Fig. 7 ¢ LVOT sefaen: signal

Fig. & : Vibration signal extrscted from the ulimzanic A-scam signals

whose imaginary part is the Hilben Transform of original
time signal.

2t = (i) + jyied = Efpel i}

Where, Bill is the instantanecus envelope which is the
magnitude of the conples analytic sigaal, and i as the
phase angle of analyiic signal. Fig 6 shows the envelope
extraction of & typical alirdsone A-scin saignal acguined
during suhassemhbly vikration a1 frequeney of 2 He and
amplitude of 0.5 mm (ph-pk). Aler envelope extraction,
the time difference (transil time) betwesn the peak value
of ransmitted pulse and received echo s found. As the
weloity of wlirasound in warer is known, the displacement
af jargel (subassembly) is calculated from e transitc time
When subhassembly vibrates, displacement of larget changes
and hence transit time changes. The iransit time is
culculabed for all the wlirasomic A-scan signals and the
displacement siznal is generared, Fig? shows the vibration
idisplacemient) signal extracted from the ultrasonic signals
amid Fig. 8 shows the reference signal recorded from the
LV For an excitation freguency of 2 He and amplitude
L5 mm (pk-pkb. The amplinsde and frequency of vibration
ol subassernhly measored osing ulirssonie echnigee wene
0,50 mm {pk-pk} and 204 He respectively, This vibration
sigral is malching well with the relerence aignal from
LVDT. The signals from the ultrisonic sensor and the
reference LVDT sensor were analyzed for various
sthassemhbly excitation frequencies and amplitades, and
the overall ermor in this measurement wechnigue s foond
ko he less than 3 %
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5. COMCLUSION

Ultrasonic technique and its sigmal processing algorithm
have heen developed for ihe subassembly vibraiion
measurements in PFBR. Experiments were carried out in
a water tesl loop wsing a PFBR fll scale dummy fuel
subassembly. Amplitede and freguency of vibrasen of foel
subassembly messured wsing ultrasonic technique is
compared wilh a reference LVIT sensor and the error
was fomand 0 be less than 35, The developed echnigque
proved w be a pownmal and promising NDE metod for
vibration measurement, where the conventional contact
type sensors cannot be used
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1. INTRODUGTION

Eddy corrent NDT technigues are well developed and
have been primanly applicd as o means of delecting pear
surface discontinuitics. The changing voltage in the sensor
coil induces eddy currents im a nearby conductor that in
turn loads the codl and changes s impedance and phase
The depth ol penetration of eddy correnls can be conbralbed
by the frequency of tesiing, due to the skin-depdh effect,
and hence, can be osed B sl componenls over dilferent
depths, Eddy current testing methodology has becn
suceessiully applied over the years o address problems
like crack defection, material thickness measaremenis, heat
damage detection, “apparent” conductivity measunements
and for monitoring a variely of processes (ASNT {200475).
A methed For assessing “apparent” conductivity invalves
measarement of the impedance of coils, daven by a conslant
amplitude alernating current, placed above the sample
surface. hMaterial 45 assunsed w have a constant conduciiviy
and the ner conductivity is measuned af varions Meguencies
wsing eddy corent absolute-coil configuraton (ASTM E

-1,

A conduactiviey measoremient a0 a particular frequency has
information from the sarface o a particular depth of
penetrution thai is relafed o the skin-depth (d) in that
malerial. Alss, 1L represenls an inlegrated valoe ol
condactiviey aver this depth. Hence, when making
measurerenls of “apparent” comductivity at different
frecacncies, these measurements are nod independent of

Wal, 1, Taside 2 Seplember 20001

cach olher, sioe any mcasurcnwnt 2l a lower fregqoency
has ithe information already exisiing in all of ihe
measuremenls made wsing higher Ireguencies.

Any NDE process may be consadercd e odnvelve theee
aystems, cach having a unique sei of parameters ihai
deline it charscierisiies vie (a) The Inpar w the materal,
(h) The material iself, and () The ourpar response
measured by the NDE svsiem. Traditonally, the input and
the material parameters are assomed known and nemerous
Forward Models have been developed that predice or
eslimaie the owipat response function.  Over the years,
forward models are very well established and serve the
key purpose, for improved interprelation as well as o
optimize the inpul parameters g obtain the desired sutpo
respoanae. The other two scenarios e, if the calpul response
funciion im the form of measured data is available, o
ublamm one of syslem paramelers, L. either the mpat
funciken or ihe maierinl properiies while the other one is
assumed 1 be keown are classified as lnverse Problems,
Due o the availability of compatational resources, he

imverse problem solutions are becoming increasangly
feasible. The traditicnal difficulies with the ill-posedness
of the inverse solution tehich includes lack of uniguensss
ar stability of the solulion process) are increasingly
becoming solvable, Twvpical applications include
measurement of material propertics such as modolus,
viscosity, temperabure, hardness and siress profiles, el
The Tormolation includes both numerscal and amalylical
soluticns in alirasonics, eddy corrent and thermal imaging
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and the inverse soluiion pmcess uiilizes a vanicly of
technigues such as Newral Metworks, Genete Algorithms,
Maximum Enirapy Meihods, elc {Lin, 20033,

Popular methods w0 invent eddy current impedance daia
inclade the use of regressive wools like newral networks or
numerical inversion schemes based on analytical ar fimie
elenent based Forward maodels. The wse of nearal networks
for condactivity inversion has been reported b’- several
authors (Hekanos e al, 19497, Karagadda eo al., 1997
Gloricax et al, %N with inverse models being trained
using cither experimental data or data from numerical
mudels. The propesed “apparent” conduclivity inversion
seleme s primarily a numerical inversion scheme based
on a Fimile element based forward model. Seminal work
an numerical inversien of muli-frequency eddy current
impedance measurements for characterizing coaling
thicknesses and condeerivilies in layered maierials can he
fownd in Mouolder e al. 1992, More advanced numernical
inversion models (Bowler and Morton, 194935; Lin et al,
TN Sum er al, HEOE enc) pricanly work by dleranvely
adjusting relevant parumebers in o foreard model wniil
measured signal value is reached. Such echnigues reguire
accurale calibration of coil design parameters for use in
the Forward model, The propescd “apparent” conduoctivity
inversion muodel is different from oiher exisiing namerical
madels in that it dees not employ any form of ierative
refinement and furiber, does nod depend on coil design
parameiers, hence, cam be osed with commercial
conducivily melers.

“Apparen” conductivity measurements using the eddy
current sensof have been widely wsed as a hasis for
characterizing surface-treated specimens. This work was
mativated by a study of finite element simuolations that
showed that the “apparent” condectivity does not Fellow
the drends followed by the actual conductivity profiles
Specifically, an atempt is made bere o sudy the eifect
of peening on true conductivity profiles of a specimen
using the propesed mversion scheme. Stodies have been
performed (Blodgei e al,, XE13 Lavreentyev et al., 2000
to amalyse the effect of pecnmg on a materal vamg change
of measured “apparent” conduciiviiy with frequency. The
conductivity of the peened specimen continaously changes
as o function of depth dwe b inleracting effects of several
factors including cold work gradicnts, surface roaghness,
and siress gradients. However, “apparent” conductivity
profiles are anly able s provide a depth-averaged mesponse

Sapmilabod ol
AfFronveiry.
bR

Candasivigy levaqion

Fig. 1 ¢ Praposcd “sppancsa™ comlactivity inversn prodciliee
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uf @ peened specimen. Hence, there is o nesd for an
approprizie imversion scheme that cam recover the
information-rich acinal conductivity profiles from ssch
mieasirements. This paper extends the indoctance inversion
technique already propesed {Sundararaghavan and
Balasubramaniam, 20, Sundararaghavan e al. 2005) w
invert multi-freguency “apparcal”™ conductivity data
measured over nonmagnelic metals. The troe conductivity
profiles show several promising trends that would possibly
albaw characterization of residual siresses in peened
ApEcinens.

2. METHODOLOGY OF INVERSION

The critical impui fer the inversion model comes in the
foam of “apparent” conductivily medsarcments al varksus
frequencics. The “apparent” conductivity measurement is
hased on the notion that the malerial has & single
conductivily thal contribules 1o the measured induwcance
of the coil placed over the material, Given the *apparent™
conductivily, the expecied inductance change of any ool
placesd ower the material can be found using existing eddy
currenl forward models which are either analytical (Dodd
el al., 1970 or hased on the Finie element medhosd. In
this paper, finite element forward model (FEFR)
{Palanisamy. 19800} is used 10 estimaie the inductance values
of a simulated coil placed over the material with the given
“apparent” conductivity af a particalar excilaion frequency.
Far applications invalving conductivity variation with depth
in axi-symmeiric lesting sitmations, zpari from Finile
element hased models, numerical models such as those
reprried h_-,l Lrzal e al. (1993) cam also be wsed as ihe
forward model, The proposed “apparent™ conductiviiy
ing procedure 1= depacied in Figare | Fanate ¢lement
technigque wsing the energy Functional approach

proces

{Palamisamy, 198U} 5 wsed o solve the axi-symmetne
eddy carrent governing equation for the magnelic vecior
patentials (A in the discretized domain consisting of codl,
muaterial and air (Figure 2). The governing egualion for
aMisymimetsic geametrios is given by,

A o

= e sl
] T i

Given the “apparent” condwctivity (0.3 of the material al
frequensy, , the carrent density (13 in the coil and known
peomeincal parameters e bl d) as shown m Figore 2,
the magnetic vecter potentials (4) can be calculared over
all nodes in the discrenzed domain. Only noamagne:
muterinls are considered, henee we use the permeahility of
free space, W, The impedance (£} of the ool whose
wross seclion is discretized into N triangular finite elemenis
is then calculated as,

25 N, 1
2 _-‘_.E' g Al ]

where § s the complex operator, N s the e density
of il coil fiamsm?j, [. is the current in the caoil, e is the
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Fig. 2 : Finilg clomentl model aomligumbsm

angular frequency of ihe excitation curreni, and Ty ﬂ.“,
ﬂ.__l are the cenroidal radivs, centroidal magnetic vector
potential and the aren of the j® iriangular element in the
fanite elensent mesh respectively. The FEFM was verified
by comparing the results with the analytical model reported
by Dodd and reeds | 1996%). The seli-indociance (L} o
acoil, whose height, outer radius, inner mdivs and number
of tarms are 635 mm, 9525 mm. 3175 mm, and 200
respectively, was calcalated uwsing both technigoes.
Analyiical selation vields a self-indesctance of 3,21 Tx 10
Hemres while the M solutsen gives @ sell-andociance
of 3216 x 10* Henries, a net emor kess than 0.1 %, Bassd
o these resalis, the confidence i the FEFM Tor axi-
symmeinic cases was esiablished,

Oince the messured “apparent” conductivities are converted
L incductance values of @ simualated coil, a muli-frequency
imductance inversion model (Sundararaghavan and
Balasubrarmanizm, 2EM; Sundararaghavan, et al., 2S5} 15
wsedl 1 chinin the conduoctiviny profiles, The condoctiviry
profile is assumed o be discontineous, piecewise constant
and each consiant conductivity layer is modeled by several
rews of driangular elements. The multi-frequency
inductance dala inversien scheme is depicled in Figure 3.
During the inductance inversion process, frequencics an:
first soricd in the descending order. The highest freguency,
corresponding w0 the least depth of penetraion acconding
Ll the eptimal skin depth approginaation, s wsed m the
first sexlation step of the inverse mosdel. Since ihe subsiraie
conduchvily 1= known, & two-layer model (opimal skin
depth ai the highesi frequency and the suhsiraied can be
waedl W separabe the conductvity of the wpmost layer
[uring this siep, the finie element foreard model assigns
a range of conductivity values o the fopmost layer and
caleculabes the inductance of ibe codl. The actaal inductance
value is then matched 1 a partieular valae of conduoctivity
by rational inderpolation of the conductivity-induciance data

In the subsequent siep of the inversion scheme, a lower
coil exeiabion requency is used as the inpul o the inverse
madel. In this case, the depth of pesctration is higher than
that of the first frequency input, and the eddy current
pencirabes the op layer whose condoctivity was already
found during the st step, A thaee-laver madel with this
toq layer. a second layer of unknown condoctivity and the
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Fig. 2 - Muhi-frequency induciance mversam schems

substrate cam be used o find the unknown conductivity
by filbowing & procedure similar 1o the first solution siep
of the inversion process. In the n® siep, an n+L-laypered
mrdel is used. The inversion method generates the depth-
conductivity profile within *n” sleps. This lechaigue can
be applicd for measurements pecned samples on which
the siresses are inherently axi-symmetnic (Sundararaghavan
et al. (20050,

Simce the inverse model wses the apparcnt conductivity
data directly, only test specimen relaied parameiers like
hare conductivity and maierial thickness need o he
provided o the imverse model. The measurement is
performed al each frequency al two levels o discussed
before, (1) Experimental measurement of “apparent”
conductivily asing a conductivity meter and | 2) & compater
sumalabed measurement of inductance of a simuolaled coil
wver ibe material wsing the sel up shown in Figure. 2. In
e simulated measurement, the viroal iest specimen is
given a uniform conductivity corresponding to the effective
conductivity of the specimen as measured by the
conductivity meter in step (1), The second slep employs
a simulated air-core coil whose parameters ane given in
Takle. |. This is an advaniage over the mulii fregquency
indluctance inversion scheme where customieed ocils were
fabricawed and the coil parameters and B off have o be
mieasured pccurmiely and fed imito the inverse model
iSundararaghavan er al., 2005), §
works with apparent condus

ce the proposed model
es an an input, the

mductance measwrement 15 performed on compuler asing
the Fimite element model.

3. MODEL VALIDATION

The forward model is used o generale the “apparent”
conduciivily mpals For the aaversion model given any
condactivity profile, The meithodelogy For the forward

problem ds shown in Figure 4. Piecewise conslanl
conductivity profiles were simulaied on the material wiith
a conduoctiviey of 28 MS/m and a relative permeability of
| assigned to the subsirale for all simulations. The FEFM
in used i measure the inductance of & coil placed over
the material with the known conductivity profile. The
geometrical parameters of the simolated coil wsed for the
simulamions are specificd in Table-1. A conductivily-
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the conducivity profile

inductance calibration corve s used 1o caleulate the
“apparent” conductivilies corresponding o the measured
inductances at variows frequencics. The calibration curve
fur amy particalar measurement configuration can he
peneraied wsing the finire element foreard model,

T different piccewise continuous conductivity profiles
were simulzied on the matermal and are phoited in Figure
5, The “apparent” condoctivities al 6 different freguencics
for each of these profiles are shown alongside the simulated
profiles. The “apparent™ condsctivity-frequency dot was
inverled wsang the proposed algorithm wsng an oplmom
skin depth of 2d
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Tahle — | © Propertics of the simulated pancake coil

Properiy vk
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bresy vmlims i1, mm} 2.5
Lifi O4F ¢l mim} L]
Thickiz:s {h mim) 1=

A comparison of the acal conductivity profile and the
“apparent” conductivity messurements in Figare 5 reveals
that the trends in “apparcnt”™ conductivity are nod indicative
of the actual conductivity gradients in the material. For
example in Figure Sia), the acnaal conductiviey gradien: is
monolonically imcreasing whereas the “apparent™
conductivity plof in Figore 5¢h) does nol show any such
irend. 00 must also be noted bere thal Tor a moenolonk:

change in actual conductivity of about 253%, the

corresponding change i the “apparent”™ conductivity is of
the order of only abom 1%, Alse, the “apparent™
conductivity measurements ane significantly influenced by
the top most layer conduclivity. Similarly, for case in
Figare Sb, a 10#% change in actal conductivity brings
abowt changes in the “apparent” conductivity of the order
of anly 1%, This FEFM resolt clearly shows the reason
for the lack of sensaivity of the “apparent” conductivily
measurement o condactivity depth prefiling during
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measurements of maletial propenties such as siress as
reported clsewhere (Lavrentyey el al., 2000: Bledgen e
al, (HMIF}S,

The “apparent™ conductivity datn was then used an inpat
into the mversion model and the reconstrucied actual
iy profiles are compared with dhe inpat aciual
y profiles in Figore 6. The “apparent™
eondeativity inversion methodelogy was implemenizd nf.ilg
Ci+ selvers Tor the eddy camend forward FEM problem
and a LabVIEW graphical user interface, The method s
computationally efficient and consumes 001 seconds for
cach “apparent” conductivity measurement om 2 2.2 GHz
Bentium 1V PC. Henee, the methodology has scope for
applicability in online mosilonng where the profiles are
expocted 10 be axisymmedric, in processes sach as peening
amd heat treatment.

conducii

conduc

An amalysis of Figure 6 indicates that the correlation
berween the actual conduetiviey and the reconstrocied
conductivity §s excellent mear the surface, bul the
recenaliuction e progressively increases with depih
The increase in reconstruction ermor with depth can be
attributed o the skin depth approximation wsed in the
proposed incremental layer approach. The skin depih (d)y

—&— Invergion result
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in the proposed model was caleulated based on the
suhstrate condiscrivily since the actial conductivities are
not known prior o the reconstnaction. Fotore waork might
invalve cqptimization of the skin depths based on an ierative
framework using an imilial guess based on the substrate
conductivity for the reconstraction. It must also be poted
ihat subsirate comductivity is notb casily obtained. These
may be coarsely approximated by the “apparent”
conductivity measured over surface umaliered specimens
al bow frequencics or by using the infrinsie volumetric
conductivity of the materal,

4. SEMSITIVITY OF ~APPARENT®
CONDUCTIMVITY BASED INVERSION

It is difficult o quantify the error in the multi-frequency
inductance inversion scheme since the procedore is
dependant on accorate measurement of multiple coil
geametry parameters. There is a need for an inversion
procedore that works regardless of the measaremenl sensor
design. In the “apparent™ condus inversion lechnig
the only eddy current measurerment inpul is the “apparent™
conductivity, These valies con be measured asing several
availahle commercial conductivity meters within an
meeuruey of 1 5% TACS by calibrating againsd reference

—#— Inversion result
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slandards o0 working frequencies. The success of any
inversion scheme depends on its stability within this range
of umcerizinty,

In order W best the robustness of the propesed inversion
method, Hnear conductivity profiles sene reconsiructed
weing “appurent” condu es with simulajed measurement
errars [ Mmoiae”) @ mpal. Figare Ta) shows e I.}'pk‘al
change in BMS error in the conduciivity profile
reconatructed using the proposed inversion scheme when
different amounts of “moise” are added w the “apparem™
conductivity inputs. Figure Tik} shows the change in
correlation of the reconstrucied profile with the acmal
conductivity profile due 1o errer in the “apparem”™
conductivity inpat. The “apparest”™ conductivity inversion
saleme gives a BRMS error of 009 MS'm or +0.3% of
the substrate conductivity 15} for an error in “appanent™
comduetiviey measarenent of +0.5% [ACS. The quality of
carrelation of the reconsirucied profile with the actual
profile is excellent even for emors a5 large as 109 [TACS
Hemee, the proposed “apparent” conductivily iaversisn
seheme is robast enough o accommaodase for reasonable

mEksure menl uncerlaimics.

5 INVERSION FOR SHOT PEEMED
SAMPLES

Famgue cracks typically mitiate from the sorface since the
opeTating stresses are offen maximum at the sarface, One
ol the mosl populer methods B prevenl crack imibation 15
Lo induce compressive residual siresses at the surface by
means of peening. In the process of shot peening, a high-
welocity stream of heads are used 1o plastically deform the
surface of a specimen Within the plastically defommed
layer, compressive residual stresses are kecked in and are
balanced by wensile residual stresses in e unaffected base
metal. Over @ umilormly peened base msetal, these mesadual
siresses are known i be axisymmedric in nature allowing
amalysis of “apparent” conduciyity da wsing the proposed
maoikel,

The elecirical conductivity of the cold worked laver is
lower than the conductivity of the underlying base mel
Fidy current apparent conductivity measuremenls sver a
range of Irequencies in mosl peened matenials wsoally display
adrend of decreasing apparent” conductivity with increasze
in frequency (wilh the exceplion of certain alleys wath
picearesistive properticsl. Al high frequencies the depih of
penetration 15 low and the measerement is domingied by
the effect of the cold worked laver that effectively
decreases the apparent conductivity. Dae to large depth of
penetration al lower Frequencies, the effect of the cokl
worked layer near the surface is diminished and measused
apparent conduclivity approaches the sohstrale
comductivity. On the oteer hand, it s well kpown that
compre saive sinesses resull inoan increase in conducivity.
The effect of eold work is predominant clese o the surface
and the maximum compressive siresaes (s, maximom
Wties) are aheaine:d o a certain depth

incrense in condus
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helow the surface. The effect of compressive siresses
can be, in principle, observed by taking “apparent”
Md'\!llullr measarements &l multiple frequencies that
would selecuvely reach required depths in the sample.
Huowever, ithe iniensity of eddy currenis is largely affecied
due 10 the layers of decreased conduciivity chese o ihe
surface than the sub surface compressive siresses due o
the skin effect. “Apparent” conductivity measurement
averages aut (he conductivities aver the depth of penetration
and hence, does ot reflect the rue underying conductivity
profile. Furiher, effect of shot peening on measured
“apparent” conductivity is quite modest ai about 1o 2%,
making 1 difficalt w geaniify the change due w
comipressive stresses, However, it wouald be interesting o
abserve the trends in the seioal conductivity profiles sincee
the effect of cokl work amd compressive siresses on the
conductivity at every depth insde the specimen can be
quantitatively ascerigined. In our previous study on water
jet peened samples, the effect of cold work was found o
he low and e conductivities provided tremids consistent
with the effect of residoal siresses (Sundararaghavan and
Halasuhra i 2ij)4; Sund, ghavan et al, 20HI5). 1t
in possible that simikar rends might be observed in the
profiles oblamed from shol peening although we expect
eold work 1o be Far langer under selid impact, As discussed
belore (see Fig. 50 small changes in measured “apparent™
conductivity can result from large changes in true
conducivity over senall depths, which can possibly provide
sufficient resolution to caplure the effect of compressive
stresses, In additien 10 cold work and residual stresses,
surface roughness effect (Bledgett et al., {20034 and
texiure also causes & distortion 0 “apparent”™ conductivity
measurements. The effect of crysizllographic anisotropy
dexture} on conductiviey is assnmed to be negligible and
is not considered in the present study. Grd measurement
methads for independent conductivity and lift-ofF

micasuremenls have been reporied (Washabaugh er al,
MY thai makes the measuremenis insensifive o sarface
roughness elfect. Figure 8 shows one sech result of
muliiple frequency apparent conduciiviiy measarement
{Washabaugh et al, 2N with grid measwremen] methods
for Al 124 samples shod peened o Almen intensities of
L35, G012, and 0.017, Scale A

In these “apparent” condoctivily measuremenls, the
unpeened cample conductivily was eszenfially constant with
Irequency which validates the qualiy of the reference
apecimen and provides ihe valee of conductivity of the
unaffecied subsiraie (17207 M3/m). The daia shows a
clear trend of decreasing condectivity with frequency,
displaving the predominant effect of cold working, Troe
conductivity profiles up 0 2 depth of (1384 mm were
abtained from this data set by inverting the “apparen”
conductivily measurements at four frequencies of 2 MHz,
I MHz, 1.6 MHz and $.4 MHz. These Frequencies
correapond o oplimal depths of 168 mm, .24 mm,
(L3012 mm and 0384 mm, The resulis are shown in Fig.
9 Since the diflerence in deplhs berween specessive lavers
ie less than .1 mm, the assumplion of constamt
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Fig. & Muluple frayiency measuremeent reswles for Al 2024 allay
shol peemed o Almen mionsities of WKLS, 4442, and
LT, Scale A as reporiad in Washabaugh el al. r20HK8¥.
Taated lines neprasent the apparenl condictivny profiles
reruEk e el using specissces with conduciving profiles
shawn in Fig. 9.

conductivity layers is expected o provide a goed
approximation. Hewever, since “appanent” conductivity data
was o provided above T MHz, the rue profilke up o a
depth of [LL6E mm was not known and was approximated
by a single layer of constant condectivity,

To validare the inverted conductivity profiles, apparent
conduciivities al 2-0.4 MHz wene ablained from profiles
in Fig. % using FEFM and are shown as dotied lines sver
the experimental data in Fig. & The reswlis show that the
reconstruclion accurately represents the trend in apparent
conduciy
mal depth). The recensiruction errer hecomes
cant over larger depths (lower Iregquencies) doe
the optimal skin depth approgimation using the assume:d
subatrare conduociiviey. For example, in the case of the
high peening intensity sample ¢LOIT Ad, doved lines in
Fir. B show a large deviation at 0.5 MHz since the optimal
depths are expected 0 be higher than those used in the
inversion. This is becawse the effective conductivity of
the substrate is lower than the assamed substrate
comnductivity duc io a larger cold worked laver, On the
ather hand, e assumed substrate conductivity provides
n good approximation for the (LBA sample that has a

iy up o3 Irequency of 006 MHz (0,312 mm

smaller cold worked layer

In all the peened samples, a large drop in conduciivity is
observed close to the sorface op o aboar 034 mmoand
the deop in conductivily closely melames o the peening
intemsity, the largest drop oceurring for the sample with

highest peenimg mieasity. This elfect can be atiribuied e
the dominant effect of cold working over the near surface
Lawers. The trend reverses Por the 000124 and 00174
samples, wherein o definile increase in conductivity is
vbhserved Trom a depth of .24 mm, howewer the
conductivity is still helow subsirate conductivity. The effect
af cold work that decreases the conductivity is passibly
offset due w the oppesing effect of compressive stresses
causing this increase, This effect increases with increasing
peening intensitics as seen from the inverted profiles.
Further experimental study of this effect (including
measarements al sagnilicantly higher Ireguencies) wookl

Wal, 1, Tssiie 2 Seplerber 200 |

Depthjmm|

Fig. % : Depth profiles al conductivity roconssnactisd from apparent
comhicliviy dsts in Fig, R ussg the progaosal inversion
sl gosnithis

allow accurate charscterization of conductivity profiles
and possible calibrution of residual stresses or the depth
uf marimum compressive sircsscs in pecncd specimens,
Alibough the measurement bevond 1312 mm carries
significant reconstruction ermor for specimens with higher
peening imlensites, the rend of @ drop m condoctivity al
depthe between (1312 and (L3182 mm s consistent for all
the peencd samples, This might be due w the effects of
hath tensile stresses in the subsirate as well as the plasiic

strams that might exisf al these deptha, 10s mieresing o
mobe that significani changes in the true conduciivity profiles
are abtained even though pereentage change in the appancnt
conductivilies at these frequencies are small, which might
provide the resolotion requined o caplore the effect of
residual siresses on condoctivity.

6. COMCLUSION

Monwvation of this work was a study of the wse of
“apparent” conductivity as a hasis for characierizing
surface-treated specimens [mom processes like peening,
heat treaiment, cladding, coating ete. Simulations show
thar the “apparent” conduetivity dees pot fallow the mends
Fellewed by the actual conductivity profiles. Also, far
large changes in the acwal conductivity with deph, the
“apparcnt” conductivity measarements show relatively poor
semsitivities. Hence, there is a need s further process e
measared “apparent” conductivity in order o oblain the
information-rich conductivity grudients. A new “apparent™
conductiviy version methodolagy has been presented in
ihvis paper 2= an exiension s the muli-reguency indoctance
mversion methodelogy proposed by the same anthors
{Sundararaghavan and Balasohramaniam, 2065 The
methad s specific o plasar layered geomelries, is
compualaticnally efficient and is applicahle For caline testing.
A sty of sensitivity of the echnique indicates that e
scheme is robust over a range of measarement
unceriginties. An advaniage that this methodology enjoys
is that it dues mol require exiensive probe calibration or
design and can be wsed along with any commercial sensor
or condacivily melers thal can work over a range of
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freguencics. Inversion of “apparent™ conductivity
measurements of shot peened samples show large changes
in conduciivities near ibe surfoce even rlun.lgh ibhe ch

.

Lavrentyew, A0, PA, Swky and WA, Veronesi,
“Feasihility of Ultrasonic and Eddy Current Methods
Far M i of Residual Stress in Shed Peemied

in “apparent’” condsctivibies are quile modest, A decredae
in conductivity due o cold working is possibly offset due
o the effest of compressive siresses al pamicular depihs
amdl the trend is stironger with increasing peening inlensitics.
This interesting ohaervation might allow possible
characterication of residual siresses from peening.

Dependence on substrate conductivity for calculating the
optimal depth of penetration of cddy currents leads w
erroncous calcalation of optimal depths in applications
where large changes in conductivities ane observed over
the depth of the specimen. Hence, ibe reconstruction
errar progressively inereases with decreasing frequencies
wsedd in reconstruction. Fature work in this area involves
improvement of the inverse medel by wsing an ilerative
framework @ elininate the need For wsing opiimal skin
bepth approgimation based on sahsirate conductivitg. This
would allow accurate mversion over a larger range of
frequencies, Further experimenial work nesds o be carrie:d

oul ky lest ihe applicabiliny of the wehnigue Tor monilonng
resilual stresses over peencd specimens.
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ABSTRACT

This guper discisses abwiel (he pussdbdity of deicelion of cnmmpped Tocign vhiod s mesiie vessel by il spodtion

sechiniie. The imgpoction plan is Jdes
arkeeving hietler Maimenince [wctice

INTRODUGTION

Availability of any sobsystem in a thermal power plant
plays o very imperiant male in uninlerrupled generation of
eleciricity. The plant consists of nomber of units based on
the toizl generating capacity. The typical capacity of one
stich anit may he from 1D MW o 660 MW, The seam
generutor of a unit of a power plant namely the boiler is
one sach important subsyadem. A typical hoiler consicds of
warious pressure vessels eop. headers, droms emeant Tor
containing the working fuids namely water and stcam of
warving lemperatiare and pressare m the circuit. Pregquent
forced outages reduce fis availability, One of the major
causes of forced outages of he boiler s the enlrapment
of fureign objects insile such closed pressure vessels e
leeaders. The abjects could ke anything like welding rods,
iren files, insulation malerials, woeden pieces elc, These
unwanted foreign ahjects resirict the ow of the working
Thutd cawsang starvatmon m the tubes which eventually kads
o beakage. Dietail failure investigation of such whes confirms
the presence of loreiga objects inside the beaders. Thas
detection and retrieval of the foreign ohjects in the vessel
ool prime mperiance W redoce the forced owlages of
the hailer causing hage peneration ks,

Generally Nbroscopic inspection is camied oul For deiecting
the entrapped fonmeign malerial mside the headers. Inspection
nipples or stub joints are col for creating the apening for
wseriing the Obre-opic probe inside the otherwise
ingceessible locafion of the headers. The inspection will
detect the Toncign matersal af il is physically present inside:
otherwise no such detection will be made, Howewver,
irrespective of the detection or nod, the cpenings created
Far thiz inspection need g be closed hefore restart of the
plant. This reguires re-wekling of the cul porton, siress
relieving based on thickness and radiography io check the
weld guality, In case of absence of any foreign maierial,
these are additional work serving no meaningful purposes
and dhe same can be svoided iF the informarion that “po
Forengn maternal 15 inside the header”™ 12 kaown by some

o mial illusmaiel bere. Saccessfal in-soe implementatin of this sechnigee will help @
i the plint Compunents.

wiber means, Thus o priori information regarding the
presenee or ahsence of ihe forcign maierial will help in
uptimizing the cutting, welding, radwgraphy work.,

An ultrasonic inspection plan is developed in the present
imvestigation which will provide a prior information
regarding the presence or absence of the foreign maierial
inside the headers, The inspection will help in kener
mainlenance planning with respect B oplimam olilization
of time and rescurce of planis and indusiries.

Inspection plan

A schematic disgram of dhe inspection plan is il lestraied in
Figure 1 below.
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Fig. 1 - Scherate dusgrom of longieodinal insgpec o plan

The pressore vessel containing an unwanted feneign ehject
is pantially flled with slagrant waler. The object could
cither ke in suspension in waier or resiing in the hoitom
portion of the vessel depending on s specific gravily.
Twa nlirasonic probes; ane fransmibier ansd ansiher receiver
are placed on the sarfaee of the vessel anoa pich-catch
arrangement and scanming is performed along the
lumgitudinal directien @ in olirascnie Time of Flight
Diffruction (TOFD) inspection. However, in TOFID, the
diffracted beam from the faw is considered Tor s
detection and sizing. Here in this case we are using the




