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FIG. 3: Flow chart of quality control procedure based on distortion signature
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FIG. 4; Flow chart of quality control procedure based on amount of distortion
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FiG. 5: Flow chart for evaluating proper operation of treatment process
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FIG. 6: Flow chart for real time evaluation and adjustment of treatment process
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METIIOD AND APPARATUS FOR SENSING
DISTORTION

CROSS-REFERENCE TO PRIOR APPLICATION

This application is based on and claims bencfit o U.S.
patent application Ser. No. 11/152,612, filed onJun. 14, 2005,
which claims benefit to Provisional Patent Application Ser.
No. 60/379.489, filed Jun. 14, 2004,

BACKGROUND OF TTH INVENTION

This invention relates to an apparatus for securing a part,
such as a work holder or fixture, capable of monitoring,
sensing, or measuring the mechanical distortion of the part as
it is machined, weated or otherwise operated om.

It is well known that metallic parts, such as aircraft engine
parts, may distort when subjected to processes such as bur-
nishing, shot peening, laser shock peening, or other similar
treatments., These disterlions are caused by compressive
stresses that are introduced and tensile stresses that develop in
the part as a result of such processes. A part may be subjected
1o processes such us bunushing, shol peening or laser shock
peening (o improve the parts resistance (o stress relatoed lail-
ure mechanisms. The benefit of such processes is obtained by
inducing compressive stresses in the surface of the part.
Metallic mutenals treated in such a manner respond 1o the
intreduction of compressive stresses by being sell-equilibrat-
ing. Thus, as compressive stresses are introduced in the part,
reacting, tensile stresses torm elsewhere in the part such that
all lorees within the volume ol the part sum (o Zero. However,
as these stresses develop, the matenal lomming the parl may
react by distorting to accommodate the introduction of new
stresses.

Cine problem associaled with such distertions is that they
2o bevond the acceptable engineering tolerances for that par-
ticular part. While the mechanisms that cause distortion are
known and understoad, monitoring individual parts tor
excessive distortion beyond acceptable engineering toler-
ances has been difficult because of the various factors that
contribute to distortion as well as the complexity of many part
designs, Factlors that have been [ound to contribuie w distor-
tion include the tvpe, magnitude and pattern of stress intro-
duced in the part, the particular method by which the part was
treated, the material(s} from which the part is made, and the
particular geometry ol the parl. Another substantial laclor
which impacts distortion are variations in individual parts,
most notably in parts being treated that have already under-
gone some service lile and are being remanulaclured or relur-
bished. Under such circumstances, il becomes oven more
critical to monitor the response of each individual part to the
treatment process tor quality control purposes. l'urthermore,

[or parts having complex geomelres, such as gas lurbine -

engine blades, itis dillicull o measure the degree @ which the
part may have distorted, especially in the context ot'a sizeable
manufacturing operation.

Accordingly, until now, il has been impractcal or unduly

laborious w0 measure individual parls and lhereby assess 3

whether a part has been adequately processed or whether a
particular tresunent operation has caused distortion beyond
acceplable engineening lolerances. Therelore, o need exists
[or & relatively mexpensive method and apparatus lor deler-
mining the distorlion of a part as g resull ol & reatment
process and that is easily implemented in a manufacturing
envirommeni.

SUMMARY OF THE INVENTION

The subject invention relates to a distortion sensing work
holder for securing a part during a machining, treatment, or
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other process that is capable of monitoring, measuring,
recording or otherwise sensing the mechanical distortion of
the part as itis subjected to the process. Thedistortion sensing
work holder is preferably capable of monitoring, sensing, or
measuring the mechanical distortion of the part as it is
machined, treated or otherwise operated upon.

By way of description, a preferred embodiment of the
distortion sensing work holder would be used in the following
manner: A partto betreated is clamped in awork holder. Once
the part is clamped it is attached to a linkage such that the part
i8 in mechanical communication with an elastically deform-
able element. The linkage may be attuched 1w the parl with
bolts, clamps, and the like, or specially designed prippers
wherein the gripping laces ol the gripper comrespond o the
conlours ol the specilic part. With the pant secured and in
mechanical communication with the clastically delormable
clement, the part is trealed by bunushing, lascr shock peening
or other similar surlace treatments. As the parl is treated,
distortions in the par thal may result [rom the treatment
process are commumnicaled, via the linkage, 1o the clastically
deformable and recoverable element. Strain sensors or
deflection sensers nounted on the deformable clement sense
the distortion and ontput a signal corresponding to the mag-
nitude of the distortion. This signalis recorded throughout the
realment process. Based on this signal, a distortion signature
indicative of the distortions experienced by the part over the
course of the treatment procedare is compiled for that par-
ticular process and part combination. This signature may then
be utilized for quality control and process evaluation pur-
poses for subsequent treatment procedures.

[n ancther preferred embodiment of the invention, the dis-
tortion sensing work holder provides a means for monitoring
the repeatability of machining, treating, or other procedures
as a measure ot quality control.

In another preferred embodiment of the invention, the dis-
tortion sensing work holder is effective for providing a means
to monitor a machining, treating, or other process to ensure
proper operating conditions for the process.

In another preferred embodiment of the invention, the dis-
tortion sensing work holder is effective for providing means
for monitoring the progress of a machining, treating, or other
process and o provide correclive aclion when the process
deviates from acceptable or established parameters.

In another preferred embodiment of the invention, the dis-
Lorlion sensing work holder is ellective [or providing an appa-
ratus for securing a part during a machining, treatment, ot
other process that 1s capable ol moniloring, measuring,
recording, or otherwise sensing the distordion ol a parl as il is
subjected w the process, utilizing the output ol such an appa-
ratus 1o develop a distortien signature Lor the particular pro-
cess; and ulilizing the distortion signature W momitor the
process for abnormal operating conditions; and vtilizing the
distortion signalure as a qualily control measure [or indi-
vidual parts.

In anather preferred einbadiment of the invention, the dis-
tortion sensing work holder comprises a means for securing a
part being treated; a rigid, elastically deformable and recov-
erable material fixedly attached to the securing means; a
means for mechanically linking the part being operated upon
to the rigid, elastically deformable and recoverable material;
a means for measuring the strain developed in or the deflec-
tien of the material; and a means for capturing and recording
the output of the strain or deflection measuring means.

In another preferred embodiment of the present invention,
the distortien sensing work holder comprises a means tor
clamping a part, the clamping means having a base integrally
formed with a support member for supporting the base on a
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conventional tool holder, a rigid, elastically deformable and
recoverable material in the shape of a beam, the beam having
a first and second end, the second end being tixedly attached
to the base of the clamping means; strain or deflection sensing,
neans fixedly attached between the first and second ends of
the beam and between the beam and the base of the clamping,
means; a linkage for communicating distortions from a partto
the beam, the linkage having top and bottom ends, the bottom
end of the linkage being fixedly artached to the first end ot the
beam, the top end of the linkage having means for gripping
and reteasing the end of a part opposite the means for clamp-
nyg; a weans [or moniloring, recording over lime, and ana-
Ivzing the output of the strain or deflection sensing means, the
means lor monitoning, recording, and analyzing having a
human readuble display ol the information collected.

In another prelerred embodiment ol the invention, the dis-
tortion sensing work holder comprises a means [or securing a
part being reated; a means [or measuring the dellection of the
part heing treated; and a meuns lor capluring and recording
the outpul of the dellection measuring means.

1n another preferred embodiment of the present invention,
the distortion sensing work holder comprises a2 means [or
clamiping a part, the clamping means having a base integrally
formed with a support member for supporting the base on a
convenlionsl waol holder; selectively positionable dellection
measuring means; and a means for monitoring, recording,
and analvzing the output of the deflection sensing means, the
means for monitoring, recording. and analyzing having a
human readable display ot the information collected.

Another preferred embodiment of the invention is a 3

method for nsing a distortion sensing work holder for quality
control purposes. The method comprises the steps of placing
a part to be machined, treated or otherwise operated upon in
the distortion sensing work helder; obtaining a distortion
signature for the particular operation by recording the output
of the strain or deflection sensing means as a function of time
orthe position of the tooling during treatment; comparing the
recorded distortion signature against a known or verified sig-
nature for the same operation on the same part; determining if
the part is acceptable based upon the comparison between the
known signature and the recorded signature.

In another prelerred cmbodiment ol the present invention,
the apparatus is used in conjunction with a method for deter-
mining abnormal operation of the equipment operating on the
part. The method comprises placing a parl 1o be machined,
treated or otherwise operated upon in the distortion sensing
work holder; oblaining a distortion signature for the particu-
lar operation by recording the output ol the strain or dellection
sensing means; comparing the recorded distortion signature

against a known or verilied signature lor the sume operation 3

on the same pard; determining il the part is acceplable based
upon the comparison between the known signature and the
recorded signature.

‘The method and apparatus of the present invention can be

used to measure the distortion occurring in parts with a high 3

length to cross-sectinnal area ratio inclnding, but not limited
to, turbine and compressor blades, turbine and compressor
vanes, stator vanes, inlet guide vanes, impellers, propellers,
propulsers, aircraft skin materials, medical implant devices,
and other varions and sundry applications too namerous to
mention herein.

Other embodiments and advantages ofthe invention willbe
apparent from the following description, the accompanving
drawings and the appended claims. ¥While the methods and
apparatus described constitutes preferred embodiments ot'the
invention, it is to be understood that the invention is not
limited to the precise method and apparatus, and that changes
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may be made therein without departing trom the scope of the
nvention which is delined in the appended claims.

BRIEF DESCRIPTION OF T THEAWINGS

To provide a more complete understanding ol the present
invention and further features and advantages thereot, refer-
ence is now made to the following description taken in con-
junclion with the sccompanying drawings, in which:

I'I(3. 1 is a schematic illustration of a preferred embodi-
ment ot the distortion sensing work holder that is the subject
of the current invention,

IIG. 2 is a schematic illustration ot another preferred
embodiment of the distortion sensing work holder that is the
subject of the current invention;

I'I5. 3 15 a flow diagram of a quality control procedure
utilizing a distortion signature;

I'1G. 4 is a flow diagram of a quality control procedure
based on the amount of distortion obtained by an operation;

FIG. 5 is a flow diagram for evaluating the proper operation
ol'machinery in a treatment vperution; and

FIG. 6 is a flow diagram for the real-time evaluation and
adjustiment of a treatment process.

DETAILED DESCRIPTION OF THE PREFERRED
FEMBOIDIMENT OF TTIH INVENTION

Although the foregoing invention has been described in
some detail for purposes of clarity of nnderstandings. it will
be apparent that certain changes and modifications may be
practiced within the scope of the appended claims. Accord-
ingly, it should be nnderstood that the present disclosure is to
be considered as exemplary of the principals of the invention
and is not intended to limit the invention to the embodiments
and the specific examples illustrated and the invention is not
to be limited to the detaits given herein, but may be modified
within the scope and equivalents of the descriptions and
examples contained herein.

Referring to F1G. 1, the work holder 100 for measuring the
distortion ofa part 101 is shown. For illustration purposes the
part 101 shown is a blading member of a gas turbine engine.
Prelerably, work holder 100 comprises 4 base 102 integrally
formed with an extension 110 and a support member 104. The
support member 104 s standardized such that the work holder
100 may be secured in the ool holder el a conventional
machine tool (not shown). A securing means 106 is rotatably
altached 1o the base 102 via the spindle 108. The securing
means 106 is interchangeable und may include vices, clamps,
collets, slotled connectlors, and other such means, and is
selected based on the geometry of the part being operated on.
In the embodiment described herein, the securing means 106
is a dovetail slot. The spindle 108 permits the sceuring means
106 (o be rotated relative 1o the base thereby allowing flex-
ihility in the orientation of the part being operated upon.

An clastically deformable and recoverable material mem-
ber 112, which may be formed from metal, pelymers, com-
posites, or a combination of such materials, and in the form of
a beam, rod, plate, and the like, is preferably flanged at one
end, is attached to the extension 110 by fasteners 116 and 1240,
preferably instrumented bolts. [nterposed between the exten-
sion 110 and the elastically deformable and recoverable
member 112 is a spherical pivot point 114 that permits the
deflection of the elastically deformable and recoverable
member 112 in any direction relative to the base 102. Strain or
detlection sensing means 118, preferably inductive sensors,
capacitive sensors, lasers, ultrasonic sensors, mechanical sen-
sors, transducers including LVDT displacement transducers
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and non-contact displacement transducers. strain ganges, air
des, instrumented bolls, instrumented washers, clectro-opli-
cal devices, load cells, and other like means, are atlached in
varions orientations along the length of the elastically
delormable and recoverashle member 112, A linkage 122 is
lixedly attached o the distal end of the elastically delormahle
and recoverable material member 112. The linkage extends
upward and lerminates in a gripping clement 124 having
opposed gripping [aces cupable ol [immly adhering (o the
unique contours ot the part being operated upon. Preferably,
the gripping luces arc adjustable and cormrespond 1o the spe-
cilic geometry ol the portion ol the part with which they
contact. l'inally, the cutput of the instrumented bolts 116, 120
and the strain or dellection sensing means 118 1s [ed w means
[or capturing, snd recording the output ol the strain or deflee-
tion measuring means. Such means 126 include computers,
strip chart recorders, molti-meters, and other similar means.
Prelerably, means 126 comprises o computer condrollesd

monitoring system capable of collecting, recording, and ana- >

lvzing (he respeclive oulpul signals.

By way ol sctup, the part 101, in this example a turbine
blade with a dovetail connector, is placed in the work holder
100 by [irst insering the dovetail connector into the dovelail
slot ol the secunng means 106, The sceuning means 106 1s
then rotated to present the proper profile of the part 101 to the
operating ol (not shown)., With the purt 101 onented and
clamped in pluce, the linkage 122 is posilioned such that the
aripping element 124 contacts the surface of the part 101 on
the end opposite the securing means 106. The gripping ele-
ment 124 is then adjusted so that 11 firmly grips the edge ol the
part 101, As a treatment operation is performed on the part
101, any distortions developed in the part 101 are conunuin-
caled Lo the elastically delormable and recoverahle heam 112
via the linkage 122. Any distortion of the member 112 is
registered by the strain or deflection sensing means 118 and/
or the instrumented [asteners 116 and 120 and recorded by the
monitoring system 126.

Referring to FIG. 2, another embodiment of the distortion
sensing work holder is shown. [n this embodiment, the work
holder has a plurality of proximity sensors 202 attached to
positioning bracket 204 which, in tum, is attached to the distal
end ofthe member 212 and adjustably arraved around the part
o beireated 200, The proximily sensors 202 are selected [rom
the listincluding, but not limited to, capacitive sensars, induc-
{ive sensors, lasers, ullrasonic sensors, mechanical sensors,
LVDT displacement {ransducers, non-conlact displacement
transducers, sirain gauges, or air gauge sensors. ' The position-

ing brackel 204 crplovs means 206 [or precisely positioning 5

the sensors 202 relative 1o the pant e be treated 201, The
positioning means 206 may be sclected trom the various
know means, such as digital micrometers, bamrel microme-
ters, and the like. The proximity sensors 202 are positioned

around the part to be treated so as to be able to measure the 3

parts position in the x, v, and 7 directions. A sleeve 208 is
placed arcund the distal end of the part 201 to provide a
uniform registration surface for interfacing the proximity
sensors 202 with the part 201. 'he ontpot of the proximity
sensors 202 is fed to a computer controlled menitoring sys-
tem 226 capable of collecting and analyzing the respective
ontput signals.

By wav of operation, any distortions in the part being
treated 201 will cause the part to deflect relative to the prox-
imity sensors 202 which, in turn, output a signal correspond-
ing to the magnitude and direction ofthe deflection in each of
the x, v, and z directions. These signals are passed to the

40
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monitoring system 226 that records the output of the proxim-
ity sensors before, after, and throughout the treatment opera-
tion.

Reterring now to the flow diagrams of I'I{35. 3-6, several
different methods of using the apparatus ofthe current inven-
tien for quality control and process monitoring are disclosed.
Referring to FIG. 3, in one preferred embodiment, the work
holder of the present invention is used for quality control
purposes. Instep 300, a part is clamped in the work holder and
operated on while a real time distortion signature is collected
as indicated in step 302. Thereafter, in step 304, the collected
signature 1s compared 10 @ known signature lor o successlul
treatment operation. Step 300 consists of a decision point in
which the success ol the operation is determined. 11 there 1s
agreement between (he collecled und known signatures, the
redlment operation has been successlul, I there is no agree-
menl between the known and collecled signatures, then the
process proceeds 1o step 310 where the collected signature 1s
analyzed 1o determine il an appropriale level ol agreement
could he reuched by lurther processing. The process is cither
repeated to obtain the correct distortion or the part is other-
wise discarded as indicaled i step 312,

Reterring now to 'I(3. 4, inanother preterred embodiment,
the part to be treated is clampead in the work holder in step 400
while in step 402 a hascline distortion measurement s
obtained for the untreated part to assess the viability of the
treatment operation on that particular part. This measnrement
1s compared to similar measurements for known parts. 1t the
part, prior to treatment, contains unacceptable levels ot dis-
tortion the process is stopped and the untreated part is dis-
carded. Otherwise the process proceeds to step 404. [n step
404, a treatment operation is performed. ollowing the treat-
ment operation, i step 406, a distortion signature for the
treated part is obtained and the total amount of distortion due
to the operation is subsequently calculated in step 408. The
propriety of this amount of distortion is then evaluated in step
410. [n the next step, step 412, a decision point is reached
based on the amount of distortion that has developed in the
part. If the amount of distortion is in an acceptable range, the
treatment is acceptable. If the distortion falts outside of the
acceptable range, the process proceeds to step 414 where the
signature 18 evaluated o determinge il [urther treatment will
vield an acceptable distortion.

Referring now to FIG. 5, m another preferred embodiment,
the work holder is used ¢ monitor the (reatment equipment
for faulty operation. In step 502, a distortion signature is
collected [or o parlicular operution while in step 504 (his
signalure Is compared o g known signature [or a verlied
operation. The outcome ol this comparison is passed o the
decision point ol step 510, Agreement between the two sig-
nulures causes the process o procead 1o step 508, and a
properly treated component is produced. Disagrecment
between the two signatures cavses the process W proceed o
step 510 at which point the process is terminated and the
operating parameters of the machine are reassessed in step
514.

Referring now to I'1(. 6, in ancther preferred embodiment
of the current invention, the work holder is used to monitar
individual steps of a treatment operation and thereby adjust
treatment parameters to obtain the desired ontcome of the
operation. A part is secured in the work holder in step 600. Tn
the next step, step 602, a distortion signature is collected tor
a given operation i the treatment process and subsequently
compared to a known distortion signature for the same opera-

3 tieninstep 604. [fthe signatures match, the process continues

to step 612 and the next treatment operation is performed as
the process is iterated. If the desired degree of agreement
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between the signatures is not found, the procedure continues
to step 610 where the treatment parameters are adjusted. The
same operation 18 then conducted on the part in step 614 and
the evaluation of this treatment is again evaluated beginning,
with step 602.

Accordingly, the apparatus and method of the current
invention provide a relatively inexpensive and effective svs-
tem for monitoring the distortion in a part as a result of
residual stresses induced in the part during treatment opera-
tions. By comparing the collected distortion signatures to
known distortion signatures, it is not only possible to monitor
the process [or qualily conlrol purposes, but Lo also exirapo-
late the amount and location of residual stresses induced in
the part hased on the distortion that occurs.

While the method und uppuraius described constilule pre-
[erred emhodiments of the mvention, il 1s 1o be understood
that the invention is not limited o the precise method and
apparatus, und that changes may be made therein withoul
departing [rom the scope of the invention which is delined in
the appended claims.

What is claimed is:

1. A method lor evalvaung the ellicacy ol 4 treatment
operation for inducing residual stress along a surface of'a part
based upon the distortion developed in the part comprising
the sleps of:

creating a verified distortion signature for a reference part

having a desired amount of residual stresses induced in
the part;

coupling the part to be treated to a base etfective tor secur-

ing the part to be treated and attaching the base to an
elastically detormable and recoverable material member
such that any distortions developed in the part to be
treated are communicated in real time to the material
member and wherein the material member having strain

or deflection sensing means for measuring distortion or 35

strain along the material member;

performing a treatment operation on the part to be
treated to induce residual stresses along the surface of
the part;

nieasuring distortion or strain along the material mem-
ber to create a collected distortion signature for the
part being operated on;

comparing the collected distortion signature to the veri-
fied distortion signature; and

assessing 1l any devistions between the two signatures
exist and, if so, whether those deviations are substan-
lial enough 1o warranl discarding the treated part.

2. A method lor evaluating the ellicacy ol a surlace treat-
ment aperation conducted on a part based upon the distoriion
developed in the part comprising the sicps ol

clamping the part e be wreated in a work holder having a

basc;

altaching the parl 1o be treated W a base and auaching the

base to an elastically deformable an recoverable mate-
rial member;

acquiring a baseline signature for another part having a

proper surface treatment operation performed on the
part;

performing a treatment operation on the part to be treated;

determining the total amount ot distortion ocenrring in the

treated part as a result of the operation;

communicating any distortions developed in the part dur-

ing the freatment operation to the ¢lastically deformable
and recoverable material member to create a distortion
signature;
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assessing whether the total amount of distortion that has
developed in the treated part s within the established
tolerances Lor the part;

comparing the distortion signature to the haseline signature

and asscssing il any devialions hetween the two signa-
tures exist and, il'so, whether those deviations dare sub-
stantial enough to warrant discarding the treated part.

3. A method lor assessing the operation ol equipment dur-
ing a treatment process based on the distortion developed 1o a
part comprising the steps of?

clamping the part W he treated ina work holder;

allaching the part to the work holderand attaching the work

holder to an elastically deformable and recoverable
malerial such that any distortions or stress developed in
the part during the treatment process is communicated in
real time to the elastically deformable and recoverable
material;

monitoring the distertion of or the strain developed in the

elastically deformable and recoverable material and
measuring the distortion or the strain Lo creale a distor-
tion signature while the pard is treated;

comparing, in real time, the distortion signature to a known

and verlied signalure for another part that had a similar
operation perlormed thereon;

stopping the treatment should substantial deviations exist

between the distortion signature and the known and
verlied signalure;

evaluating and adjusting the operational parameters based

on (he deviation [rom the known and verilied signature;
and

reprocessing the treated part.

4. A method ol monitoring and conlrolling a trealment
operation basced on the distortion developed in a part com-
prising the steps of:

creating a verified distortion signature for each step of' a

suceesslul reaunent operation;
clamping the part to be treated in a work holder;
attaching the work holder to the part to be treated and
attaching the work holder to a rigid, elastically deform-
able and recoverable material member such that the part
to be treated is linked to the material member;

performing a treatment step on the part to be treated while
monitoring the distortion of the part in real time and
credle o distortion signalure;

measuring the strain developed in or the deflection of the

material member during the treatment step;

capluring und recording (he strain in or the deflection of the

material member;

comparing the distorlion signature with the venfied distor-

tion signatures lor the same treuiment step;

adjusting conirol parameters bused on devigtions [rom the

known, verilied signatures;

repedling the reatment slep o oblain an aceeplable distor-

lion signature; and

repedling the methed [or one or more additiona] treatment

steps.

5. The method of claim 4 [urther includes the step ol
obtaining a baseline distortion measurement tor theuntreated
part to assess the viability of the treatment operation for that
parl.



