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VALTION TEKNILLINEN TUTKIMUSKESKUS

Otaniemi 1973-06-II

Suomen Atomiteknitlisen Seunan tutustumismatkalle Ruotsin ja Tanskan ydintutkimus-
ja ydinvoimalaitoksiin 1973-05-08...13 osallistuneiden VTT:n tutkijoiden matka-

kentomus

]. YLEISTA

Suomen Atomiteknillinen Seura j5njesti toukokuun 8...13 pdivlind 1973 tiitteenii I
olevan ohjelman mukaisen koulutus- ja tutustumismatkan Ruotsin ja Tanskan ydin-

alan laitoksiin. I'latkan aikana tutustuttiin AB Atomenergin tutkimuskeskukseen

StudsvikissH, Oskanshamnin ydinvoimalaitokseen, Uddcombin tehtaaseen, Banseb5ckin

ydinvoimalaitostydmaahan ja Ris6n tutkimuskeskukseen.

Matkan osanottajaluettelo on liitteen5 2. VTT:stH matkalle osallistui Kauppa- ja

teollisuusministeniSn rahoituksella tekn.lis. Markku Rajamiiki ja dipl.ins. Eercr

Patnakka ReaktonianalyysiryhmAst5, diplomi-insin66rit Seppo Salmenhaana ja Juha-

ni Johansson Reaktonilabonatoniosta, dipt.ins. Seppo Vuoni Liimmitysneaktoriryh-

m5stli, dipl.ins. Mankku Winter DynamiikkanyhmHstii ja diplomi-insin66rit Jukka

Kangas ja Jorrna V5kipanta LuotettavuusnyhmlistH. Lis5ksi matkalle osallistui V'lT:

sta omalla kustannuksellaan dipl.ins. Frej Wasastjenna Reaktorianalyysiryhmiist,'i,

dipl.ins. Anteno Tiitta Reaktorilabonatoniosta, dip1.ins. Risto Tanjanne Liimmi-

tysreaktorir"yhmHstii ja tekn.Iis. Juhani Ervamaa LuotettavuusryhmiistH.

Seunaavassa on selostettu matkakohteittain laitoksia, joihin tutustuttiin, ja

matkalla saatuja vaikutelmia.

2, STUDVIKIN TUTKIMUSKESKUS

0pintomatkan ensimmliinen tutustumiskohde oli AB Atomenergin atomiteknillinen tut-
kimuskeskus Studsvikissd. Tutustumisen aluksi pidettiin luentosalissa n. tunnin
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kest5nyt yleisesittelytilaisuus, jossa luotiin yleiskatsaus Studsvikissii suori-
tettavaan tutkimustoimintaan sekH slihk6energian tarpeeseen Ruotsissa ja sen tyy-
dyttiimistii vanten kaavailtuun reaktonien nakennusohjelmaan. LisSksi t5ss5 tilai-
suudessa esiteltiin esijSnnitetystii betonista valmistettavan reaktoripaineastian

kehitysprojektin tHmHn hetkinen tilanne. Betonipaineastialla katsottiin oLevan

useita etuja vennattuna tavanomaiseen teriispaineastiaan mm. suurempi turvallisuus
ja ett5 suunikin yksikk6koko void.aan toteuttaa ilman kuljetusongelmia. Toisaalta

i<lean soveltamista kiiytHnt66n hidastaa puute kiiytiinndn kokemuksista.

AamupHivlin ensimm;iisen5 tutustumiskohteena olikin mittakaavassa 1:3r5 tehty beto-

nipaineastia, joka on nakennettu v. 1969. T:illa mallilla on suoritettu erilaisia
1;irnp6tila- ja ylipainetestauksia sekS lisHksi onnettomuustilanteita simuloivia

kokeita. Kiehutusvesineaktorin osalta on jo te115 hetkellii valmiit suunnitefmat

kaupallista soveltamista silmiill3pitiien ja tehdyt suunnitelmat ovat suunelta osin

sovellettavissa myds painevesireaktoneihin.

Toisena kohteena aamupHivHtlii oli llimpdlaboratorio, jossa tutkitaan mm. l5mp6-

ja vintaustekniikkaa, hydrauliikkaa ja enilaisia materiaaliongelmia sek5 suoni-

tetaan erilaisten laitteiden toimintakokeita. Laboratoniossa on kaikkiaan l5

suurempaa koelaitteistoa eIi piir:ili, joi1la em. tutkimusaloihin liittyv5t kokeet

suoritetaan.

Lounaan yhteydess5 selostettiin Studsvikissii suoritettavaa polttoaineen testaus-

toimintaa. R2-tutkimusreaktonissa polttoainesauvaniiytettii sHteilytetii5n erilaisis-
sa olosuhteissa ja tulokseksi saadaan tietoja polttoaineen geometrian ja lujuus-

ominaisuuksien muuttumisesta palaman ja vallinneen sliteilytystason funktiona.

IltapHiviitlii ensimmliisen5 tutustumiskohteena ol,i tutkimusneaktori R2, jonka teho

on 50 MW(t) ja jeehdytteenH/modenaattorina toimii kevyt vesi sek5 heijastimena

Be ja Dr0. Reaktoria voidaan kayttiia er"ilaisiin sliteilytystankoituksiin ja lisiik-
si on 6 kiinteiite testauspiiriH, joiden avuIla voidaan testata erityyppisten re-

aktoreiden polttoainemateriaaleja olosuhteissa, jotka ldmpotilan, paineen ja neut-

ronivuon suhteen vastaavat kyseisten reaktoreiden ominaisuuksia. Samassa rakennuk-

sessa toimii myiis R2-O reaktori, joka on allastyyppinen, luonnonkierrolla iiiiihdy-

tetty ja maksimiteho on L MW.
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IltapHiviin toisena kohteena oIi korroosiolabonatorio, jossa testataan eri reak-

torimateriaalej a olosuhteissa, iotka simuloivat neaktorilaitoksissa vall itsevia

olosuhteita. Labonatonion laitteistot eivrit kuitenkaan ole rajoittuneet pelk;js-

tliHn ydintekniikan materiaalien testaukseen, vaan niitH voidaan suureksi osaksi

klyttiiS my6s muihin tankoituksiin.

Iltap.livHllH tutustuttiin lisliksi vielii Studsvikin laajaan ydinteknilliseen kir-
j astoon.

KHynnin aikan oppaina toimivat seunaavat henkilijt:

R Nilson' vVD

S Ahlqvist
J Plinta
B Johnsson

P Margen

H Mogard

B Pershagen

T Peters6n

M de Pourbaix

K Saltvedt
S Sandstr6m

Industriella Projekt och MarknadsuEveckling

Materialforskningsreaktor R2

VErme- och Srrijmningsteknik

Mekaniska Kons trukt ioner

Program och Marknadsutveckling
tl

Reaktorer

Personal

Korrosi-on och Reakrorkemi

Macerialf orsknings reaktor R2

Externa Relationer

2 OSKARSHAMNIN YDINVOIMALAITOS

Tutustuminen laitokseen alkoi isHntien 1yhye1l5 katsauksella Oskarshamnverketiin

sekii yleis6lle tankoitetulla filmiesitykselld, missH erityisesti pyrittiin ko-

rostamaan turvarlisuusniikdkohtia. TiimHn jiilkeen katseltiin vierailijoille tarkoi-

tettua niiyttelyli, joka kentoo yclinvoiman kehityksestli ja itse Oskarshamnin Iai-

toksesta.

Oskarshamn I on Ruotsin ensimm5inen kaupallinen ydinvoimalaitos. Sen omistaa OKC

(gskarshamnverkets kraftgrupp AB), jonka ovat muodostaneet I suurta yksityistli

j a kunnall i sta vo imaYht icit 5 .
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Oskarshamnin laitos, jonka ensimm5inen voimalaitosblokki on OI, sijaitsee
noin 25 km gskarshamnin keskustasta pohjoiseen Simpevarpin niemellS.

OI:ssa on ASEA AToMin valmistama 440 I'lW(e) nettotehoinen kiehutusvesireaktori.
Tunpiinion STAL-{,AVALin tuotantoa. Paineastia on saksalaisvalmisteinen. O1:n

a.Iustava sopimus tehtiin I965 ja toimitus tapahtui avaimet klteen periaatteella.
Laitos kHynnistyi 1971-.

OII, joka sijaitsee 0I:n vieressH on vasta rakenteilla ja sen pitdisi kiiynnistyi
kesiil15 1974. t{yds 0II on ASEA ATOl.lin kiehutusvesireaktori, mutta teho on OI:n

tehoa suurempi nettotehon ollessa 580 MW(e). Turpiinin on valmistanut STAL-LAVAL'

nyt BBC:n Iisenssillii. Paineastia on ruotsalainen (IDDCOl'lBin tekemii. 0II:n toimitus

tapahtuu siten, ette OKG:II5 on pHivastuu.

Ilsittelyosuuden jlilkeen tutustuttiin ensin 0I:een. OI ol-i kiivnnin aikana vali-
tettavasti pyslihdyksissii sekunclHiinipuolen vian vuoksi (turpiinir"ikko),jolloin

mycis mydhemmaksi suunnitellut huolto ym. toimenpiteet o1i siimetty ko. seisokin

aikana suonitettaviksi. OI:ssli tutustuttiin ainoastaan valvomohuoneeseenrsiihen-

kin yleisiiparvekkeelta.

CIf tutustuminen oli melkoisesti vaLaisevampi. Reaktorirakennuksessa kiviiistiin
katsomassa reaktorihallia. Reaktoriastiaa ei nHkynyt, vaan ainoastaan puolipallon

muotoinen suojakupu ja polttoaineen siilytysaltaat. Reaktoriastian alapuole.IIa

olevassa tilassa kiiytiin viLkaisemassa pS5kiertopumppuja ja sSlit6sauvalaitteistoa.

Turpiinihallissa oli turpiini asennusvaiheessa, samoin lauhduttimet ym. IIalIiin
o1i sijoitettu my6s sekundHinipiirin pienoismalli. Lopuksi kliytiin vilkaisemassa

lauhdutusveden sisHiinottopaikkaa.

4. UDDCOI4BII.{ TNHDAS

l.latkan kolmas kohcle oli Karlskronassa meren rannalla si-i aitseva Uddcombin tehclas.

Sen omistavat Ruotsin valtio, Uddeholms Ab ja amerikkalainen yritys Conrbust ion

I-ngineering (25s,). Tehdas on perustettu v. 1969 valmistamaan piiasiallisesti vdin-

voimaloiden raskaita paineastioita 'ja muita komponentteja. Tiitii tarkoitusta varten

se on varustettu 800 tonnin nosturilla, jo1la lastaus Iaivaan voidaarn suorittaa
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siuoraan tehtaalta. Ve<len syvyys laiturin kohdal-Ia on 6 m. (Jddcombin tehdasta
nrainostetaankin Xuroopan kehittyneimpiin5 neaktoripaineastioi<len vaLmistajana

Jonkinlaisen kl-isitvksen tehtaan toiminnan laajuudesta saa tankastel-emal-La toi-
mitettujen tai valmisteilta olevien suurir,rpien ydinvoimalakomponenttierr luettc-
loa: 6 kpl neaktorioaineastioitar 3:een neaktoriin reaktoripaineastian sisiiosi.:,
3 kpl paineen oitdvii suojarakennuksia, 3 kpl hiiyrygener"aattoreita, 3 kpl muira

naineastioita, 2:en reaktoriin pnimaaniputkikomponentteja ja 3 kpl PS-kupoleja.

Tontaan tfirkeimmiit tuotantolaitokset ovat konepaja, laboratorio, rarliografia-
.iaitos ja piiSstohehkutusuuni. Niista tutustuimme labonatorioon ja konepajaan.

Varsinkin konepaja ol-i vierail-ukohteena onnistunut. Siellli oLi helppo tarkastell-a
paineastioiden valmistuksessa kiiytettyjl menetelmiii ja my,is useita viilivaihe i t.r

oii n5htHvissii kuten esimerkiksi Bansebiick I:n, liihes valmis, 520 tonnia pcrinav.r

paineastia ja Ringhals 3:een tuleva, viel;i osina oleva, 350 tonnin paineastia.
SilrniinpistlivimpiH tyrivaiheita olivat y1i 20 cm-paksuisten levyjen taivutus k.ra-

riksi, niiden hitsaus sylinterinenkaiksi, paineastian rungon kokoonpano n.'i'istli

nenkaista, paineastian sisiipuolen hitsaamalla tapahtuva pilillystliminen ruostu-

mattomal-La ter;ikseLl.i ja sHiitijsauvojen liipivientien kiinnihitsaus. Viimeksimai-

nittu ty.ivaihe on teht:iv;i k;isin ja sen suonittaminen kestii.l n. 3 vuotta ja muo-

dostaa niin suurimman osan kokonaisval-mistusajasta.

Yleisvaikutelmana tehtaasta voi sanoa, ettii kiiytetyt tyokoneet ja -Iaitteet vai-
kuttivat jotenkin kii;lpi5mHisilte massiivisten paineastiain osien rinna.lla. 'l'istli

syyste voi olettaa tulevaisuudessa tapahtuvan melkoista kehityst:i tAll:i tekrrii-
kan a1alla. Jo nyt on kokeiltu pHsllystyshitsauksessa leveiimpi5 kuin klytrissii
olevaa n. 0r5 cm:n saumaa.

5. RARSEBACKIN YD INVO IMALA ITOSTYO},tAA

Sydsvenska Knatf AB, jonka pliHosakkaina ovat Etelii-Ruotsin kaupungit, rakennuttaa

Barseb5ckiin kahta ydinvoimalayksikk<i;i, jotka kumpikin ovat teholtaan 580 ill'le.

Reaktorit toimittaa ASEA AT0ll, ja ne tulevat olemaan miltei samanlaiset kuin
Oskarshamn II:n kiehutusreaktori. Polttoainenippujen lukum,'iiiri on kuitenkin hie-
man pienempi (444>.a36) ia nipun kokonaispituus hieman :;uurempi (462Omm><t+3B5mm).



SamaIIe paikalle nakennettanee my6hemmin kaksi tisdyksikk6ii, jotka on suunniteltu
otettavaksi k5jrttriiin I980-Iuvun puolivlilissli.

Banseb5ck I:n rakennustydt olivat edistyneet siihen vaiheeseen, ett5 oli mahdol-

Iista ryhtyH neaktoripaineastian asennukseen. Vansinaiset faitteistoasennukset
eivHt kuitenkaan vielH oLleet alkaneet, ja nakennusten valutydt olivat vieli kbs-

ken. Banseblick II:ssa olivat k5ynniss5 pohjarakennusty6t.

Voimalaitoksen sijaintipaikassa on huomionarvoista se, ettii se on yhtii kaukana

MaIm6stH ja K66penhaminasta. Niinpli etHisyys BansebHckistii Juutinnauman vastak-

kaisella puolella sijaitsevaan Kii6penhaminaan on vain n. 20 km. Ilmeisesti t5mHn

vuoksi nuotsalaiset ovat nyhtyneet yhteistyoh6n Kii6penhaminan yliopiston kanssa

tankoituksena tutkia veden virtaus- ja lHrnpdtilaolosuhteita voimalaitoksen Lii-
heisyydessii.

Barseb5ckin liiheisyys useisiin kaupunkeihin niihden (t5ss5 voidaan puhua jo
IHhisijoitusvoimalasta) on aiheuttanut sen, ettii on nyhdytty hankitsem.lan rnaltdol-

Iisuutta kHyttiiii jotain voimalayksikk6ii mytis kaukoliimmitykseen (Iiihinnii tulisi
kyeeeseen Lund). PHHt6ksili ei ole viel5 tehty, eikH kaukollimp6k5ytt6 tule kysee-

seen kahdessa ensimmHisessii voimalayksik6ssH.

6. RIS6N TUTKIMUSKESKUS

Ennen kientokiiynti5 Risdn tutkimuskeskuksessa isdnnlit esittelivlit kuvin ja sanoin

tutkimuskeskusta ja siellii teht5viis ty6t5. Kientokiiyntien jHlkeen oli jHrjestetty
cbcktail- ja piiiv6llistilaisuus, jossa oli mahdoLlisuus keskustella isintien kans-

sa.

6. I VedenkHsittelvlaitteisto

Ensimm5isen5 kohteena esiteltiin vedentislauslaitteisto, joka tuotti enittliin puh-

taaksi, steniiliksi ja pyrogeenivapaaksi tislattua vettii. Laitteen kiehutusosassa

kehitetty h6yry tiivistet5iin nostamalla painetta mekaanisella pumpulla, ja hiiynyn

tiivistyessH syntyvli }iimp6 siirr.et55n lsmm6nvaihtimella takaisin nesteeseen, joka
.tpnosessin seunaavassa vaiheessa joutuu hiiynystym5Hn. Saatu tisle johdetaan vielii

toisioliimm6nvaihtimeen, jossa se luovuttaa ylim5liniiisen'energiansa sy6tt6veden esi-



Iiirnmitykseen. Tiill.1 toimintaperiaatteella p5SstHdn pieneen enengiankulutukseen

eikli erillistl jlHhdvtysvesiiiirjestelmiiH tarvita. Samanlaista prosessia voidaan

kHyttSS myiis tehoreaktoneiden nadioaktiivisten jlitteiden klisittelyss.'i, jolloin
jlitteistli poistetaan vesi tAIlA menetelmHllA ja syntyvlt kiinteijt ainekset va-

rastoidaan.

6.2 Metallungian Iabonatorio

Seunaavaksi kHvimme nakennuksessa, johon oli si'ioitettu "hot cellr' -osastoja.
Sitten tutustuimme metallungian laboratonioon, jossa esiteltiin polttoainesauvo-
jen suojakuoniputkien dimensio- ja defektimliHnien tarkastuslaite. Tankastusmene-

telmii perustuu ul-traliSnen hyviiksikHyttdiin ja sitii sovellettiin zircalloy-putkiin.
Laitteiston muodosti tankastettavaaa putkea ymplir6ivii vesikammio, johon oIi si-
joitettu ultnaiiiiniantunit. Koska vesikammio antureineen py6nii suunella nopeu-

de1la tarkastettavan putken VmpHni, on tarkastusnopeutta saatu lisdtyksi huomatta-

vasti. Suurena etuna on se, ettii mekaanisilta kosketuksilta putken ja antureiden

v51iI15. on viiltytty, joten putkelle ei tiistH syystii aiheudu vaunioita. Putken

liikkuessa antureiden editse mitataan sen dimensiot ja defektimiiSrii samanaikaises-

ti. Putken sisiihaLkaisija lasketaan mitatun sein?imlin paksuuden ja ulkohalkaisi-
jan perusteella. UltraH5niantuneista saatavat signaalit kiisitetlSSn tietokoneella,
-ioka vlilitt6miisti laskee dimensiot ja defektien mdiiniin. Dimensiot ja defektit on

Iajiteltu koon mukaan ja niitii vennataan spesifikaatioihin. Tietokone luokittelee
sitten nHmH tiedot putken eni osilLe.

Erityisesti laitteiston toimintanopeus ja tarkastuksen luotettavuus jiiivlit mieleen

tiistli mielenk iinto isesta esittelyt ilaisuudesta .

6.3 Kvlm5neutnonilaitteisto

Lopuksi esiteltiin nakenteilla oleva kylmlineutronilaitteisto. Kylmiineutnonillihde

eroaa sek5 muodoltaan etta jeehdytysperiaatteeltaan reaktorilabonatorion raken-

teilla olevasta vastaavasta laitteesta. Pddasiallisena syyn5 lShteen huomattavan

pieneen kokoon on DR 3-neaktorin aiheuttama voirnakas gammaliimmitys, mistii syysta

modenaattoris5iliSsn on kiiytettV mahdollisimman vHhlin mateniaalia. Toinen mielen-

kiintoinen ratkaisu oIi, ett.'i laitteistossa k5ytet55n nestemHistii vety,l sekii jiiiih-
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dytteenH ettii modenaattonina. Kylmiineutnonispektrin optimoiminen tapahtuu sllitii-
m5llii modenaattor:isliili6n liimp6tilaa, mikl modenaattonin tiimpiltilan lisiksi vai-
kuttaa sen tiheyteen. Laitteiston toimintavarmuutta lis5li kahden knyogeneraatto-
rin k5yttiiminen, minkii lis5ksi tunvall-isuus vannistetaan sulkemalLa koko systeemi
heliumvaipan sisiilLe. Laitteiston on tarkoitus valmistua vuoden I973 aikana.

7 . ESITELMATILAISUUDET m/s FINLANDIAI,LA

7.1 Sandvik esittiiytyy (1973-05-12)

Sandvikin edustajat esitelm$- ja keskustelutilaisuudessa olivat SSnen Lijnnbeng,

Jan-Chnisten Can16n, Hjalman Depken, Kani Ano ja Ake Claesson.

Tervetuliaissanat lausui, ohjelman ja Sandvikin edustajat esitteli Stiren Liinnbeng.

Sandvikin valmistamien, ydinvoimalaitoksiin riittyvien komponenttien materiaareis-
ta kertoi Jan-Chnisten Can16n. Llihinnli oli kyse neaktonin polttoainesauvojen .-;uo-

jakuonienr hiivaysltijiin ja lHmmrinvaihtimiin liittyvien putkien ja reakto:rin pai-
neastiaan liittyvien komponenttien mateniaalista. Eni materiaaleista jaettiin
my6s kinjallista tietoutta.

Seuraavana oIi ohjelmassa n. 20 minuutin filmiesitys. Filmissii esitettiin putken
valmistukseen liittyvit eni valmistus- ja tankastusvaiheet.

Ydinvoimalaitosten putkimateriaalien laadunvalvonnasta ja ainetta rikkomattomista
tarkastusmenetelmistli puhui IIjalmar Depken. tlfin esitteti Sandvikin kiiytt.imi;i put-
ken tankastusmenetelmi3, jotka he ovat itse'kehittiineet. Laadunvannistuksessa pai-
notettiin erityisesti onganisaation ttinkeyttli (tarkastus- ja valmistusosaston on

oltava toisistaan niippumattomia. ).

Til.aisuuden lopuksi oli ATS:n jlisenilli tilaisuus kysymyksien esittHmiseen SanC-

vikin edustajille.
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7.2 Esitelmatilaisuus I973-05-13

Laivalla tapahtuvan paluumatkan viimeisen pHiviin sunnuntain I973-05-13 esitelma-
tilaisuuden aloitti dipl.ins. Risto Tarjanne VTT:n liimmitysreaktorinyhmastJ puhu-
malla aiheesta rrYdinenengia ja yleisii'r. Esitys pohiautui ko. aihetta klisittele_
vHlin Bo Lindellin kirjaan, Geneven neljHnnen kansainvilisen yclinenergian pauhan-
omaista kiiytt6H klisittelev5n konfenenssin (v. r97I) papeneihin ja lehtikirjoituk-
siin. I'lainittakoon, ettii juuri matkan aikana oIi Ruotsin lehdissl jutkaistu uuti-
nen, jonka mukaan Ruotsin ydinvoimalaitossuunnitelmat voidaan jHHdyttliH siihen
saakka kunnes laitosten turvallisuudesta on saatu varmat takeet. Ruotsin valtio-
p;iivien asettama komitea oli nimittHin julkaissut mietinn6n, jossa se ehdotraa
hallituksen mliHnliHviin uusien ydinvoimalaitosten nakentamisen lopetettavaksi sii-
hen saakka, kunnes radioaktiivisesta s5teilystd aiheutuvat vaarat on tiiydellises-
ti tutkittu.

Dipl.ins. Tarjanne tankasteli esitelmiissiiHn mm. enilaisia ydinenengian kayttiiiin
Iiittyviii niskejii. Hiin totesi mm. ydinenergiaa kiiytettliessH radioaktiivisen sli-
teilyn lisHdntyvHn n. 10 % ja enilaisten onnettomuusriskien olemassaolon. Esitel-
miin j5lkeen seunasi aiheesta enittiiin vilkas keskusteru.

Aamupiiiv5n toisessa esityksessH dipI.ins. Seppo Salmenhaara selosti VTT:n reakto-
nilabdnatorion harjoittamaa tutkimus- ja koulutustoimintaa. Reaktonilabonatonio
jakautuu kiiytt6-' sliteilysuojelu-, neutronifysiikan, neaktor:ifysiikan ja isotoop-
pitetcnlitan jaostoihin. Neutnonifysiikan jaoston ty6stli esitelmSijli mainitsi mm.

nakenteilla olevat neutnonidiffnaktor.i- ja kylmHneutnonilaitteistot, joita voi-
daan kiiyttiiii naaka-ainetutkimuksissa. Reaktonifysiikan jaostossa kenrottiin suo-
ritettavan neaktoniin liittyviH kohinatutkimuksia. Isotooppijaostossa mainittiin
suonitettavan merkkiainetutkimuksia ja aktivointianalyysejH sekH vaLmistettavan
liiliketieteellisili isotooppej a.

Iltap5iv5n ensirm5isess5 esitelmHssH dipl.ins. Tapani Graae Finnatomista esitteli
valmistavan teollisuuden hanjoittamaa tutkimustoimintaa. Koska teollisuuden tan-
koituksena on valmistaa mankkinoimiskelpoisia tuotteita, totesi esitelm6ijii, ettei
varsinaista penustutkimusta suoriteta, vaan laadunvarmistukseen liittyvlit asiat
ovat etualalla. Dipt.ins. Graae totesi kansainvHlisestii yhteistoiminnasta olevan
huomattavaa aPua kotimaisen teollisuuden pienehkciille tutkimusresursseiLLe.
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Dipl.ins. Graae kertoi, ettli valmistavassa teollisuu<lessa tutkimustoimintaa ta-
pahtuu tuotekohtaisten kehityspnojektien yhte.ydessli, 'rpenustutkimuksenar', joka
ei Iiity suoranaisesti tiettyyn tuotteeseenrja my6s enillistoimintana joissakin
tapauksissa. Dipl.ins. Graae esitteli my6s Finnatomin osakasyhtiiiiden toimitta-
mia ydinvoimalaitoskomponentteja kuvin ja sanoin.

l4atkan viimeisenli esitelmHnH LuK Simo Malkamiiki Wallacista selosti ydinvoimalai-
toksen siiteilyvalvontajlin-iestelmllH teollisena kehitysprojektina. Hiin totesi, et-
teivHt vanhat valmistuksessa olevat $lallacin sHteilyvalvontalaitteet t,iyttlineet
ydinvoimalaitoksessa niille asetettuja vaatimuksia. Niinp6 Loviisan ydinvoirnalai-
tosta varten jouduttiin kiiynnisttimE5n kehityspnojekti, jossa koko siiteilyvalvonta-
jdnjestelm'5 suunniteltiin alusta alkaen uudelleen.

Matkan pHHtteeksi suonitettiin esittelykiernos, jossa jokainen osanottaja lyhyesti
kentoi missd ty6skentelee ja mitli tekee.

8. YHTEENVETO

lGikki matkalla olleet VTT:n tutkijat ty6skentelev5t ydinvoimataitoksiin Iiitty-
viss5 projekteissa. Monella matkalla olleista tutkijoista ei kuitenkaan ole ollut
aikaisemmin tilaisuutta tutustua nakenteilla olevaan tai toimivaan ydinvoimarai-
tokseen. TellH matkalla sai ydinvoinaLaitoksista varsin konkreettisen kuvan, sillli
tutumiskohteina oli sekii valmis laitos ettii eni rakennusvaiheissa olevia ]aitok-
sia. Monet osanottajista eiv5t mydskH5n olleet aikaisemmin kliyneet Ruotsin ja
Tanskan ydintutkimuskeskuksissa. lliiss5 kliynti oli enittiiin mielenkiintoista, sil-
lii niissii tehdEiin paljon samankaltaista tydtli kuin matkan osanottajat itsekin
tekeviit.

l'latkaan liittynyt alustettu esitelmH- ja keskustelutilaisuus paluumatkalla laival-
1a oli my6s vansin mielenkiintoinen. Matka tarjosi myds mainion mahdollisuuden
tutustua ydinvoimatekniikan aIalIa toimiviin seki kotimaisiin ettH ulkomaisiin
henkil6ihin ja vaihtaa mielipiteitA heiden kanssaan.



SANDVlK
Jan-Christer Car16n

ADVANCED MATERIALS FOR NUCLEAR POI{ER PLANTS

INTRODUCTION

The power supply j-n the world w111 to an ever larger extent be
based on nuclear power. fn several coutltries nuclear power w111

accowrt for the main part of the eapaclty lnerease d.uring the
1970's. Aceorcling to information publlshed in May 19?O by The
rnternational, Atonic Erergy Agency, the instaLled nuclear capap
city in 1971 amounts to about 35.000 Mli[, Eig:J. Ihe current
plans show an inerease untiL ]-975 up to 123.000 MIII and for 1980
up to about 300.000 lflf.

For the manufaeturers of reaetor conponents and materials thls
expanslon wlll be of great importance. At the sane tine this
developnent wiLl put very hlgh deuand.s on techniear knowledge
and itellvery capac1fir.

Fig. 2 shows a princlple sketch for a light-water reaetor 1ndl-
eatlng some of the more lnteresting items fron a metallurgist's
point of vlew. Thege are

fuel cannlng materials
- steel and nickel alJ.oys for stean generators and other heat

exehangers 1n nuelear power plants
claddlng materlals for nuclear pressure vessels
tubular produets for pressure vessel eomponents

FUEL CANNING MATERIAIS

fn a nuelear reaetor, the fuel has to be separated from direet
contact with the coolant 1n ord.er to prevent undesirable ehenical
reactlons and spreading of radioaotive decay produets. The rtu-
elear fue1, often eonsisting of sintered u02 pe11ets, 1s there-
fore contained in tubular fuel eans whieh are put together 1n
bundles constitutlng the fuel elements. The eanning naterlal
atrso serves to support the fuel and to define its georuetrical
shape which is of prine lmportanee 1n carrying out a eontrolled
nuelear fission process. A suitable eanning materlal should

"..2
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have a low absorption eross seetion for neutrons
provide adequate strength anil ductili ty to contain and support

tite fuel during the period of brrrn-up
be compatible wi th the fuel, i.e. no harmflrrl chemical reac ti on.-:

should occur at the canning-fuel inrerface
show good eorrosion resistance to the cool.ant
show adequate heat conductivity
When neutron absorption, melting polnt and other essential de-
sign properties are tak.en into account, it is clear that only a

few netals are suitable as canning materials.

Factors affecting the choice of material

fn order of inereaslng eross
sequence of some lnteresting
A1, Nb, Fe, Mo, Cr, N1

section for theryral neutrons the
metals is as follows! B€, Mg, Zr,

For a thernal reaetor based on natural urani-u.ra the metals beyond
41 would have to be excludeil because the neutron absorption eross
section is too hlgh. On1y Zr and A1 are reasonably corrosion
reslstant in water eoolant but A1 fal1s short because of its
unsatisfactory mechantcal properties. Zlrconlun (melting point
1B55oC):,s thus the predominant bas,e metal for fuel cans for
natural uraniurn in water-eooled. thernal reactors ancl in the:maI
reactors with enriched fuel. fn the latter lnstance, the higher
neutron flux will permit the use also of thin-walled stalnless
steel cladding, However, the somewhat lower cost of stainless
steel eannlng tubes is usually counter-balanced by the cost for
loss of reacti.vity.

Zi:sggils-elleus

When zi-rconium was first tested for corrosion resistance in hot
water and steam in the range 25O to 4OOoC, very erratlc resu-Lts
were obtained. Furthr:r the mechanieal propert.ies of pure zirco-
nium were unsatisfactory.

Af ter long researeh and deveLopment work it was eoncludecl tirat
an acceptable comi:ination of rnechanical iind corrosion properties
coulrl be obtainerl by artdlng small amounts of tin, iron and

....]
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ehronlun. The corrosion resistanee 1s further inprovetl by adcllng
some nlckel-, but thls alloying element makes zirconiuru utore prone
to hydrogren plck-up. The compositions of zlrconiun alloys used
in today's canning are given in Table 1. The alloys are designatecl
Zlrcaloy 2 and Zircaloy 4.

Drrlng operation, the cannlng tube shall have sufficlent strength
to reslst external overpressure from the coolant. Late.r on it
must resist internal overpressure from gaseous flssion products.
Also as the burn-up increases, there is a eertain swe}llltg of
the U02-fue1. Both .these expansions create a hoop stress which
is applled very sIowIy. The deformati.on necessary to meet these
expansions should be consldered as a creep deformation und.er
fluctuatlng 1oad..

UOZ is a fairly poor cond.uctor of heat and very steep thernal
grad.ients arise in the fuel. There is also a temperature grad,lent
ttrrough the cannlng and its protective oxlde fi1m. The maxlnr:n
surfaee temperature for Zlrcaloy cladding 1s at present about
32OoC for SIYR:s and somewhat hlgher for PtllR:s. Occasionally,
however, higher temperatures may occur (up to 4OOoC).

In e reactor fuelled wlth natural uranlum the coolant can be

heavy water, D20. Wlth enriehed fuel, light water is used,. [he
eoolant can be pressurlzed or boiling. In a pressurlzed, water
reactor (PITR) ttre hydrogen pick-up 1s higher than in a boiling
water reactor (BwR). fn pressurlzecl systems the preferred. clad-
ding material 1s Zirealoy 4 whlch has an inherently lower hytlro-
gen piek-up than ZireaToy 2.

To make tubes wlth the requlred combinatlon of duetility and

hlgh-temperature strength is one of the most difficult problens
to solve 1n the produetlon of canning materials of zirconium
all oys .

The canning tubes are cold workerl i,o final dimension. The way

in which the final dimension is obtaineC es welL as the way of
heat treatnent are rieeisi ve f or the meehanical properti.es of the

tubes. By proper choice of type of ro]ling m111, dinensions of
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mancirels and rolIs, reduction per
temperature, etc., such a texture
obtained as to glve the specifled
and duetllity.

annealing tine and
wall structure 1s

of yield strengtJr

cold pass,
in the tube
eomblnation

Hydrogen in zirconium

Zirconium metal has a high affinity to hydrogerlr fn water-cooletl
reactors Zlrcaloy cannlng tubes take up hydrogen from the water
durlng the corrosj.on reaetlon.

Zr + 2H2O --------) ZrO2 + 4H

fn pressurlzed water reactors (PWR) ttre hydrogen piek-up is higher
than ln a boillng water reaetor (lWn;. Because of this, in ?{IRs

the preferred cladding material is Zlrcaloy 4.

Dtring cooling of the reactor from senrice temperature plate-llke
zirconlun hydride partlcles are preeipitated. These are utost often
alignecl paraI1e11y. A tangential orientation is obtainetl by using
a high red,uction of wa1l thlekness wlth a mlnor change in tube
illameter. A radial orientation on the other hanil results from a
large reduction of tube dlaneter.

fhe hydride plates &ay act as craeks, when the tubing is subjeeted
to mechanicaL load. Under out-of-p1Ie condltlons such cracks wil1
probably not propagate, but when the Zlrcaloy has been hardenecl
and enbrittled by neutron irradlation the eraeks propagate easily.
In this sltuation 1t is specially deleterious to have radially
oriented hydrldes, lnducing the cracks to go stralght through
the wall" thickness.

Thls phenomenon is the basis for the eustomer speciflcations for
tangentially aligned hydrldes. The specifleation is net by the
canning-tube produeer by balancing the reduetion of waII thiek-
ness to the reduction of dj-ameter during the tube rolling proe€sso

tr
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Ihe higher the temperature of the coolant the better the ther:no-
dynamle effieiency for power generation. For canning materlals
on a zj.rconiun basis it is not posslble to increase the serrrice
temperature appreelabry. Howeverr 4D inerease of 20 or 40oc in
comparison with the present zircaloys Bay st111 be vaIuabIe.
This night be obtalned by adding more or new alloylng erements
to zirconlum 1n order to raise the high temperature corroslon
reslstanee anil the hlgh temperature strength.

A number of alloys have gone through the sequenee of being
d.eveloped, belng evaluated out-of-pile, being the foeus of
general attention for some time, and belng transferred to
extensive and tine consuoi_ng in-pile testing.

There 1s the Zr-2r5Nb-a11oy whieh was first developed in Russia.
It has higher strength and less tendeney to hydrogen pick-up
than Zirealoy-z. However, 1ts corroslon resistance ls not as
good as for Zircaloy-z. So far 1t has been used nainly for
pressure tubes in Canadlan Candu reactors.

A further clevelopnent of thls al1oy is the Ger.nan Zr-3Nb-ISN
which has hlgh strength and good duetility and compares to
Zirealoy 2 as regards corrosion resistanee. However, serlous
dlsadvantages are a compllcateil manufaeturing proeess and. a
high absorption cross seetlon, whlch makes the use of enrlehecl

Another Russian zlreonlum alIoy 1s Ozhenlte-O.5 whlch also has
attraeted interest especially in Canada. fts composltion is
Zr-O.2Sn-O.1Fe-O.1N1-0.1Nb. ft is a soft and duetlle aIloy
whieh dlsplays higher corrosion resistance and lower h.ydrogen
piek-up than Zircalo),-2.

Zr-1.15Cr-0,07Fe is an a11oy deveLoped in the USA in orcler to
reaeh the best hlgh temperature corrosion resistanee in BITRs

5..,
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while 1ts mechanical properties are slmilar to Zj-rca}oy 2 and

4. However, in-pile corroslon tests have given varying results
for ttrls, from the start, very pronj'sing alloy'

Another auoy which onl-y recently has been consldered in the

West 1s the Russian Zr-lNbr used as canning in the najority
of Sovjet BWRs. It 1s somewhat softer and trore ductile than

Zireatoy-z and 1s said to have good corroslon resistance'

stainLess steels and nicEqli$ggg-g9l-933!ilg-its!99

Austenltie stainless steels of conventional types have been

useal in various water-cooled' therual reaetors with canning

temperatures aroqnd 3OOoC. There is, of courser a strong

ineentlve to lnerease the power denslty of the fuel rod and

also to increase the temperature of the coolant. [hls w111

result in higher canning temperatures and above about 35Oog

the stainless steels and nlckel aIloys should therefore be

chogen.

Canninc materlals
-------

for fast breeder reactors

FOr the fast breeder reactors which are under d'evelopment and

in consj.deratlon as the seeond generation of nuclear power

plants as the most eccncnical type around 1980, the material
problems for the core eomponents are even more pronouncecl than

for the thertal reactors. For canning tubes speclaL austenitic

stainless steels and vanad.ir.r.ro a}loys are belng in conslderatlon

and under d.evelopment and testing. Although thls is a technlcally
interesting and difficult area of development, it would lead too

far withln the seope of this artlcle to deal in detail with this

subjee t.

HEAT EXCHAI.IGER fUBES IN NUCI,EAR REACTORS

Material suPPl.ied bY the Sandvik

s r,atlons ineludes heat exchanger

nleke1 a11o.Ys. fn order to meet

Steel Works to nuclear Power

tubes of stainless steels and

the requirementg on these tubest

...7
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a speeial tube niII has recently been built. Fig. 3 shows an
interior view from this ni11.

Depending on the type of reactor, whieh means dlfferences in
reactor coolant and steam temperature, the cholce of tube
material in the heat exehangers will vary. In the followlng
the presentatlon of suitable tube materials for heat ex-
changer applications w111 be refemed to different reactor
types.

Steam generators (faUte 2)

lYater-eoo1e d reae tors

In pressurlzed water reactors the steam generator tubing operEr-
tes in water and steam in the range 250-325oC. Sinee eorrosion
proilucts in the prlmary eircui,t are to be avolded, stainless
austenitic steels or niekel a1loys should be used. Apart from
general corrosion resistanee, the resistance to stress corro-
slonr plttlng, and intergranular corrosion has to be consiilereil.

With the rlsk of stress corroslon attacks ilue to possible
chlorlde anil oxygen contaminations 1n the eoolant eircui.ts,
however, a11oys with high nlckel eontents have been preferred
to eonventlonal austenitie steels. Two trrnes of stress co?to-
sion may oceur under pressurlzed water condltions resulting
in transgranular and. intergranular eracks respectively. Ihe
transgranrrl-ar attack may occur in austenitie steels in the
presence.of ehlorides even at very Iow ehlorlde contents and
1t is generally accepted that nickel increases the reslstance
to this type of corrosion. Therefore, A1loy 600 with more than
72 /, Ni is being used to a large extent as steam generator tube
material.

As regards the resistanee to intergranular stress corrosion,
the suitabillty of Allo:r 600 has been doubted in recent years.
Tn fact, l'reneh and Br1 tish research nork iras shown that even

in denineralized water inter6;ranular attaeksj ean oeeur in ni.ckel-
base alJ.oys l1ke Al.Loy 600 after abou1. 1O.0OO hrs at.35OoC. Such

a behavi our must be consldered as rier'.j orr..r, i.i i t cannot be avoliJed



8.

even by a proper control of water chemlstry. A nunber of steau
generator tube fallures have also occurred in praetice, both
wlth A11oy 5OO and 18rl8 steel tubes.

Ihe experlence with Alloy 600 refemed to has led. to Alloy 800

being preferred. 1n several eases. fhe lnte:medlate nickel content
of 32.5-35 % tn this a1loy seems to offer a satisfactory resis-
tance to both transgranu-lar anit intergranular attacks. In the
Sovjet Unlon 18rl8-steels are belng used.

$ag-gogl e d_reac tgrg

In gas-cooled reaetors the steam generator tubing is exposecl to
carbon dioxlde or hellrru, as the heat dellvering meclium anil to
water or stean as the heat absorbing med,iu.m. ILre tube wall
temperature may reaeh 55OoC. fhe cholce of materlal may in
principle be based on the same consiilerations as for a co[ve!r-
tional boiler but ilue consiileration uust be glven to the

comosiveness of the coolant gas (ite or C02 ).

fn eases where reliable control of the chlorld.e or oxygen

content of the feed water cannot be guaranteed., it may be

neeessary to select steels with gooil reslstance to stress
corroslon also for the superheating seetion, especlally ln
eonnectlon with shutdowns when wet steam nlght be present.
SANDVIK Sanicro 31 (nrroy 8oo) is a material, which &,ay pro-
vicle this. Ihis graile has been selected for HTR:s 1n the
Uniteit States anil Germany. 0f course, also the ferritlc
steels are i-nsensitlve to this type of corrosion.

So di!p:egole tl reae tors

fn fast reactors using sodlum as a eollant, the heat exchanger

tubing is exposed to sodium at 6OO-6OOoC on the primary slde
ancl to water and. steam on the seconalary siale. Both ferritlc
anil austenitic steels uay be used. Conventlonal low-a}loyed
ferrltlc steels present a problem because sodium tends to
clecarburlze th'em wlth carburlzatlon of austenitlc steels 1n

the eirqult as a consequence. This has Ierl to the development

of Nb-stab1l1zed ferrltic steels, €.$, ttre a1J-oy containing 2,2J
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As the installations are working at high pressures it nay be

necessary to resort to austenitlc steels or niekel alloys
which possess higher hot strength than femitic steels. Ihe

risk of stress corrosion rnust also be eonsldered in some cases

and. here an austenitie a1loy with low susceptibility to. stress
eouosion sueh as A}loy 800 nay be selected. fhe variant of
Alloy 800 designated Sanlcro 30, with its good resistance to
sensitizlng and intergranular eorrosion, 13, as a Eatter of
fact, belng considered for use in the entlre steam generatlng
sys tem.

Other heat exchansers (Table 3 )

Feed-water heaters are used in all large power statlons being

built today. fn the nuclear fleld the austenitic steelst
especially of the tfpe AISf 304 (SltElVtr 5RL0 ) or 304L
(SnnpVff 3m2), &re preferrecl 1n direct-eyc1e power reaetors
beeause of their hlgh general corroslon resistanee. Also for
applications in other types of nuelear reaetors, there 1s

growlng interest 1n stalnless austenltlc steels.

Sandvik has facillties to meet all the requlrements on heat
exchanger tubes. Tubes 1n lengths up to about 35 m (ffl ft)
ean be produeed 1n all eouutron as well as many special
stainless steels and a1Ioys. Such long tubes are norlnally
deLivered as U-bends or in other eonfigurations.

Power plant condensers

Drrlng tLre last few years, development in the condenser fleld
has shown a tendeney towards larger units and increasing ilemands

for rel1abi.l1ty in selwice. More and more stainless steels eon-

denser tubes have eone into use instead of tubes of other alloys.
3or condensers we may thus expect a wider use of stainless steel
tubes and perhaps also of titaniuru tubes:. Tn aseending order of
corroslon resistanee Table 4 speeifjes a few types of materlals
whleh ma.y be consitiered. For safety reasons! a t{o-alloyed steel

.. .1(
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shorrld normally be chosen 1n ord.er to avoid corrosion during
shut-down periods. With lncreasing temperature and increasing
contents of chlorliles and mlero-organisuts in the cooling water,
steels with high Mo-contents shorrld be preferred, for lnstance
grade SANDVIK 2RN55 whlch contains 4.f '/o Mo orr sti1l better
grad.e SANDVIK 2RI{55 wl th 4.5 y'. Mo and 1,5 /" Cu showing further
improved resistance to crevlce corrosion. Titaniun woulC then
be a further step towards lmproved reliability 1n service.

CIJADDING MATERTAI'S FOR PRESSURE VESSEIS

For certain parts of the reactor, the requirements on the CoD-

structlon naterial are so diversifled that they could not,
praetically or economleally, b€ met by one single grad.e. For
the pressure vesseL, for instanee, I lovr-aIloyed pressure
vesseL steel offers great advantages by its good tenslle pro-
perties and the relatlvely ]ow price. 0n the other hand, this
Wpe of steel does not possess the required eorrosion resistanee.
In this respeet, an austenltic stalnless steel perforns ade-
quately. However, a pressure vessel entirely of stalnless steel
would. become expensive and necessltate a heavy wall thickness
owlng to the relatively low mechanical strength of this materlal.

The problem is Dastered by uslng low-al-Ioyed steel for the
heavily stressed shel1 of the pressure vessel and by lining it
wlth a stalnless steeL wlthstandnlng the corrosive attaek from
the noderator or the eoolant.

The eommonest method for applying the eorrosion protectlve
Ilning of a nuelear pressure vessel 1s eJ.atlding wlth stainless
weld meta1. fn princlpfe, the cladding operation can be executei
by any of the eonmon are welding proeesses. When large surfaees
are involved, the subnerged arc welding proeess j.s usually pre-
ferred, nainly ow:ng to the high rate of depos:. tion as eomparetl

to other wel din6l proeesses.

A varlant of the submerged are cladding lrroeess etnploys a
eonsumable strip e'lectrorle, I'i.9. 4.



Sandvlk produces a series of grades flor various applications
of the cladding nethods, see Tables 5 and 6, SANDVII( SREtl 1s
an overalloyed grade of the AISI 309-type, with 24 y'" Cr and 13
% tqi, especially suitable for applying the buffer layer dlrect
on the base metal. SANDVfI( 2Rl6 and 5R42 are lntended for the
top layers 1n the muJ.ti-layer technique and thelr analyses are
adjusted to meet the specifications for 304t and 347 respectj--
ve1y. The other stalnless steels are prirnarlly intended for
single layer cladding resulting ln analyses corresponding to
AISI 3041 or 347.

Another interesting nuclear applicatlon of the cladding proeess
1s the overlaylng of N1-Cr-Fe al1oy on the tube plates of steam
generators which have to withstand large c.yc11c temperature
and pressure varlanlons. The eladdlng of the tube sheets as welL
as the welding of the tubes to the cl-ad layer are extremeLy
exactlng operations whieh put severe requirements on the clad-
tling material.

TUBUIAR PRESSTTRE VESSEI COMPONHITS

The deslgn of the pressure vessel for water-cooled reactors 1n-
volves the cholee of material for the control roil in].et tubes
and other strads conneeted to the reactor vessel-. As the corro-
sion resistance requirements on the inner surfaee of these
tubes are th,e same as for the pressure vessel eladdlng, nate-
rlals with at least the same eorrosion reslstance as AISI 3C4

have to be used.

The use of austenltic steel for eontrol- rod inlet tubes has not
been quite: suceessful, however, Btrd failures have oceurred. One
problera is the joining of the austenitic tube to the ferritie
vessel heiald. f'urthermore, the great clifference in thernal expan-
slon betrreen these eomponents causes high loeal stresses. These

disadvantges couLd be avoided to some deqree by the use of
A11o.y 50O (SeUf,VTli Sanlcro 71 ). However, further advantages are

' 11 ..
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gained by using a eomposite tube conslstlng of a ferrltic tube
wlth a linlng of austenitic steel. 3y co-extrusion of the two
naterial components a perfect metallurgical bond can be obtalned.

Flg. 5 shows how a composlte tube is applled as a control rod
inJet. If required, a fillet wel.d can be made between two
ferritic components whleh greatly red.uces the themal stresses
1n the weld zone both during the weldlng proeedure and in ser-
vlce. Another inportant advantage of the eomposlte tube is that
for the ferritic part of the tue a steel ean be chosen whieh
has a higher strength than the conventional austenltie steel
espeei-aIly as the control rod. inlets often are subjeeted to
fatlgue stresses.

0n other tubular pressure vessel conponents exaetj-ng requlre-
ments are often put as regarcls surfaee finish after nachining
good fatigue properties and general cleanl1ness, necessitating
the use of hlgh-vacuum remelted. or electro-srag reflned nate-
rials.

CONCIUSION

Extensive research ancl development work 1s belng carried out all
over the worl-d in order to improve existing nuelear power plant
deslgn and to develop new types of reactors with improved opera-
tion economy. hoper naterial selection including the develop-
ment of espeelally iesi.gned materlals for nuclear applicatlons
is a must for tecirnical advance in this fieId. This calls for
stilI eloser cooperation in the future between all boclies
eoncerned with reaetor design and operation and thelr material
supplie::s.
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Zlrealoy Sn I'e Cr Ni

2

4

1 .50

1.50

0 .12 0 .10 0.05

0 .21 0 .10 <0.007

Table 1

Composition 1n welght per eent.of zirconium al1oys

STEELS AND MCKEL ALLOYS T'OR STEAM GENERATORS IN
NUCLEAR POWER PLANTS. COMPOSITION IN 14IEIGHT PER CENT

SANDVIK Corresponds to C Cr Ni Other elements

3R12 304L <0.030 I8.5 10.5

8R30 3Zl <0.08 L7.5 10.5 Ti

Sanicro 30 Al1oy 800 <0.030 Zl 34 AI, Ti

SanicroT0 Alloy600 <0.030 16 >72 A1, Ti, Fe

HT? Grade T9 0. I 9 - Mo

HT9 - 0.2 lI.5 0.5 Mo, lV, V

7R60 3t6H <0.07 16.5 13.5 Mo

Sanicro 31 A1loy 800 0,05 21 31 A1, Ti

HT8X6 - 0.08 2.3 0.5 Mo, Nb

Table 2
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STEELS AND MCKEL ALLOYS FOR FEED WATER HEATERS
AND REHEATERS IN BWR SYSTEMS. COMPOSITION IN
WEIGHT PER CENT

SANDVIK Corresponds to C Cr Ni Other
elernents

1C342 430+Ti 0.08 L7 - Ti

3R12 304L < 0. 03 0 18. 5 1 0. 5

5R10 304 <0.05 Ig.5 9.5

8R30 3ZI <0.09 I7.5 10.5 Ti

6R40 347 <0.05 t7.5 11.5 Nb

Sanicro 30 Alloy 800 <0.030 2l 34 AI, Ti

Tabl e 
-1

SANDVIK Corresponds C Cr Ni Mo Cu
to

5Rt0 304 <0.05 ]8. 5 g .5

5R5O 316 <0.05 L'l .5' 13.5 2.7

3R54 3171 E0.030 18.5 t+.5 3"5

2RN65 _<0.020 t7.5 24 4"7

2Ri(55 _< 0,020 19 .5 25 4.5 1 . 5

Table 4
Steels for condenser tubes. Composltion ln weight per eent.
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CLADDING MATERIALS FOR PRESSURE VESSELS
COMPOSITION IN WEIGHT PER CENT

SANDVIK C Cr Ni Nb Other s

Strip
3RE4I
3RE I4
3P.42

2R 16

Sanicro 72

Wire
2XIRE l3
3RE I3
3RE4I
3X4R r 7

6P.42

2Rt7
Sanicro 72

<0.025
<0.025
<0. 025

<0.020

<0.030

<0.020

<0. 025

<0.025
<0. 03 0

<0. 05

:;0.020
<0,030

z4

Z4

z0

r9.5
z0

z5

24.5
z4

?z

i9.5
z0

?0

L2.5
72,5

10

10. 5

72.5

IZ
rz.5
rz.5
11

9.5
10

72.5

0.9

0.6

'2.5

0.8

10. 6

2.5

Mn 3.0
Fe sl. 0

Mn 3.0
Fe <1.0

A1l grades with Co < 0,05%

Tabl e ')



CLADDING MATERIALS AND SUGGESTED TYPES OF T'LUXES Bp
ctH
o
o'\

Required Form of Trvo layers
u,eld rnetal filler Fir st Second
ASTIr{ type

One layer

3 04 L Strip 3RE 14 2R 15 3RE 14 3RE t 5 2R 16
Cr- cornp Cr- cornp neutral or Cr- cornp alloying
or neutral Cr-corrrp or neutral

3C4L Wire 3RE13 zRI? ZXlREl3 3REl3 3X4Rlz
Cr- cornp Cr- comp neutral Cr- cornp Cr- cornp
or neutral or neutral

347 Strip 3RE 14 3R4Z 3RE4l 3RE4? 3R4Z
Cr- cornp Cr- cornp neutral or Cr- cornp alloying
or neutral Cr- corrrp or neutral

34i Wire 3RE 13 6R4Z 3RE4t
Cr- cornp Cr- cornp Cr- cornp
or neutral

3t6L Strip JRE 14 ZR63 ZR63
Cr- cornp Cr- cornp alloying
or neutral

316L Wire 3RE 13 ZR6Z
Cr- cornp Cr- cornp
or neutral

420 Strip Wire 6C27 6CZ7
Cr- comp Cr- comp

l(,Cr /7ZNi Strip Wire Sanicro Z2 Sanicro Z2
Ailoy 600 Low Si Low Si

()
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SANDVIK Dote L972-O2-O7Progress Report

Proiekt No. F41
Carl

Non-clestructLve Testtng of High Quallty firbe and Plpe for
Advanced Applicatlons

1. Introductlop

fbe deuands put on tubular products today for nuclear aacl

other critical applications have been made possible to Beet

by a simuLtaneous developuent of production and testing
methods, If todaytg facilities and requirenents for non-

destructive testing had been available a couple of deeades

agor the result would eertainly have been catastrophle as

regarcls yields and, econony for a tube-uaker:. ft has thus

been necessary to refine the protluction and testlng Bethods

1n paralle1 to fulfill the increaslng d,eaand,s for rella-
bil1ty and proper function of tubular components in nu-

cl,ear, ehemical and other industrles. The alrn of this
paper is to give a tube-makerrs vlew on ailvantages and

dlsadvantages of various methods and procedures, rather

than to eover the whole fleld of non-destructlve testing.

So keep the paper withln reasonable llmlts, tha analysls

will rni:i-nIy concern heat-excharlger tubing 1n the size raDge

L/2"- 1 l/2" outer diamctcr.

2. tlltrasonlc ExamJnajlo} - -SFgar .Wgves

The most connon way of ultrasonic examination of tubee ls
tnnersion testing using sheer waves. As coupling uediuu between

the trangducerg and the tubes waterroften demineralizedrls normally

Steel Research
Center
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used. Furthermore it can be stated that the testing is usually
mad.e agalnst a eallbratlon tube with artificiaL notches as

standard. or reference defeets. fn most other respects the testing
condltlons may vary dependlng on type of equlpment and the speci-
fication and testing procedure appfied. To diseuss basic acous-

ties and electronies would lead too far and the intention is
rather to draw the attenti-on to some fundamental factors deter-
uining the testing sensitivity and procedure.

a. I._Cgllbfajign_s tandarg gnd les tlng segsi tlv1tg

ilIodern equlpnrent for ultrasonic examlnatlon of heat exchanger

tubing utilizes line-focused transducers (cornmon transmltters-
receivers). The ultrasonlc beam should ldea1ly have a constant
sound intensity over the entlre focus length and for approxluate
calculatlons of the testing sensltlvity, such an assumption can

be made. The calibratlon tube shall aecordlng to most specifica-
tions contain 'y'- or u-shaped artificial notehes, the shape, size
and tolerances of whlch are generally well deflned. To arrive at
a constant testing sensitlvi.ty onc of the followj_ng two condl-
tions must be fuLf1lIed:

or

where

l=
1=
D-

(r)

(2)

length of artifieial notch

f oeus )- ength

pl tch

when testing aecording tc (l ) thc sensi.tivity is ,Jeterulned by

the focus length and the depth of the artificial notch. The tube

...3
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surface i.s examined with minlmwr 50 /" overlap from revolutlon to
revolution, which affords good possibllities to detect defects
shorter than the focus length.

tiYlren testing according to (2) the sensltlvlty is iletermined by

the ilimenslons of the artiflclal notch. Also thls method gives

mini.mum 50 7i overlap to enable the d,etectlon of defects as short
as or shorter than the artlflcial notch.

It can thus be stated, that the artifieial noteh diuensions 1n

the calibration tube is only one factor affecting the testing
sensitivi-ty. Io get a cornplete picture of the testlng sensiti-
vlty the whole testing proced.ure must be well defined.

?. ?. _Igflugnge_o t !e I e g t_s lape _agd_o r i gn t a t 1 gn

Uost specificatlons for uJ-trasonic examination prescrlbe testing
for Longitudinal defects only, i.e. with the ultrasonic beau

traveling around the tube and with only longitudinal artificial
defects 1n the callbration tube. For large dlameter, heavy wal.I

tubing, where the relation between the artlfieial notch depth

and the tube walI is 1ow, thj.s may be aepeptable, but for thin
wall heat exchanger tubing, thls testlng method is often not
sensltive enough. Defects of a transverse nature tuay cause 1ow

or negligible defeet signals although they are deep and extenileit.

But also defeets with extenslon ln the longitudinal direetion nay

pass undetected because thelr shape 1s such that the ultrasonic
echo will be weak and scattered. For such tubc dimensions, when

the application requircs hlghcst possible quality, the ultrasonlc
examlnatlon shoul.d be perforned for both longltudirral and trans-

verse defects to elimlnate the influenee of defect orientation

...4
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on the test result. Furthermore, the

formed by scannlng in two d.lrections

cloekwlse for longitudlnal defects,

for transverse defects respectively)
of ilefeet shape and orientation as

cxaminatlon should be per-
(el-ockwlse and counter-

with and agalnst the tube

to ellminate the influence

far as posslble.

fhe 1deaI non-destructlve testing method should be quantitatlve,
i.G. give lnfo:matlon of the slze of a posslble defeet. IDtra-
sonic examinatlon can in general be sald. to be semi--quantltative,

as the defeet slgnal magnltude depends on the size and shape of

the defect eross section, By the above-mentloneil proeedure, uLtra-
sonie examlnation has been maiie as quantltative as posslble. How-

ever, also the locatlon of the defect has some lnfluence and. the

testing equipment should be caLibrated. to glve.as equal slgnals

for internal and external defeets as possible and using a calibra-
tion tube with both external and internal notches.

g. f.. _Ac cgp tageg gritgri a

fn most eases all tubes, whlch do not produce a defeet slgnal
greater than the signal from the artlficlal notch or notehes, are

ileemed to, have passed the tcst. In discussj-ng sma1l slze tublng

where the posslble defect sizo may form a significant portion of

the wall thlekness, the accuracy of thc whole system may be of

some importance for the interpretation and evaLuation of the test
resrrlts. To eliminate the influencc of thls uncertainty, the

aceeptance level- is often defined as a certain percentage of the

slgnal magnltude frclm the artlficial notches. E.g. for PWR steam

generator tubing, the aeceptance l-cvcl ccrn bc set to 7O-9O fi ot

the lowest slgnal frorn the artificj-ir] notches, depending on the

whole testlng proeedure.
...5
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2. 4._fnftuenee_of gtrugtgre gn_the_tgs t resultg

Although ultrasonj.e examination is a selcctlve method anil a re-
flccting defect area 1s necessary to produce a defect signal,
the strueture may lnfluence the results. Thus, when testing to
very high sensltivlty, slgnals from graln boundarles may dlsturb
the test results and hide possible signals from real defects clue

to I'grasslng!' or background nolse on the records. fhe likelihood
for grasslng to occur depends on testing frequeney and sensiti-
vity as well as the graln si.ze. For austenj.tic steel and niekel
alloy tubing the critical average grain size tray vary from ASIM 3

to ASTM 7 ilepend.ing on testing procedure. Primarily an lrregr:1ar
grain size with both coarse and. fine grains may cause problems.

?. z._Sgmg gracli ca! gspegtg

Illtrasonic examinatlon is a slow and, therefore, expensive testing
aethod when the requirements on testlng sensitivity are high,
espeeially when testing small size tublng with a 1ow weight per
unlt length. TLte pitch 1s determlned by the testing sensitivity
and when the tubes have to be rotated, the rotation speeil rnust

be kept rather 1ow to avoid vibratlons and damage on the tubes.
Since some years equipment with rotatlng transducers 1s ava1lab1e

on the uarket, maklng far higher testlng speeds possible. when

the nr:mber of revolutions per mlnute can be raised from about

1.000 to 3.ooo thls has, of courser B significant lnfluence on

the testlng eosts.

To kecp test:.ng eosts dorvn, thc oquipment should be furly auto-
aatic. This means automatic eol-our marking of defective areas

...5
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and automatlc segregation of rejected tubes for repalr or serap-
plng. whcn requested, the testlng cqulpment shall, besldes the

electronj.c monitorlng system, provlde faeilities for analogue

recoriling of the test resul-ts. In future we can expect on-Iine
computer treatment of all the informatlon from ultrasonlc exa-

mination whlch will facllltate interpretation, evaluation and

statistical follow-up of the test results.

IVhen looking at costs for ultrasonic examlnation 1t is also essen-

tial to bear in mlnd that the rejeets caused by testing to a high
sensitivity often are more expensive than the testing itself.

a. g. _n4agple_of ul trasgnlc_tes ting_sge cifi catj-on

To illustrate the above aspects on ultrasonlc examlnation it uay

be interesting to review a eondensed. speeification, whieh 1s ty-
picaL for P'vrIR steam generator tubing at The Sanilvik Steel lforks.

lube-s1ze gfi.g grgdg: 7/8"x0.050,,, Sanicro 30 or T0 (eff oy 8OO or
600 )

Egigmgnj an9 raethod: Rotatlng barlum titanate transml tter/reeelver
transducers, 4WIz, line-focused. Two transducers each for longi-
tudinal and transverse d.efects, seannlng in opposite directioJ'ls.

letlErgtlgn gtandard: Artificlal longltudinal and transverse

defects (V-notch), i-nternally and externally. Depth = O.004" and

lcngth = L/zu. Automatlc trlggering for defect slgnals bigger than

75 /, of the artiflclal notch lndlcatlons. Recallbratlon after every

20 tubes.

legtlng conditlogs: Focus lcngth - 0.32", pitch = O.16", longitr.r-

dinal speed = 40, /nj-n (:OOO rpm)

...1
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{cgcgtgnge-clilelig: All tubes not containj.ng defects that will
trigger the monltor are deemed to havc passed the test.

Flg. 1. shows the r:ltrasonic equlpment used for this type of
tes ting.

Testlng agalnst this specificatlcn has proved to be very satis-
factory, whlch has been demonstrated by nurtrerous netaJ,lographic
examinations of tube sections showlng defeets whlch have been

either rejeetect or acceptcd 1n the ultrasonic test.

IlLtrasonic examination wlth longituilinal sowrd. waves is used. pri-
nar1Iy to measure the waII thickness of tube anil plpe. So far
this testing technlque has malnly been used. for manua.I checking
of the waII thickness after loca1 grinding of defects. However,

for several years continuous walI-thlckness measuring and re-
cording has been applied for cannlng tubcs for nuclear fuel and

will certalnlY also be requested for heat exehanger tubing for
scnrlce at high pressures in the future, especially when a tube

failure may cause hcalth hazards by spreadlng radioactive or

toxic products. The princlple for wa11 thlckness measllring ls
shown in fig. 2.

Iongitudinar waves are also used for checking the quarity of a

new type of tubular product gctting more and more attentj-on for
appllcations in nuclear and ,chemlcal industry: co-cxtrud.cil com-

poslte tublng. Sueh tubcs are used, where the material require-
uents are confllcting and eannot be satisfied by one uaterial
onlrr @.g. as regards corrosion and strength or general corro-
sion and stress corrosion resj-stancc sirnultaneously. The eo-

...8
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extrusion process glves composlte tubes with a netallurgicaL bond

between the two coroponents and rrltrasonic examlnation is used to

check that such a bond is present all along the tube length. fn

this case a calibration stand.ard is used, usually in the fo:m of

a flat-bottomed drill hole with a der-ined bottom area, situated

at the boncl. Also for this applieation ultrasonlc exauinatlon

has proved, to be a very sensltive and accurate testing method.

4 . Eddy Cument Examina ti on

fhe most common eddy eurrent testing method for heat exchanger

tublng is to utilize surrounding coil-s. \ryith thls testing tech-

nique lnhomogeneitles 1n the material in the fom of clefects and

variations in d.imensions and physical propertles such as struc-

ture ancl stress leve1 will be indlcated.. Ihe main difficulty

with this testlng uethod is to dlstinguish indicati-ons of real

defects from indicatlons of other orlgin which are of no 1m-

portance for judging the tube quality. Many attempts have been

and are being made to try to separate those lndlcations eoming

frorn defects only but so far no acceptable system 1s ava11ab1e

for proctuction testlng. However, edily current testing has the

ailvantage of being a very fast and inexpenslve testing methocl

and is suitable for deteetlon of such short defects, whj.ch may

be difficult to find. by ultrasonic examinatlon, espeelally when

testing only for Longltudinal defects.

!'e1 welded heat exchanger tublng in stainl-ess steels and. nickel

a1loys etldy current examlnation j.s the most suitable non-destruc-

tlve testi-ng methorl as ultrasonic examination is imposslble due

to the structure and the geometrical shape of the weld. We1ded and

drawn tubes OaXr however, also be ul-trasonica}ly testod.

o
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lIr

E. L. _Cglfblalign_an d_sgngi jigi Jy

Most calibratlon standards for eddy current examlnatlon are based

on drilled holes, €ither straight through the tube wal} or to
a certaln depttt from the outslde, to set the sensitivity. As

the testing sensitlvlty will always be higher at the outslde of
a tube and the drilled holes cannot be used. for cheeking the

sensitivity for lnternal defeets, it 1s also com!4on to use

. oircumferential grooves on the internal and external tube surfa-
t ces. These are then used to sclect frequency and phase angle for

_ optinizing the relation betrrueen lnternal and external defeet
sensl tlvi ty.

4 . 2 . _Prac tl eg}_aspgcls

As already indieated eddy curent testing is sensitive not only
to defeets but also to volume changes 1n the cross section
caused by minor walI thickness variations. [hls means that the

manufacturing method chosen for making the tubes has a large in-
fluencc on the applicable testlng sensitivity. cold-rorling
(cotd-pilgering) of tubes is an excerr-ent method for tube pro-
tluctlon enabling high defonnatlon rates and miniro.izing of excent-

rleity bu.t the diseontlnuous feed causes minor wa-1I thi.ckness

varlations (waviness), 1n thc order of o.ooo5"-0.0o15r. This

wavlness, which fal1s well withln the speclfled tolerances may

cause serious Srasslng or baekground noise. Tube drawlng 1s more

favourable in this respeet but does not produce a better tube

quality, rathcr the opposite as regards concentricity.

In testing of wel-ded tubing 1n au.;tenitic staj.nless stee1, which

usually shows excellcnt wal1 thjckncss to)cran.ecs, the background

noise level may be rather high, ovcn wh,en tire v",clcl bcad is very

...I0
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suooth. ttris may bc caused, for example, by vari_ations 1n ferri-
te contcnt in the weld and stress leve1s (cotd work) fron thc

straightenlng operati on.

5. llouid Penetrant Examlnatlon

For tublng the 11quid penetrant test 1s a somewhat questionable

non-destructjve method as mostly onfy thc external surface can

be checked,. In thls context it vrould lead too far to discuss

all the variants of penetrant testlng and r sharl rather eon-

centrat6 on the advantages and disadvantages of thls technlque

in general.

Ihe naln advantage with dye penetrant examlnatlon of tubing is
that injttrious surface dcfects are eas1ly detected, also in sizes

where other non-dcstructlve testlng methods are too insensltive.
fhis refers mainly to large-diametcr, heavy-walI tube and. plpe,

whcre even ultrasonie testlng to a 3 /, defect level aay leave

supcrficial 1aps, seams, etc. r.rndetected. rn sueh cases it nay

also be posslble to examine thc borc.such high demands on the

tube surfaee are often put on large dianneter pj-pe for eontrol
rod. opcratlng systemsr e.g. 1n sizes around 4-8" outcr dlameter

ana 3/4"-71/2. wal-L thickness. The reason 1s to ellminate defeets

whieh may serve as stress ralscrs or lnitlate corrosion attack.
For heat exchanger tubing, however, these aspects are rather
lrrelevant.

Ittloreover, dye penetr;:nt examinatlon may be applicd on nanipulated
tublngr €.8. IJ-benrls or tubes bent to o ther cc;nf igurations where

nelther uJ- trasoni c, nor eddy currcnt exar:iinrrtiotr can be applied.

...11
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llhe main d.isadvantage of liquld penetrant testing 1s the rather

inadequate information. From posslble indications it is very

difficuLt to teLl anythlng about the depth and harmfulness of

the dcfects. Therefore, the elimlnation of harnLcss, very super-

ficial defects may Lead to unneecssary and costly repai-r work.

As a serious d.rawback must also be mentloned that liquid penetrant

testing 1s a s1ow, dlrty and costly operation requiring large

spacc, espeeially for han&Ling long length tublng. tr'or heat ex-.
,t

o changer turbing, already testcil to a strict r:l-trasonie specifi-
cation,'the uethod does not givc a slgnlfj.cant inerease in quality

1n relatlon to the costs 1nvo1vcd, and shorrld in most cases not

be applied.

At fhe Sandvlk Steel Works dye penetrant examination ls priuarlly
used for heavy waI} tubing wherc ultrasonle or e.ild.y current exa-

mination 1s not enough sensitive for superflcial- defects and for
the examination of the outer bends 1n manlpulated. tublng bent

to smal1 radii.

Discussion and Conclusions

Although all non-destructlvc testlng methods dlscussed here have

'their merlts and demerits, ul-trasonlc examlnatlon 1s the testlng

proeed.ure, which can provldc the most useful information. Thls

can be rclatod to the fact that al-l defect signals are the result

of an echo from a defect whlch may bc elther of mechanical nature

(eraeks cte. ) or of itetallurgical nature (lnc1uslons, cxccsslve

graln sl.ze). To get complete i.nfbrn.rtion ebout the quality of

a tube by u-ttrasonlc oxamination j t is, however, Be cessary to

have a rathel sophistrcated testini4 equipment r;,'r that defects of

all types and shapcs can bc cle tected. llhis nieansi tlrat f or rela-
...12
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tively thin-wal1ed, smalI size tubing, where the calibration

stanclartl notch depth constltutes a rather big portion of the

tube walI, testing for botlr longitudinal and transverse clefects

shoultl be perfo:med, 1n both cases scannlng 1n two opposite

directions. B3r applylng such a testing methocl it ls posslble

to establish a high quality leveI at a reasonable cost'vrith

ninimizect risks for injurious ilefects to pass. Ihls has been

proved by examination of tubes giving defect signals both above

ancl below the rejectlon level, e.g. for PIIR steam generator

tubing.

In relatlon to riltrasonic exarn:inatlon eddy curent testing 1s

still uuch less selective ancl very sensitive for other varia,-

tlons in a tube than clefeets, variations which have little or

no influence on the tube quality. This means that results from

eddy current testing are more alifficuJ.t to lnterpret than from

ultrasonic exaulnatlon. fncllcations from minor clinensional

variations dependlng on thc tube processlng Bethod alle exaroples

on irrelevant info:matlon obtalned. There is, therefore, a great

risk that this testing mcthod, eithcr leaiis to r:njustifiecl reiec-

tions of perfect tubes or that the test results must be intelpre-

ted ln relation to the rccords from ultrasonie testing. For seau-

Iess or weliieil anit drawn tubes the additional lnformation obtained

from eddy crrrrent testing, aftcr testing to a strict ultrasonLc

speelfication, is minute ancl not worth the additlonal costs for

testlng and evaluation of rcsults.

Flnally, liquid penetrant tosting being a slow, dirty and expen-

s1.ve testing mcttrod should bc applicd only wlten electrie tests

cannot glve suffieicnt information about the tube quality. Sueh
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ULTRASONIC DIGITAL TI.IICKNESS GAUCI'

Method: Pulse ccho r,r,.ith rotatir:g tranaducer

I

F

Rotation speed:

Sampling rate:

Testing frcquency:

Minimum thickness:

Accuracy:

Otrtputs:

Transducer
echo

Uiirasonic Digital Thickness Gauge

I5OO RI)M

3000 times per secontl

l0 MHz

0.4 mm (0.016")

J o. ot mm (t o. ooo4")

Higt- Low alarm (adjustable set
point s )

Analog for recorder

Surface
echo

I Measuring gatelnhiltit,6n nu,a

Measuring echoes

Flg. 2b


