amount of cold working of
the surface thereby improving thermal and mechanical sta-
bility of the treatment and with optinwum efliciency and low
cost. Further, the compression apparatus and method of the
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subject invention pepmits the use o’ a ol head in the oy
of an impact tool that provides controlled impact of the
compression element against the surface ol the workpiece
thereby eliminating or reducing the possibility of taps or
folds being formed along the surface of the workpicee
typically produced in shot peening caused by overlapping
shot impact zones.

The use of the compression apparatus and method of the
subject invention predluces nearly linear residual siress depth
distribution similar to laser shoek peening pracesses bul o
a greater depth. Further, unlike shot peening and low plas-
ticity burnishing, (hat generlly produces subsirfice maxi-
mn compression with redueed compression i the surface,
the compression apparatus and method ol the subject inven-
tian having a ol head in the form of an impact tool head
provides maximum compression al the surlice of the work-
picee for maximum resistance to surface fatigue crack
initiation or SCC, Further, depth of compression is suflicient
1o prevent fatigue crack growth from swrficee flaws generlly
(oo small to be detecied by ND'T inspection methads (<0.020
inches deep) while providing a safe and generslly reliuble
means for restoring components fo service following con-
ventional NIYT inspection,

Accordingly, the method and compression apparatus of

the subject invention for inducing compressive residual
slress along and into the surface of workpicee: preferably s
an autentated system by use of a positioning means, such as
a robotic or ether CNC machine tool; produces a desired

depth and magnitude of compression; and is reliably applied

to work pieces having an irregular topography surface.
The compression apparatus ad method for inducing
compression along the surfice ol o work piece provides a
unique apparatus that operates to perform a controlled
amount of cold work and surlace hardening of the surface as
well as being able 10 operate 1o induce controlled compres-
stont along and into the surface of @ work piece having
surface irregularities, It should now be apparent that by
positioning the too] head to follow a predelined vinual
control surlace while holding the compression element jn
contact with the workpicce or ensuring the compression
element continues to strike the surface of the workpiece (for
an impact tool head), climinates the need for precise prior
knowledge of the workpicce surface topography and the
need for complex and expensive systems for locating and
foHowing surlace irregularities. 1t should be understood that
the compression apparatus and the structured methodology
ulilized by the control system is not limited solely (o (he
specific design deseribed Rerein and although the foregoing

invention has been deseribed in some detail for purposes of

chinty of wxderstanding, it should now be apparent that
certain changes and modifications may be pructiced within
the scope of the disclosure and that the various embodiments
presented con be casily modified while keeping within the
scope and spirit of 1he subjeet invention. Accordingly, it
should also be understood that the present disclosure is to be
considered as exemplary of the principals of the invention
and s nof interded to linmit the invention to the embodiments
and the specitic examples illustrated and the invention is not
1o be fimited to the details piven herein, but may be modilied
within the scope and equivalents of the deseriptions and
examples contained herein,
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Wihal is claimed is:

1. A method of inducing compression along a surlace of
a predefined area of a workpiece comprising the steps of:

placing a workpicee in position for processing;

determining surface imegularity along the predefined area
by calculaling a range of variation ol surface lopogra-
phy using a population of workpieces;
using a control system to direet o compression apparaius
having a tool head in the form of s impact ool and
wherein the control system operales b control the tool
lread so that the tool head operates with a predelined
force of impact, reciprocating rie and spacing of
impacts against the surtace olthe of the predefined arca
and wherein the ol head follows a predefined virua)
conlrol surfrce positioned within the workpicee below
the actiral surlace of the predefined arva by an amount
that is greater than any surface irregulanty wlong the
surfice of the predefined area so that any surface
irregularity atong the surface of the predefined area is
processed with the predefined force of impact; and

using the tool head to sirike the surface of the workpiece
wud crvate a specilic controlted vone of plastic defor-
malion achieving a prescribed depth and magnitude of
residual compression along and within the surlace of
the workpiece.

2. The methad of claim 1 further comprising the step of
using a contrel system to monitor the impact force being
applied agrinst the surface of the workpicce and comparing
the impaet Torce to upper and lower operating hounds to
detect any impact foree that falls outside the upper or lower
operating bovnds,

3. The method of claim 2 further comprising the step of
providing a warning to a system operator that an impact
foree is outside the upper or lower eperating bounds,

4. The method of claint 1 further comprising the step of
using the contro] system fo monitor and record the move-
nient of the tool head and the force being applied against the
surlace during processing of the workpicce,

5. The method of claim 1 further comprising the step of
using the control system to determine if the foree of impact
exerted against the surface of the workpiece at o location
within the predefined area is not within the predetermined
range for producing the prescribed depth and magnilede of
residual compression along and within the surface of the
workpicee along the predefined area, and using the control
systent to position aad conlrol the moveiment ef the tool head
to restrike the surlace of the workpicee at the location,

6. 'The method of claimy 1 wherein the ool head stroke is
in a direction towards the surface of the workpiece and
wherein the predefined virtual control surlace is located
within the range of the stroke of the tool head and helow the
actual sirface of the workpicee,

7. The method of cliim 1 wherein the desired reciprocat-
ing rate is from about | o about 100 strikes per second.

8. The method of claim 1 whervin the spacing of impacts
minimizes excessive deformation and cold working of the
surface.

9. The method of claim 1 wherein the tool head comprises
at least one compression element having a geomelric shape
sttch that it does not produce any arca of demarcation when
it strikes the surface of the workpicce.
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