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Izvod

Najznacajniji delovi hidroelektrana, vratila turbina
izloZena su tokom rada visokim naprezanjima,
puzamju, zamoru i Koroziji. Zbog toga je korisno
preduprediti  oSteCenja tokom rada, povecati
pouzdanost | produZiti radni vek postrojenja.
Eksploatacioni uslovi mogu da dovedu do prslina i
loma u homogenom materijalu, tako da postoji potreba
za reparaturom dela postrojenja. A ona moZe biti
skupa ili dugotrajna. U okolnostima kada se reparatura
izvodi na licu mesta, posebno paZljivo treba da se
definiSe  tehnologija  reparaturnog  zavarivanja,
parametri postupka, i izbor dodatnog materijala. U
ovom istraZivanju izbor dodatnog materijala je bio
tema i dati su rezultati.

Vratilo je izradeno od Celicnog liva 20Mn5 i na njemu
su metodama IBR, otkrivena oStecenja tipa prslina
duzine do 400 mm i dubine do 20 mm. Kako je
planirano da se reparatura izvede bez demontaze
vratila, primena termicke obrade nije bila izvodijiva.
Analiza zavarljivosti osnovnoog materijala uradena je
koris¢enjem analitickih jednacina. Rezultati su pokazali
da je zavarljivost ovog celika ograniéena.

Za reparaturno zavarivanje izabran je postupak REL
(111) i dve obloZzene austenitne elektrode sa ciljem
odredivanja pogodnosti za upotrebu kao potencijalnih
dodatnih materijala za reparaturu. U ovom istraZivanju
ispitane su Fe-Ni-Cr-Mo elektroda i elektroda na bazi
Ni i njihove osobine su uporedene. Ispitivanje
zatezanjem,  ispitivanje  apsorbovane  energije,
ispitivanje savijanjem, merenje tvrdoCe i ispiivanje
osetljivosti kao Sto su ,CTS"i ,Y" probe, izvedeni su na
ispitnim spojevima dobijenim zavarivanjem osnovnog
materijala, 20Mn5, ispitivanje savijanjem, merenje
tvrdoce i ispiivanje osetljivosti kao sto su ,CTS"i ,Y*
probe izvedeni su na ispitnim spojevima dobijenim
zavarivanjem osnovnog materijala, ¢elika 20Mn5, sa
ispitivanim dodatnim materijalima. Dobijeni rezultati su
analizirani i na osnovu toga, odabrana je elektroda na
bazi Ni kao pogodnija za reparaturno zavarivanje.
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Abstract

The most significant components of hydropower
plants are turbine shafts and generator rotors which
undergo time-dependent processes such as high
stresses, creep, fatigue and corrosion. It is therefore
desirable to prevent in-service damages, improve
reliability and extend the operational life of the plant.
Plant operation can lead to cracking and failures in
homogeneous materials, therefore a need for repair
welding on plant components, which can be
expensive and time-consuming, exists. In the
circumstances when repair welding has to be carried
out on site, special care has to be taken in defining
repair welding technology, process parameters and
selection of filler materials. In this research a selection
of filler materials for repair welding on site of
hydropower turbine shaft was performed and results
were presented.

The shaft was made of the cast steel 20Mn5 and
presence of damages in the form of cracks which
were up to 400 mm long and up to 20 mm deep was
detected through the use of NDT methods. As the
repairing was planned to be carried out without
disassembling of the shaft, application of heat
treatment procedures was not feasible. Weldability
analysis of the base material was performed through
the use of analytical equations. Results have shown
that weldability of this steel is limited.

For the repair welding a MMA (111) welding process
was selected and two covered austenitic electrodes
were analyzed in order to establish the feasibility of
their use as potential filler material for repairing. In this
research a Fe-Ni-Cr-Mo electrode and Ni based
electrode were tested and their properties were
compared. Tensile testing, absorbed energies tests,
bending tests, hardness measurements and sensitivity
tests such as "CTS” and ”Y” were performed on test
joints obtained by welding of base material, 20Mn5
steel, with investigated filler materials. Obtained
results were analyzed and a Ni based electrode was
selected as most suitable for repair welding.
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Nakon 25. godina rada jednog od agregata na
hidroelektrani ,,Berdap II” na reci Dunav u Srbiji,
izvrSena su detaljna ispitivanja zavarenih spojeva i
osnovnog materijala vratila metodama bez razaranja
(NDT), a u cilju utvrdjivanja stanja turbinskog vratila.
Izvr8enim ispitivanjima utvrdjeno je da u zoni
prelaznog radijusa (R80) izmedju cilindricnog dela
vratila i velike prirubnice, po ¢itavom obimu, postoji
veliki broj povrsinskih prslina, razli€itih duzina i
dubina. Maksimalna duzina pojedinacne prsline bila je
L=430 mm, a maksimalna dubina a =20 mm. Suplje
vratilo turbine izradeno je iz tri dela, zavarivanjem
velike prirubnice i cilindricnog dela vratila i cilindri¢nog
dela i male prirubnice. Velika prirubnica (prirubnica
prema glav€ini radnog kola) izradena je od ¢&eli¢nog
liva 20 GSL (~20Mn5), a cilindri¢ni deo vratila i mala
prirubnica izradeni su od celika 20 GS.

Obzirom na prisustvo prslina odlu¢eno je da se izvrsi
reparaturno zavarivanje postojecih oste¢enja. Posto bi
demontaza vratila iziskivala velike troSkove, a
uzimajuci u obzir i konstatovana osteéenja odlu¢eno
je da se reparaturno zavarivanje obavi na licu mesta
bez demontaZe vratila. Takva odluka iziskivala je
posebna istraZivanja u cilju definisanja optimalne
tehnologije reparaturnog =zavarivanja prilagodjene
otezanim uslovima izvodjenja procesa. Ispitivanja
prikazana u ovom radu su uradena u cilju ocene
metalurS§ke zavarljivosti livenog celika 20GSL i
odgovarajucih elektroda za zavarivanje, kao podloge
za odredivanje parametara zavarivanja u cilju
kvalifikacije tehnologije zavarivanja.

IzvrSena ispitivanja grupisana su tako da definisu
svaki od osnovnih pokazatelja zavarljivosti. Pri tome
se vodilo raduna o primeni onih metoda ili tehnoloskih
proba koje su karakteristi¢ne, selektivne i primenljive
za ispitivanja na osnovnom metalu vratila i dodatnim
materijalima za zavarivanje. Prva grupa ispitivanja
odnosi se na odredivanje mehanitko - tehnoloskih
osobina zavarenih spojeva. Pored odredivanja
Cvrsto¢e zavarenog spoja, Cvrstoca metala Sava,
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INTRODUCTION

After 25 years of operation of an hydroelectric
generating set on HPP ,.Derdap II” on Danube River
in Serbia, meticulous inspections of welded joints and
base material of the shaft by NDT methods were
carried out in order to determine the condition of the
turbine shaft. It has been determined that in the area
of the transition radius (R80), between the cylindrical
section of the shaft and the big flange, all along the
circumference a large number of surface cracks of
various lengths and depths exist. Maximum length of
a single crack was L=430 mm, and maximum depth
was a=20 mm. The hollow shaft consists of three
parts, and has been formed by welding the big flange
to the cylindrical section of the shaft at one end and
small flange on the other. Big flange (positioned
toward the hub of the runner) has been made of 20
GSL (~20Mn5) cast steel, while cylindrical section of
the shaft and small flange have been made of 20 GS
steel.

A decision has been made that, due to the presence
of cracks, repair welding of existing damages should
be carried out. Since the disassembling of the shaft
would be very expensive, and taking into account the
amount of damage, it has been decided that repair
welding should be carried out on-site without
disassembling the shaft. Such a decision called for
special researches regarding the determination of the
optimum repair welding technology, taking into
account the conditions under which the process was
supposed to be carried out. Tests presented in this
paper were carried out with the purpose of
determining the metalurgical weldability of the cast
steel 20GSL and adequate welding electrodes, and
serve as a basis for the obtainment of welding
parameters necessary for the determination of the
welding procedure.

Performed tests were grouped in such a fashion as to
define every single one of basic indicators which refer
to weldability. Such methods and technological tests
which are characteristic, selective and applicable for

Slika 1: Suplje vratilo ispitivane hidoturbine a) shema vratila, b) prelazni radijus vratila R80 sa polozajem
konstatovanih prslina, c) izgled prisutnih prslina

Figure 1: Hollow shaft of the turbine: a) drawing of the shaft, b) transition radius R80 with locations of detected
cracks, c) appearance of detected cracks
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odredivan je ugao savijanja oko lica i temena vara,
energija udara i promene tvrdote kroz presek
zavarenog spoja. Cilj ovih ispitivanja je dobijanje
optimalnih mehanicko strukturnih osobina repariranih
mesta na vratilu hidroagregata. Druga grupa
ispitivanja odnosila se na ocenu sklonosti ka pojavi
hladnih i toplih prslina, primenom tehnoloskih proba.
Za ocenu zavarljivosti danas se u svetu koristi niz
tehnoloSkih proba, a njihov izbor zavisi od mnogo
faktora u funkciji od zahteva koji se postavljaju pred
materijal. U ovom ispitivanju izabrane su tehnoloSke
probe koje su selektivne za €eli€ni liv prirubnice vratila
i dodatne materijale koji se mogu primeniti za
reparaturu zavarivanjem uslovljenom specifi¢nosti
problema.

Analizom dobijenih rezultata na bazi obimnih
ispitivanja data je ocena o zavarljivosti €eli€nog liva
prirubnice vratila (20GSL) i ispitivanih elektroda, koja
je posluzila da se tatno definiSe tehnologija
reparaturnog zavarivanja prirubnice vratila.

EKSPERIMENTALNI DEO

U okviru rada obavljena su sledeca ispitivanja i
aktivnosti:

¢ Analiza osnovnog materijala vratila
e Analiza zavarljivosti vratila na osnovu analitickih
metoda

e |zbor mogué¢ih postupaka zavarivanja i dodatih
materijala

e |zrada probnih zavarenih su¢eonih spojeva

e lIzrada tehnolodkih proba za definisanje sklonosti
ka stvaranju prslina osnovnog i dodatog materijala

e |Ispitivanja mehani¢ko - tehnoloskih osobina
probnih zavarenih spojeva

e Ispitivanja u cilju ocene sklonosti ka stvaranju
prslina:

- "CTS" proba

- Metoda japanskog drudtva za zavarivanje -
"Y" proba

REZULTATI 1 DISKUSIJA

Osnovni materijal

Sheme mesta uzorkovanja iz vratila i isecanja
pripremaka za izradu uzoraka prikazane su na
slikama 1a i b. Usled velike mase i gabarita
dostavljenog uzorka, izvréeno je selenje komada
gasnim plamenom na tri manja, iz Kkojih su
mehanic¢kim  seCenjem izradjivani uzorci za
predvidjena ispitivanja.

Hemijski sastav

Analiza hemijskog sastava c¢eliCnog liva prirubnice
vratila obavljena je metodama odredjivanja sadr OES
i XRF. Rezultati analize su prikazani u tabeli 1 [1] .
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investigations regarding the base material of the shaft
and filler materials were used. First group of tests
refers to determination of mechanical and
technological properties of welded joints. Apart from
determining the strength of the welded joint and of the
filler metal, the angle of bending around the face and
the apex of the weld has to be determined, as well as
the impact energy and change of hardness along the
cross-section of the welded joint. The objective of
those investigations is to obtain optimum mechanical
and structural properties on repair welding locations
on the shaft of the hydroelectric generating set. The
other group of investigations refers to the assessment
of proneness to the formation of cold and hot cracks,
through the application of technological tests. Many
technologial tests of this type are in use nowadays,
and their selection depends on many factors which
refer to requirements regarding the material. For this
investigation selective technological tests have been
chosen regarding the cast steel of which the shaft
flange has been made of, as well as filler materials
which could be applied for repair welding with respect
to specific conditions.

Through the analysis of results obtained on the basis
of extensive investigations the assessment regarding
the weldability of cast steel (20GSL) and tested
electrodes could be obtained, which served well in
order to precisely establish the repair welding
technology for the shaft flange.

EXPERIMENTAL

Within the scope of this research the following
analyses and activities have been undertaken:

o Analysis of the base material of the shaft

e Analysis of shaft weldability based on analytical
methods

e Selection of applicable welding procedures and
filler materials

o Formation of welded butt joints - tests

e Formation of technological tests in order to
determine the proneness to cracking for the base
and filler material

¢ Investigations of mechanical and technological
properties of test welded joints

¢ Investigations in order to assess the proneness to
crack formation:

- "CTS" test
- Japan Welding Society Method - "Y" test

RESULTS AND DISSCUSION

Base Material

Sampling locations on the shaft and locations of
specimen preforms are presented in figures 1a and
1b. Due to the large mass and dimensions of the
obtained sample, cutting of the piece in order to obtain
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Mehanicke karakteristike

U cilju ispitivanja zateznih osobina u dva pravca, iz
dostavljenih uzoraka izradene su po tri epruvete za
ispitivanje zatezanjem. Epruvete su izradene kao
standardne prema zahtevima EN 10002-1:1996,
pre¢nika mernog dela 6 mm. Ispitivanje je izvr§eno na
sobnoj temperaturi (T=+20°C). Rezultati ispitivanja su
prikazani u tabeli 2. |z uzorka prirubnice vratila
izradene su standardne epruvete za ispitivanje
energije udara, prema zahtevima EN 10045-1.
Ispitivanje je izvrSeno na Sarpi klatnu opsega 0—
300J na sobnoj temperaturi (T=+20°C). Rezultati
ispitivanja su prikazani u tabeli 2.

Ispitivanje tvrdo¢e HB 5/7500/15” je izvrSeno na ftri
uzorka i tri merna mesta, a dobijene vrednosti su se
kretale od 153 do 163 HB.

Dijagram kontinuiranog hladjenja (KH)

Kako se nije raspolagalo dijagramom kontinuiranog
hladjenja za ispitivani Celi¢ni liv 20GSL, na slici 2,
prikazan je dijagram za sliCan Celik 20Mn5. Na
dijagramu kontinuiranog hladjenja prikazane su
odgovarajue temperature transformacije, strukture i
tvrdo¢e. Na osnovu ovih podataka moze se smatrati
da ovaj Celik pokazuje neke karakteristike koje se
moraju uzeti u obzir pri prou¢avanju njegove
zavarljivosti, pre svega njegova zakaljivost. Takode,
ovaj Celieni liv je osetliv na temperaturu
austenitizacije i na trajanje termicCke obrade.

Na osnovu prikazanih rezultata ispitivanja osnovnog
materijala prirubnice vratila moze se konstatovati da
su vrednosti zatezne ¢&vrstocCe i izduzenja na donjoj
granici ili neSto nize od zahtevanih prema GOST

LY
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3 smaller pieces through the use of the gas torch has
been performed, from which the samples meant for
predefined tests were manufactured by mechanical
cutting.

Chemical Composition

Analysis of the chemical composition of cast steel has
been carried out through the use of OES AND XRF
methods for content determination. Results of the
analysis are presented in Table 1.

Mechanical Properties

From each of delivered samples 3 specimens were
manufactured in order to carry out the testing of tensile
properties in 2 directions. Specimens were
manufactured in accordance with EN10002-1:1996
standard, diameter of the measurement section is 6
mm. Testing has been carried out at room temperature
(T=20°C). Testing results are presented in Table 2.
From the sample of the shaft flange standard
specimens for impact energy determination were
manufactured, in accordance with EN 10045-1
standard. Testing has been performed through the use
of the Charpy pendulum used in the range 0 - 300 J at
room temperature (T=20°C). Testing results are
presented in Table 2.

Hardness testing HB 5/7500/15” has been performed
on 3 samples and 3 measurement locations. Obtained
values ranged from 153 to 163 HB.

Continuous Cooling Transformation Diagram

Bearing in mind that the continuous cooling
transformation diagram for tested cast steel 20GSL
was not available, diagram for the similar steel (20Mn5)

standradu. Ostale zatezne osobine, energija udara i was used, Figure2. In the continuous cooling
tvrdoéa su u okviru zahteva standarda. Navedene transformation  diagram adequate transformation
Tabela 1: Rezultati hemijske analize dostavljenog uzorka u [mas. %]
Table 1: Results of the chemical analysis of the obtained sample in [%]
Analysis method/% Cc Si Mn S P Ni Cr Mo \Y Al w
OES 0,19 | 0,72 | 0,29 0,02 | 0,021 | 0,27 | 0,27 | 0,047 | 0,009 | 0,038 | 0,024
XRF 0,12 | 0,63 | 1,10 0,002 | 0,001 | 0,22 | 0,23 | 0,031 - 0,038 -
Chemical composition | 0,16 - 0,60 -| 1,00 - max max ) ) ) ) )
/GOST 977-88/ 0,22 |0,80| 1,30 0,030 | 0,030

Tabela 2: Rezultati ispitivanja zatezanjem prema EN 10002-1 i energije udara prema SRPS EN 10045-1 [1]

Table 2: Results of tensile tests performed in accordance with EN 10002-1 standard and impact energy tests
performed in accordance with SRPS EN 10045-1 standard [1]

. L Yield stress Re Tensile strength Elongation Contraction
Testing direction (N/mmz) Ri (N/mmz) As (%) Z (%) KV 3002 (J)
transversal 322 560 21,6 54,9 494
longitudinal 314 525 15,3 39,2 58
Prescribed value
min 294 min 540 min 18 min 30 min. 23,4 J
GOST 977-88
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konstatacije = posebno usloznjavaju problem i
zahtevaju posebnu paznju pri izboru postupaka,
tehnologija i dodatnih materijala za reparaturno

zavarivanje vratila.

Ocena zavarljivosti
izraza

primenom analitiékih

Prvi korak ka oceni zavarljivosti, prakticno pre
eksperimentalnog rada je ocena zavarljivosti
primenom analitickih izraza. Pored jednalina za
ekvivalent ugljenika, kada su ¢€elici u pitanju, zna¢ajan
parametar je PCM. To je parametar prslina, koj ima
primenu kod proraduna parametra za pojavu hladnih
prslina koji se primenjuje za niskolegirane celike.
Parametar prslina uzima u obzir samo hemijski sastav
osnovnog materijala u ovom slu€aju niskolegiranih
Celika. Pored parametarskih jednalina za ocenu
otpornosti ka pojavi hladnih prslina primenjuju se i
jednacine za ocenu sklonosti prema pojavi i toplih
prslina i prslina usled zarenja [2-4].

Ekvivalent ugljenika je izraCunavan primenom formula
[6-7]i to:

Mn+Mo Cr+Cu Ni
+ + +

: = — 1
CET:Cy =C+—— 2020 (1
Mn Cr+Mo+V Ni+Cu
CE (IW):Cy =C g+ =+ @)
Si Mn+Cu+Cr Mo Ni V
Co=C¥30* 20 *15*e010">B O

Sklonost prema pojavi hladnih prslina je odredivana
primenom formule 4, koja pored ekvivalenta ugljenika
uzima u obzir i koli¢inu difuzionog vodonika (H) i
debljinu materijala s , prema [7]:

q00

1000 10000 1078 10°6

Zeit [s]

Slika 2: Dijagram kontinuiranog hladjenja za ¢elik 20GSL (20Mn5)
Figure 2: Continuous cooling transformation diagram for steel 20GSL (20Mn5)

temperatures, structures and hardnesses are
presented. On the basis of these data it can be
considered that this steel has some properties that
have to be taken into account as far as their
weldability (most of all their hardenability) is
concerned. This cast steel is sensitive to the
austenitizing temperature and duration of the heat
treatment.

On the basis of presented test results for the base
material of the shaft flange it can be stated that values
of tensile strength and elongation are just a bit above
the lower limit or somewhat lower than values
prescribed in GOST standard. Values of other tensile
properties (impact energy and hardness) are within
the prescribed limits. All the above mentioned makes
the problem very complex, therefore special attention
concerning the selection of procedures, technologies
and filler materials for repair welding of the shaft is
required.

Assessment of Weldability through the
Application of Analytical Expressions

First step toward assessing weldability, even before
experimental work, is to assess weldability through
the application of analytical expressions. Apart from
determining the carbon equivalent for steels, it is also
important to determine PCM, which is the crack
parameter applied when calculating the parameter for
the occurence of cold cracks which is in use for low-
alloy steels. Crack parameter takes into account only
the chemical composition of the base material, in this
case of a low-alloy steel. Apart from parameter
equations for the assessment of resistance to cold
cracking, equations for the assessment of proneness
to hot cracking and cracking due to annealing [2-4]
are being used. Carbon equivalent is obtained through
the use of following formulas [5-7]:
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60 T 600 @

Pc =Pou

Ovde je:

Pc - pokazatelj sklonosti niskolegiranih celika ka
obrazovanju hladnih prslina,

Pcuw - pokazatelj kojim se uzima u obzir uticaj
hemijskog sastava Celika

Si Mn+Cu+Cr Mo Ni V
= _— _— R - - 5
Pw=Ct30* 20 *157e0 1078 ©
H - sadrzaj difundovanog vodonika u metalu Sava u
[cm®/100g], s - debljina &elika u mm

Analiticki izraz za ocenu sklonosti osnovnog
materijala ka stvaranju toplih prslina je:
Si  Ni .
C (S+P+25+ 300 O
3*Mn+Cr+Mo+V

(6)

HCS =

Dobijeni rezultati ocene zavarljivosti primenom
analitickih izraza (1-6) i rezultata hemijske analize
prikazanih u tabeli 1 dati su u tabeli 3.

Prikazani rezultati ukazuju da je predmetni Celi¢ni liv
zavarljiv.  primenom  konvencionalnih  postupka
zavarivanja, ali uz primenu mera predostroznosti.
Vrednosti za ekvivalent ugljenika su na nivou Koji
namecée predostroznost pri zavarivanju. To znadi da
tokom zavarivanja treba voditi rauna o brzini
zagrevanja, hladenja i o temperaturama izmedu
prolaza, odnosno obavezno predgrevanje.

Sklonost ka pojavi hladnih i toplih prslina kao i nivo
ekvivalenta ugljenika koji ukazuje na moguénost
stvaranja krtih faza namecu potrebu dodatnih
ispitivanja u cilju ocene sklonosti ka stvaranju toplih i
hladnih prslina. Sklonost ka pojavi hladnih prslina se
poveéeva sa povelanjem debljine osnhovnog
materijala, a sklonost ka pojavi toplih prslina sa
povecanjem zapremine te¢nog kupatila. To znali da
pored mehanicko - strukturne karakterizacije probnih
uzoraka, zavarenih u cilju definisanja tehnologije
zavarivanja, bi¢e neophodno primeniti i tehnoloSke
probe zavarljivosti.

Temperatura predgrevanja je odredena primenom dve
metode i to metodom koja se bazira na vrednosti
parametra za hladne prsline PC po formuli [7, 8]:
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+Mn+Mo Cr+Cu Ni

CET:C,, =CH o+ = s

(1

Mn Cr+Mo+V Ni+C
CE (IIW):CekV=C+?n+ r 5° ¥ '15“ 2)

Cekv=C+%+%(;H0r+m+M+l+5xB (3)

Proneness to the formation of cold cracks is being
determined through the use of a formula which, apart
from carbon equivalent, takes into account the amount
of diffused hydrogen (H) and the thickness of material
s according to [7]:

S

e =Fou*'60 * 600

(4)

where:

PC - indicator of proneness of low-alloy steels to the
formation of cold cracks,

PCM - indicator which takes into account the effect of
the chemical composition of the steel

PCM=C+%+W+W+&+X+5><B (5)
H - content of diffused hydrogen in the weld metal in
[cm3/100g], s - thickness of steel in mm

Analytical expression for the assessment of
proneness of the base material to the formation of hot
cracks:

Si N .,
C (S+P+ 25+ 100 ho

3*Mn+Cr+Mo+V

Obtained results regarding the weldability assessment
through the use of analytical expressions (1-6) and
results of the chemical analysis from Table 1 are
presented in Table 3.

HC.S= ©)

Presented results indicate that this cast steel is
weldable through the application of conventional
welding procedures, which have to be carried out
cautiously. Values of carbon equivalent call for
cautiousness during the welding process. That means
that special care has to be taken regarding the

Tabela 3: Analiticka procena zavarljivosti ¢elika 20GSL (~ 20Mn5)
Table 3: Analytical assessment of weldability of steel 20GSL (~ 20Mn5)

Carbon equivalent Value Reference values and assessment
CET (SEW 088-93) 0,33 Weldable, preheating required
CE (BS 5135) 0,45 Weldable, preheating and annealing required
PCM (ANSI/AWS D1.1-96) 0,29 Weldable, preheating required
CEN (JIS) 0,47 Weldable, preheating and annealing required
HCS 215 When HCS > 4 prone to hot cracking
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Tpr (C°)= 1440 Pg — 392 @)

| po metodi Seferijana [11] po formuli:

Tpr (C°)= 350 ( C- 0,25)*° (8)
gde je:
C-ekvivalentni ugljenik debljine materijala
C=0,005+s+C,,,
s-debljina materijala u mm,
Cerv-hemijski ekvivalent ugljenika

C)

Temperatura predgrevanja je, kao i kod ostalih
parametarskih jednacina, odredivana za sastav Celika
20 GSL dat u tabeli1. Dobijene su temperature
predgrevanja od 150 do 200 °C.

360 Cekv = 360C+40 (Mn+Cr)+20Ni+28Mo

Izbor postupka zavarivanja

Polaze¢i od ocene strukturno mehanickih osobina
osnovnog materijala i pretpostavljenih zahteva za
kvalitet, odgovornost zavarenih spojeva i slozenost
izvodjenja procesa, u principu za zavarivanje Celi¢nih
livova sa sadrzajem ugljenika do 0,2%, preporuceni
postupci mogu biti: metal arc welding with covered
electrode (MMA - 111), metal arc active gas welding
MAG (135) ili flux cored wire metal arc welding with
active gas shield (FCAW/AG - 136) i submerged arc
welding with wire electrode (SA-121). Na osnovu
geometrijskog oblika prirubnice vratila, konstruktivhog
reSenja, oteZanih tehnolodkih mogucnosti uslovljene
moguéom reparaturom na licu mesta i rasopolozive
opreme za reparaturno zavarivanje izabran je
postupak metal arc welding with covered electrode
(MMA - 111).

Izbor dodatnih i
zavarivanje

potrosnih materijala za

Izbor dodatnih materijala za zavarivanje je izvren na
osnovu sledecih kriterijuma:

e kriti€nih mehanicko strukturnih osobina osnovnog
materijala,

¢ hemijskog sastava osnovnog materijala,

e uslovljeno8¢u izvodjenja procesa na licu mesta u
turbini,

e zahteva za ograniavanje visokih vrednosti
tvrdoce u metalu $ava i malih unosa toplote,

e usvojenog postupaka zavarivanja,

e ocene zavarljivosti, odnosno usvojenih mera
predostroZznosti pre svega zahteva za nizak
sadrzaj difunovanog vodonika u metalu Sava.

Primenom navedenih kriterijuma izabrani su dodatni
materijali za zavarivanje koji su prikazani u tabeli 4.

U tabeli 5 su dati hemijski sastavi Cistog metala vara, a
u tabeli 6 su date mehanitke karakteristike Cistog
metala vara.
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heating and cooling rate and temperatures between
passes, in other words preheating is obligatory.

Proneness to the formation of cold and hot cracks, as
well as the carbon equivalent level which indicates the
possibility of creation of brittle phases suggest
additional investigations. Proneness to the formation
of cold cracks increases with the increase of base
material thickness, while proneness to the formation
of hot cracks increases with the increase of volume of
the liquid bath. That means that, apart from
mechanical and structural characterization of test
samples welded in order to determine the welding
technology, it is necessary to carry out technological
weldability tests.

Preheating temperature is obtained through the use of
2 methods, the first being the method based on the
value of the cold cracking parameter PC according to
the following formula:

Tpr (C°)= 1440 Pc - 392 (7)

The other one is the Sepherian method, preheating
formula is obtained from the following formula:

Tpr (C°)=350 ( C- 0,25)°° (8)

where:
C - carbon equivalent of the material,
C=0,005+s-C,,

s - thickness of the material in mm
Cekv - chemical carbon equivalent

9)

Preheating temperature was, as with other parametric
equations, obtained for the composition of the steel
20 GSL presented in Table 1. Obtained preheating
temperatures ranged from 150 to 200°C.

360 Cekv = 360C+40 (Mn+Cr)+20Ni+28Mo

Welding Procedure Selection

Taking into account structural and mechanical
properties of the base material and assumed quality
requirements, as well as the category of welded joints
and complexity of the welding process, this is the list
of recommended procedures for welding of cast steels
with less than 0.2% of carbon: metal arc welding with
covered electrode (MMA - 111), metal arc active gas
welding MAG (135) or flux cored wire metal arc
welding with active gas shield (FCAW/AG - 136) and
submerged arc welding with wire electrode (SA-121).
Based on the geometric shape of the shaft flange,
construction  solution, technological possibilities
conditioned by possible on-site repair welding and
availability of repair welding equipment, metal arc
welding with covered electrode (MMA - 111) was
selected.

Selection of Filler and

Materials for Welding

Expendable

Selection of filler materials has been carried out taking
into account the following:
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Tabela 4: Kvalitet izbranih dodatnih materijala za zavarivanje
Table 4: Quality of selected welding filler materials

FILLER MATERIAL

OA-395/9

2222 Xuper NucleoTec

MANUFACTURER

Moscow, Russsia

AO SPECELEKTROD,

CASTOLIN EUTECTIC,

Vienna, Austria

CLASSIFICATION/STANDARD

ISO E16.25.6B20
GOST 9466-75

/

TYPE OF COATING

Basic

Basic

COATING CLASS

Thick Sheath

Thick Sheath

Tabela 5: Hemijski sastav Cistog metala vara primenjenih dodatnih materijala (mas%)

Table 5: Chemical composition of the pure weld metal for applied filler materials [%]
Filler material / C Si Mn Cr Mo Ni Fe
Chemical composition % % % % % % %
9A-395/9 <012 | 0.35:0.70 120280 5°0 | 4.50-7.00 22.00-27.00 | The rest
2222 Xuper NucleoTec <0.10 <0.50 <5.00 <15.00 <1.00 The rest <10
Tabela 6: Mehanicke karakteristike primenjenih dodatnih materijala
Table 6: Mechanical properties of applied filler materials
Filler material / Mechanical Rpo.2%, Rm, As, A, HB
properties MPa MPa % J (20°C)
OA-395/9 / >610 30 >118 /
2222 Xuper NucleoTec ~390 620-690 40-45 ~120 180-220

Mehanicko tehnoloske osobine suceonih
zavarenih spojeva

U cilju definisanja mehanickih i strukturnih osobina
repariranih mesta na vratilu hidroagregata izvrSena je
izrada sucCeonih spojeva od materijala vratila sa dva
ispitivana dodatna materijala. Dva suCeona spoja su
zavarena elektrodom O3OA-395/9, precnika ¢ 3.00mm
koreni zavar, a popuna je vriena elektrodom preénika
$4.00 mm. Druga dva suceona spoja su zavarena
elektrodom 2222 Xuper NucleoTec, precnika
¢ 3.25mm koreni zavar, a popuna je vrSena elektrodom
pre€nika ¢ 4.00 mm. Probne plo¢e bile su dimenzija
190x90x15mm. Oblik i dimenzije Zljeba prikazani su na
slici 3a), a na slici 3b) prikazan je redosled prolaza pri
zavarivanju. Parametri zavarivanja prikazani su u
tabelama 7 8.

Kod svih plo¢a vrSeno je bruSenje korenog prolaza i
bruSenje pre poslednjeg prolaza. Posle svakog prolaza
vrSeno je otkivanje metala Sava pneumatskim
Cekicem. Tokom zavarivanja beleZzeni su parametri
zavarivanja: napon U /V/, struja | /A/, vreme
zavarivanja /s/, brzina zavarivanja /cm/s/ i odredjivana
je energija zavarivanja /kJ/cm/. Elektrode su pre
koriS¢enja suSene najmanje 2 sata na 250°C.
Zavarivanje je izvedeno bez predgrevanja, sa ciliem
ostvarenja oStrijih uslova zavarivanja i verovatnu
nemogucénost primene predgrevanja pri izvodjenju
reparature.

e Critical mechanical and structural properties of
the base material,

¢ Chemical composition of the base material,

e Impossibility of carrying out the

anywhere outside the turbine,

process

¢ Request regarding the limiting of weld metal
hardness values and heat input,

o Adopted welding procedure,

o Weldability assessment, mostly regarding the
request for low content of diffused hydrogen in
weld metal.

Through the application of the above mentioned
criteria the filler materials presented in Table 4 have
been chosen.

In Table 5 chemical compositions of the pure weld
metal are presented, while Table 6 contains
mechanical properties of the pure weld metal.

Mechanical and Technological
Characteristics of Welded Butt Joints

In order to define mechanical and structural
characteristics on repair locations on the shaft of the
hydroelectric generating set, butt joints have been
formed by welding the shaft material with the addition
of 2 investigated filler materials. Two butt joints have
been formed through the use of the 3A-395/9
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Ispitivanje mehanic¢ko tehnoloSkih osobina spojeva je
vr§eno u skladu sa standardom SRPS EN 288. Pre
isecanja uzoraka za ispitivanje izvrdeno je radografsko
ispitivanje svih spojeva u skladu sa kriterijumima
standarda EN 12517, homogenost zavarenih spojeva
je zadovoljavajuéa za nivo B.

Epruvete za ispitivanje zatezanjem su izradene kao
standardne prema zahtevima EN 10002-1:1996.
Ispitivanje je izvrSeno na sobnoj temperaturi
(T=+20°C). Rezultati ispitivanja zateznih osobina
prikazani su u tabeli 9, a u tabeli 10 prikazani su
rezultati ispitivanja zavarenih spojeva savijanjem.

Ispitivanje energije udara, vrSeno je na standardnim
epruvetama sa V zarezom od 2 mm, prema zahtevima
standarda EN 10045-1 na po 3est epruveta za svaki
dodatni materijal. Ispitivanje je izvr§eno na Sarpi klatnu
opsega 0 - 300 J, na sobnoj temperaturi. Rezultati
ispitivanja su prikazani u tabeli 11.

15
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electrode, diameter of ¢ 3.00 mm root weld, while the
filing has been carried out through the use of an
electrode of ¢ 4.00 mm diameter.

Other two butt joints have been formed through the
use of a 2222 Xuper NucleoTec electrode, diameter of
¢ 3.25 mm root weld, while the filling has been carried
out through the use of an electrode of $4.00 mm
diameter. Test plates were used with dimensions of
190x90x15 mm. Shape and dimensions of the groove
are presented in Figure 3a, while the weld pass
sequence is presented in Figure 3b. Welding
parameters are presented in Tables 7 and 8.

Grinding of the root opening has been carried out, as
well as grinding before the last pass. After every pass
peening of the weld metal by the pneumatic hammer
has been performed. During welding the following
welding parameters have been recorded: voltage U
VI, current intensity | /A/, welding time /s/ and welding

Slika 3: Shematski prikaz a) pripreme Zljeba i b) redosleda prolaza pri zavarivanju
Figure 3: Schematic of: a) groove preparation and b) weld pass sequence

Tabela 7: Parametri zavarivanja su€eonih spojeva sa elektrodom 3A-395/9
Table 7: Welding parameters for welded butt joints formed through the use of the 3A-395/9 electrode

Welded Pass Current intensity|Voltage|Average voltage|Welding time IZ\r/g’?h Vgggiér&g EES::?IZUI E:Zﬁgﬂ?
butt joint HA) Uv) Usr (V) 1) lcm) | v(em/s) | EkJicm) | (mm)
I 1K 100 25-27 26 65 17.5 0.27 9.66 ¢ 3.00
2P-9P, mean 140 / 26 61.12 18.43 0.30 12.07 o 4.0
Il 1K 100 24-26 25 75.4 19.7 0.26 9.57 ¢ 3.00
2P-9P, mean 140 / 26 61.42 18.43 0.30 12.13 ¢ 4.0

Primedba: K - koreni, P - popuna smer kretanja elektroda L ---D
Note: K - root, P - filling, direction of electrode movement L ---D

Tabela 8: Parametri zavarivanja su¢eonih spojeva sa elektrodom 2222 Xuper NucleoTec
Table 8: Welding parameters for welded butt joints formed through the use of the 2222 Xuper NucleoTec electrode

i Ener
gl\fﬁlfo?gt Pass Currer:t(zl)tensity Vslt(?/g)e Averagitra (\C))Itage Weldti?Sg; time IZ\r/gtdh Vzggjér(‘jg E=Usr?I¥t/I E:Z?:;g?
I(cm) v(cm/s) E(kJ/cm) (mm)
1] 1K 100 22-25 23.5 79 19.1 0.24 9.72 ¢ 3.25
2P-9P, mean 140 / 25.25 63.45 18.46 0.29 12.15 ¢ 4.0
\Y% 1K 100 22-24 23 79.8 18.5 0.23 9.92 ¢ 3.25
2P-9P, mean 140 / 26 66.25 18.62 0.28 12.95 o 4.0

Primedba: K - koreni, P - popuna smer kretanja elektroda L -- D
Note: K - root, P - filling, direction of electrode movement L -- D
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Ispitivanja tvrdoc¢e obavljena su u skladu sa
preporukama standarda EN-1043. Raspodela tvrdoc¢a
kroz zavareni spoj na dva nivoa, na nivou lica i na
nivou korena spoja prikazana je u tabeli 12.

Ocena sklonosti ka hladnim prslinama

Za eksperimentalnu proveru osetljivosti prema hladnim
prslinama koristi se relativno velik broj tehnoloskih
proba. Medutim najviSe pozitivhog iskustva za ocenu
dodatnih materijala od C-Mn ¢elika ima se sa "CTS"
probom (metoda kontrolisane termic¢ke strogosti) i "Y"
probom.

"CTS" proba (Control Thermal Severity)

"CTS" proba se bazira na zavarivanju dva kontrolna
zavara od kojih svaki, zavisno od prostornog polozaja,
debljine lima i reZima zavarivanja, ima svoj toplotni
ciklus  zavarivanja. Kontrolni  8avovi, nazvani
dvotermijski i trotermijski, imaju razliCite uslove
odvodenja toplote, odnosno razli¢ite brzine hladenja u
ZUT-u. [6]. Ispitivanje tehnoloSke zavarljivosti po
metodi kontrolisane termiCke strogosti - CTS proba,
vrdeno je na uzorcima shematski prikazanim na slici 4.

Zavarivanje je vrSeno sa elektrodama, 3A-395/9
preCnika ¢$3.00mm i ¢$4.00mm i 2222 Xuper
NucleoTec pre¢nika ¢$3.25mm i ¢$4.00 mm, na
plo€ama debljine 15 mm.

Uslovi zavarivanja dvo- i tro- termijskih zavara
prikazani su u tabelama 13 i 14. Iz svake probe su
mehanickim putem izrezana po dva uzorka prema skici
na slici 4, za ispitivanje tvrdo¢e HV 5 kroz zavareni
spoj i za metalografska ispitivanja. Priprema uzoraka

SCIENCE+RESEARCH*DEVELOPMENT

speed /cm/s/. Welding energy /kd/cm/ has also been
determined. Electrodes were dried for at least 2 hours
at the temperature of 250°C before use.

Welding has been carried out without preheating, in
order to simulate severe conditions of welding and
probable impossibility of preheating the repair zone
during repair welding.

Investigation of mechanical and technological
properties of welded joints has been performed in
accordance with the standard SRPS EN 288. Before
the samples were cut out, radiographic inspection of
all joints in compliance with all criteria from the EN
12517 standard was performed. Homogeneity of all
joints is acceptable for level B.

Specimens for tensile testing have been fabricated in
accordance with EN 10002-1:1996. Testing has been
carried at room temperature (T=20°C). Testing
results regarding the tensile properties are presented
in Table 9, while in table 10 bending test results are
presented.

Impact testing has been performed on six standard 2
mm deep V-notch specimens for every filler material,
in accordance with EN 10045-1 standard. Testing has
been performed through the use of the Charpy
pendulum in the range from 0 to 300 J at room
temperature. Test results are presented in Table 11.

Hardness tests have been performed in accordance
with recommendations from the EN-1043 standard.
Hardness distribution through the welded joint in 2
zones, weld face and weld root is presented in
Table 12.

Tabela 9: Rezultati ispitivanja zateznih osobina su¢eonog spoja
Table 9: Results of tensile tests for welded bultt joints

Filler material Specimen nr. Rm(MPa) Breaking point
1 505 BM
OA-395/9 2 516 BM
Mean value 510,5
504 BM
2222 Xuper
NucleoTec 2 521 BM
Mean value 512,5

Tabela 10: Rezultati ispitivanja savijanjem
Table 10: Results of bending tests

Filler material Specimen nr. Bending Angle Result
1 Around the face 120 0 No cracks were
detected
OA-395/9 — . k
2 Around the root 0 o cracks were
detected
1 Around the face 1200 No cracks were
2222 Xuper detected
NucleoTec
2 Around the root 120 0 No cracks were
detected

Primedba: Savijanje je vrSeno oko trna Dt=3a=45mm;

Note: Bending has been carried out around the thorn Dt=3a=45mm
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Tabela 11: Rezultati odredivanja energije udara KV300/2, prema EN 10045-1
Table 11: Results of impact tests, in accordance with EN 10045-1 standard

. . . Mean value
Filler material Notch location KV 500 (J)
Weld metal 145.52
OA-395/9
Heat-affected zone 126.22
22992 Xuper Weld metal 123.93
NucleoTec Heat-affected zone 85.67

Tabela 12: Raspodela tvrdo¢a kroz zavareni spoj na dva nivoa, na nivou lica i na nivou korena za ispitivane elektrode
Table 12: Hardness distribution along the welded joint in 2 zones, weld face and weld root, for tested electrodes

Hardness, HV 5

Electrode Connecting line
BM 1 HAZ 1 WM HAZ 2 BM 2
Weld face 175 286 187 238 179

OA-395/9

Weld root 169 234 204 221 169
2222 Xuper Weld face 169 290 196 259 170
NucleoTec Weld root 175 231 186 237 172

TRITERMIISK!

b)

Slika 4: "CTS" proba a) shematski prikaz uzorka za ispitivanje "CTS" probe (cover plate,
base plate), b) izgled analiziranih preseka

Figure 4: "CTS" test a) schematic of the specimen (cover plate, base plate), b)
appearance of analyzed cross-sections

vr§ena je uobiCajenim postupkom poliranja i
nagrizanja, a analiza mikrostruktura je obavljena na
svetlosnom mikroskopu.

Ispitivanja "CTS" proba za elektrodu 3A-395/9
pre¢nika $ 3.00 mm i $4.00 mm i za elektrodu 2222
Xuper NucleoTec pre€nika ¢$3.25 mm i $4.00 mm

vrSeno je 48 sati nakon zavarivanja. Priprema
metalografskih uzoraka vrSena je uobicajenim
postupkom poliranja i nagrizanja, a analiza

mikrostruktura je obavljena na svetlosnom mikroskopu.
Rezultati ispitivanja tvrdo¢éa HV5 za elektrodu JA-
395/9, pokazuju vrednosti od 169 do 195 HV5 u
metalu Sava a vrednosti od 232 do 341 HV5 u ZUT $to
je i prikazano u tabeli 15. Vrednosti za elektrodu 2222
Xuper NucleoTec se krecu od 146 do 178 HV5 u
metalu Sava a vrednosti u ZUT iznose od 227 do 345
HV5, Sto je takodje prikazano u tabeli 15. Vrednosti
tvrdo¢a u oblasti osnovnog metala su se kretale od
130 do 164 HVS5. Makro pregledom svih uzoraka nije
konstatovano prisustvo prslina ni na jednom
ispitivanom uzorku.

Assessment of Proneness to the Formation
of Cold Cracks

For the experimental check of proneness to the
formation of cold cracks relatively many technological
tests are being used. "CTS" test (method of controlled
thermal severity) and "Y" test proved to be most
suitable for the assessment of C--Mn steel filler
materials.

"CTS" Test (Controlled Thermal Severity)

"CTS" test is based on the formation of 2 test welds
which both have their own weld thermal cycle,
depending on the spatial location, sheet metal
thickness and welding regime. Test welds, called
bithermal and trithermal, have different cooling rates
in the heat-affected zone [6]. Testing of technological
weldability through the use of the CTS test has been
performed on samples presented in Figure 4.

Welding has been performed through the use of 3A-
395/9 electrode, diameter of ¢$3.00 mm and

ZAVARIVANIJE | ZAVARENE KONSTRUKCIJE 4/2011, str. 149-166

159



NAUKA+ISTRAZIVANJE+RAZVO]

LY

SCIENCE+RESEARCH*DEVELOPMENT

Tabela 13: Parametri zavarivanja "CTS" proba elektrodom 3A-395/9, ¢ 3.00 mm i ¢ 4.00 mm
Table 13: "CTS" test welding parameters for the 3A-395/9 electrode of ¢ 3.00 mm and ¢ 4.00 mm diameters

Sample Electrode |Current intensity Isr| Voltage, Usr [ Time, T Length, | Energy, E Note
mm A \Y Sec cm KJ/em
1 ¢ 3.00 112 26 24.3 7.5 9.43 bithermal
2 ¢ 3.00 112 28 27 7.5 11.29 bithermal
3 ¢ 4.00 150 28 26.8 7.5 15.00 bithermal
4 ¢ 4.00 150 29 294 7.5 17.05 bithermal

Note: E=Usr*Isr*t/l

Tabela 14: Parametri zavarivanja "CTS" proba elektrodom 2222 Xuper NucleoTec, ¢ 3.25 mm i ¢ 4.00 mm
Table 14: "CTS" test welding parameters for the 2222 Xuper NucleoTec electrode of ¢ 3.25 mm and ¢ 4.00 mm diameters

Sample Electrode | Current intensity Isr | Voltage, Usr Time, T Length, | | Energy, E Note
mm A \Y Sec cm KJ/em
1 $3.25 26 110 30 7.5 11.44  |bithermal
2 ¢ 3.25 26 110 27 7.5 10.30 |bithermal
3 $ 4.00 28 150 26 7.5 14.56  |bithermal
4 $ 4.00 28 150 25 7.5 14.00 |bithermal
Note: E=Usr*Isr*t/I
Metoda japanskog drustva za zavarivanje - "Y" $4.00 mm and 2222 Xuper NucleoTec electrode,

proba

"Y" proba je prakti€no su€eono zavarena proba sa Y
oblikom Zljeba. Kao kriterijum za procenu osetljivosti
uzima se procentualno ucdeSée duzine prsline u
ukupnoj duzini Sava, odnosno visini prsline u visini
$ava [7]. Sematski izgled probe sa izgledom preseka
ispithog Sava prikazan je na slici 5.

Ispitivanje  tehnoloSke zavarljivosti po  metodi
japanskog drustva za zavarivanje, vr§eno je su¢eonim
zavarivanjem sa elektrodama 3A-395/9 i 2222 Xuper
NucleoTec pre¢nika ¢$4.00mm, jednoprolazno, na
plo€ama debljina 15 mm i 30 mm sa zazorom od 2
mm. Za zavarivanje su koriS¢ene samo elektrode
pre€nika ¢ 4.00 mm, sa ciljem simulacije ostrijih uslova
za konkretnu namenu, sa veéim unosom energije.
Parametri zavarivanja prikazani su u tabeli 16. Na
karakteristicnim mestima isecani su uzorci u
popreénom pravcu za metalografsku analizu i merenja
tvrdoée HV 5. Seclenje uzoraka vrSeno je 72 sata
nakon zavarivanja. Prikazani rezultati merenja tvrdoc¢a,
tabela 17, pokazuju da su vrednosti tvrdoé¢a kod svih
uzoraka na o¢ekivanom nivou.

Makro pregledom ustanovljeno je prisustvo prslina,
koje se mogu definisati kao tople prsline, kod uzoraka
debljine 15 i 30 mm zavarenih elektrodom 3A-395/9.
Pregledom mikrostruktura uzoraka  zavarenih
elektrodom 3A-395/9, na plo¢ama debljine 30 mm,
konstatovano je prisustvo i hladnih prslina u metalu
Sava i ZUT.

Mikrostruktura uzoraka zavarenih elektrodom 2222
Xuper NucleoTec, na plo¢ama debljine 30 mm,
pokazuje prisustvo prslina u ZUT.

diameter of $3.25 mm and ¢$4.00 mm, on 15 mm
thick plates.

Welding conditions regarding the bithermal and
trithermal welds are presented in Tables 13 and 14.
Two samples have been mechanically cut out
according to Figure 4 for hardness testing along the
welded joint and for metallographic investigations for
each test. Sample preparation has been carried out by
polishing and corrosion, while microstructure analysis
has been performed using the light microscope.

"CTS" tests for the 3A-395/9 electrode of ¢ 3.00 mm
and ¢$4.00 mm diameters and for the 2222 Xuper
NucleoTec electrode of ¢3.25 mm and ¢$4.00 mm
diameters have been subjected to testing 48 hours
after welding. Sample preparation has been carried
out by polishing and corrosion, while microstructure
analysis has been performed using the light
microscope. Hardness test results for electrode 3A-
395/9 ranged from 169 to 195 HV5 in weld metal and
from 232 to 341 HV5 in the heat-affected zone, as
presented in Table 15.

Hardness values for 2222 Xuper NucleoTec electrode
ranged from 146 to 178 HV5 in weld metal and from
227 to 345 in the heat-affected zone, which is also
presented in Table 15. Hardness values of the base
metal ranged from 130 to 164 HV5. Macro inspection
showed that there were no cracks on inspected
samples.

Japan Welding Society Method - "Y" Test

"Y" test is practically a butt welded test with Y-shaped
groove. As a criterion for the sensitivity assessment
percentage share of the crack length in the overall
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Tabela 15: Rezultati ispitivanja tvrdo¢e HV5 na "CTS" probama koje su zavarene sa elektrodama JA-

395/9 i 2222 Xuper NucleoTec u zoni HAZ

Table 15: Hardness test results in the heat-affected zone for "CTS" tests carried out through the use of

3A-395/9 and 2222 Xuper NucleoTec electrodes

Electrode Dimension Test type Location Hardness values in the HAZ

¢ 3.00 bithermal cover plate 286-286-299

base plate 262-257-232

trithermal cover plate 303-293-283

base plate 341-299-293

3A-395/9 -

¢ 4.00 bithermal cover plate 251-254-249

base plate 321-317-271

trithermal cover plate 313-286-246

base plate 246-241-254

$3.25 bithermal cover plate 299-293-293

base plate 262-280-257

trithermal cover plate 262-254-268

2222 Xuper base plate 280-293-280

NucleoTec $ 4.00 bithermal cover plate 260-299-280

base plate 280-274-262

trithermal cover plate 341-345-341

base plate 227-244-239
200 weld length has been taken [7]. Schematic of the test
is presented in Figure 5, along with the appearance of

POMOCNT  1omrrivan  POMOCNI the cross-section of the weld.
SAV SAv SAV Butt welding with 3A-395/9 and 2222 Xuper
_2:_3:—:_‘_2;_3. ! NucleoTec electrodes of ¢ 4.00mm diameters, on 15
2 B and 30 mm thick plates with the root opening of 2 mm

3 CCCCCCCCC 133)33)))) I . .
- o Mo iGO has been performed in one pass in order to test
N L technological weldability according to the method of
B the Japan Welding Society. For welding only
electrodes of 4.00 mm diameter have been used in
order to simulate severe conditions, with the higher
energy input. Welding parameters are presented in
Table 16. On characteristic locations samples for the
. metallographic analysis and hardness measurement
POMOCNI

SAV have been transversely cut out. Samples have been

Slika 5: Proba "Y", a) shematski izgled, b) analizirani
presek

Figure 5: "Y" test, a) schematic appearance, b)
analyzed cross-section

cut 72 hours after welding.

Results showed that hardness values for all samples
do not deviate from expected values, Table 17.
Cracks, which could be defined as hot cracks, were
detected by macro inspection on 15 and 30 mm thick
plates joined through the use of the 3A-395/9
electrode. Microstructural inspection of samples
created through the use of the 3A-395/9 electrode on
30 mm thick plates revealed the presence of cold
cracks in the weld metal and in the heat-affected
zone. Microstructural inspection of samples created
through the use of the 2222 Xuper NucleoTec
electrode on 30 mm thick plates revealed the
presence of cracks in the heat-affected zone.

On the basis of results obtained through the
application of the Japan Welding Society method it
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Na osnovu dobijenih rezultata ispitivanja prema metodi
japanskog drustva za =zavarivanje - "Y" proba,
pokazala se velika osetljivost ove probe na formiranje
hladnih i toplih prslina. Formiranje toplih i hladnih
prslina konstatovano je u metalu S8ava kod elektrode
OA-395/9. Formiranje hladnih prslina u ZUT
konstatovano je kod uzoraka ispitivanih sa elektrodom
2222 Xuper NucleoTec. Obzirom da su energije
zavarivanja kod svih obavljenih ispitivanja bile istog
reda veliine, moze se predpostaviti da je formiranje
hladnih prslina u ZUT viSe rezultat stanja osnovnog
materijala, odnosno izrazene poroznosti, §to ukazuje
da pri  eventualnom reparaturnom zavarivanju
materijala vratila, ova €injenica se mora uzeti u obzir.

DISKUSIJA

Ocena metalurSke zavarljivosti onovnog metala vratila
turbine sa elektrodama 3A-395/9 i Castoline 2222
Xuper Tec je obavljena kroz ispitivanja mehanicko—
tehnoloSkih karakteristika zavrenih spojeva, kao i kroz
ispitivanje sklonosti prema pojavi prslina primenom
niza tehnoloSkih proba zavarljivosti.

Detaljno ispitivanje osnovnog materijala prirubnice
vratila pokazalo je da su srednje vrednosti zatezne
¢vrstoCe i izduzenja nesto niZze od zahtevanih prema
GOST standradu. Ostale zatezne osobine, energija
udara i tvrdota su u okviru zahteva standarda.
Dijagram kontinuiranog hladjenja (KH) za ispitivani
Celicni liv 20GSL, sa odgovaraju¢im temperaturama
transformacije, strukturama i tvrdocama (slika 2)
ukazuje na neke karakteristike koje se moraju uzeti u
obzir pri prou¢avanju njegove zavarljivosti. On se
odlikuje poviSenom zakaljivos¢éu, osetljiv je na
temperaturu austenitizacije i na trajanje termicke
obrade. Navedene konstatacije posebno usloznjavaju

SCIENCE+RESEARCH*DEVELOPMENT

could be concluded that this test is highly sensitive to
the formation of cold and hot cracks, which was
detected in the weld metal formed through the use of
the 3A-395/9 electrode. Formation of cold cracks was
detected in the heat-affected zone of samples formed
through the use of the 2222 Xuper NucleoTec
electrode. Taking into account that welding energy
values were on the same level for all tests, it can be
assumed that formation of cold cracks in the heat-
affected zone was caused by the surface state of the
base material (visible porosity). This fact has to be
taken into account regarding the eventual repair
welding of the shaft material.

DISCUSSION

Assessment of the metallurgical weldability of the
turbine shaft base material with 3A-395/9 and
Castoline 2222 Xuper Tec electrodes has been
carried out taking into account mechanical and
technological properties of welded joints, as well as
proneness to the formation of cracks through
performing a number of technological weldability tests.

Thoroughal investigation of the shaft flange base
material showed that mean values of tensile strength
and elongation are a bit lower than those listed in the
GOST standard. Values of other tensile properties,
such as impact energy and hardness, are within the
prescribed range. Continuous cooling transformation
diagram for the investigated cast steel 20GSL, with
adequate transformation temperatures, structures and
hardnesses (Figure 2) reveals certain characteristics
which have to be taken into account regarding the
weldability analysis.

Main characteristics of this material are high
hardenability, sensitivity to the austenitizing

Tabela 16: Parametri zavarivanja Y proba, pre¢nik elektroda ¢ 4.00
Table 16: "Y" test welding parameters, electrode diameter ¢ 4.00 mm

s | Electrode |Plate thickness|Current Intensity, Isr| Voltage, Usr Length, | Time, t Energy, E
ample
P mm mm A \% cm sec KJ/cm
1 15 155 28.5 7.9 28.2 15.78
OA-395/9
2 30 150 26.2 7.6 41.1 21.25
3 2222 Xuper 15 155 25 7.8 31.2 15.5
4 NucleoTec 30 150 24.4 8.0 33.7 15.42

Napomena/Note: E=Usr*Isr*{/l

Tabela 17: Raspodela tvrdo¢a po preseku "Y" proba zavarivane elektrodama 3A-395/9 i 2222 Xuper NucleoTec za
debljine plo¢a 15i 30 mm
Table 17: Hardness distribution along the "Y" test formed through the use of 3A-395/9 and 2222 Xuper NucleoTec
electrodes and 15 and 30 mm thick plates

) Tvrdo¢a HV5
Electrode Thickness
BM 1 HAZ 1 WM HAZ 2 BM 2
OA-395/9 15 151-157-146 251-299-289 172-177-185 260-262-268 151-153-142
30 140-151-157 280-286-280 206-214-199 257-254-268 150-150-146
2222 Xuper 15 148-140-140 299-277-321 178-178-185 268-286-268 153-157-150
NucleoTec 30 145-145-138 286-280-299 190-187-187 265-293-206 147-150-148
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problem i zahtevaju posebnu pazZnju pri izboru
postupaka, tehnologija i dodatnih materijala za
reparaturno zavarivanje vratila.

Takode rezultati ocene zavarljivosti dobijene primenom
analitiCkih izraza ukazuju da je predmetni Celi¢ni liv
zavarljiv primenom konvencionalnih postupka
zavarivanja, ali uz primenu mera predostroZnosti.
ProraCunate vrednosti zasnovane na hemijskom
sastavu Celika su na nivou koji ukazuje ka sklonosti ka
formiranju hladnih prslina, kao i mogucnost formiranja
toplih prslina, posebno i zbog velike debljine (300 mm)
zida vratila. Sklonost ka pojavi hladnih i toplih prslina
kao i nivo ekvivalenta ugljenika koji ukazuje na
moguénost stvaranja krtih faza stvorile su potrebu
dodatnih ispitivanja u cilju ocene sklonosti ka stvaranju
toplih i hladnih prslina. To je zahtevalo da pored
mehaniCko - strukturne karakterizacije probnih
zavarenih uzoraka osnovnog materijala, u cilju
definisanja moguée tehnologije zavarivanja, budu
primenjene i tehnoloSke probe zavarljivosti.

ProraCuni su ukazali i na neophodnu potrebu
predgrevanja i eventualnog Zarenja nakon zavarivanja.
IzraCunata temperatura predgrevanja, za €elik 20 GSL,
iznosi od 150-200 °C. Generalno posmatrajuéi,
predmetni Celicni liv spada u grupu zavarljivih Celika
koji mogu uspedno da se zavaruju samo uz upotrebu
selekcionisanih  dodatnih  materijala, primenom
predgrevanja i niza drugih mera predostroZnosti.

Polazeé¢i od ocene strukturno mehanickih osobina
osnovnog materijala i predpostavljenih zahteva za
kvalitet, odgovornost zavarenih spojeva i sloZenost
izvodjenja procesa, za zavarivanje u cilju definisanja
zavarljivosti, izabran je postupak metal arc welding
with covered electrode (MMA - 111). Na osnovu
izabranog postupka, geometrijskog oblika prirubnice
vratila, konstruktivhog reSenja, oteZanih tehnolo$kih
mogucénosti uslovljenih moguc¢om reparaturom na licu
mesta, kriti€nih  mehaniC¢ko strukturnih  osobina
osnovnog materijala, hemijskog sastava osnovnog
materijala i rasopoloZive opreme za reparaturno
zavarivanje izabrani su i dodatni i potro$ni materijali za
zavarivanje. lzabrane su elektrode: 3A-395/9 i
elektroda 2222 Xuper NucleoTec.

Eksperimentalno  zavarivanje  su€eonih  probnih
uzoraka izvedeno je parametrima zavarivanja
preporu¢enim od strane oba proizvodjaca elektroda,
strujom jacgine 100A za elektrode pre¢nika ¢ 3,00mm i
¢ 3,25mm, odnosno 140A za elektrode precnika
¢ 4mm. Zavarivanje je vr8eno bez predgrevanja, sa
ciliem ostvarenja ostrijih uslova zavarivanja i verovatnu
nemogucénost primene predgrevanja pri izvodjenju
reparature.

Zatezna Cvrstoéa zavarenih spojeva, odredivana na
epruvetama sa paralelnim bokovima iznosi oko
510MPa za oba dodatna materijala, a mesto prekida je
u osnovnom metalu, Sto ukazuje da su parametri
zavarivanja dobro izabrani. Energija udara uzoraka iz
metala Sava (KV 300/2 ) pokazuje visoke vrednosti kod
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temperature and duration of the heat treatment. The
above mentioned makes the problem very complex,
therefore special attention concerning the selection of
procedures, technologies and filler materials for repair
welding of the shaft is required.

Also, weldability assessment results obtained from
analytical expressions imply that cast steel 20GSL is
weldable through the use of conventional welding
procedures, but certain precautionary measures have
to be taken. Calculated values based on the chemical
composition of steels imply a proneness to the
formation of cold cracks, as well as of hot cracks,
especially taking into consideration large thickness of
the shaft wall (300 mm).

Proneness to the formation of cold and hot cracks and
carbon equivalent value imply to the possibility of the
formation of brittle phases, creating a need for
additional investigations. Apart from mechanical and
structural characterization of test samples of the base
material, weldability tests have to be performed in
order to define applicable welding technologies.
Calculations showed that it is necessary to perform
preheating and, eventually, annealing after welding.
Calculated preheating temperature ranges from 150 to
200°C for cast steel 20 GSL. Generally speaking, cast
steel 20 GSL falls into the category of weldable steels
which could be successfully used for welding only
through the use of selective additional materials,
application of preheating and a number of other
precautionary measures.

Taking into account structural and mechanical
properties of the base material and assumed quality
requirements, category of welded joints and welding
process complexity, metal arc welding with covered
electrode (MMA - 111) was selected for repair
welding. On the basis of the selected procedure,
geometric shape of the shaft flange, construction
solution, limited technological possibilities caused by
eventual on-site repair welding, critical mechanical
and structural properties of the base material,
chemical composition of the base material and
available equipment for repair welding, additional and
expendable materials have been selected too. The
following electrodes were selected: 3A-395/9 and
2222 Xuper NucleoTec

Experimental formation of the welded butt joints - tests
has been performed in accordance with welding
parameters recommended by both electrode
manufacturers. Current intensity is 100 A for
electrodes of ¢ 3,00mm i ¢ 3,25mm diameters and 140
A for the electrode of ¢ 4,00mm diameter. Welding
has been performed without preheating, in order to
create more severe welding conditions and probable
impossibility of preheating the repair zone during
repair welding.

Value of tensile strength, determined on specimens

with parallel sides, is approximately 510 MPa for both
filler materials, while the breaking point is located in
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obe elektrode, preko 120 J, 3to je u skladu sa
navodima proizvodja¢a. Vrednosti energije udara u
ZUT-u imaju srednje vrednosti od 85 do 125 J i daleko
su viSe od vrednosti koje su dobijene za osnovni
materijal (50-60J).

To je verovatno rezultat postavljanja zareza u uskoj
zoni ZUT-a, pri ispitivanju, Sto je rezultiralo viSe
zahvatanjem i metala Sava, ¢ime su dobijene vise
vrednosti. Tvrdo¢a suceonih spojeva po preseku
uzoraka, pokazala je vrednosti u ZUT-u koje se kreéu
od 220 HV5 do maksimalno 290 HV5. Tvrdo¢a metala
Sava kod obe ispitivane elektrode je pokazala
vrednosti od 190-220 HV5. Sklonost ka pojavi hladnih
prslina ocenjivana je najpre preko "CTS" probe.
Parametri zavarivanja ispitnih prolaza su bili u
granicama preporucenih. Osnovni nalaz je bio da nije
registrovana pojava inicijalnih hladnih prslina ni u
dvotermijskim ni u tritermijskim Savovima ni kod jedne
od ispitivanih elektroda u kombinaciji sa ispitivanim
Celicnim livom. Ovo je dokaz da su ispitivane elektrode
otporne na pojavu hladnih prslina za uslove koji
vladaju u "CTS" probi, koja inace spada u red strogih
opita.

Ocena sklonosti ka pojavi hladnih prslina proverena je
i primenom i "Y"-probe, koja spada u grupu najstrozijih,
kako zbog uslova hladenja tako i zbog zazora koji
egzistira. Obzirom na visok sadrZaj legirajucih
elemenata kod obe ispitivane elektrode, oekivana je i
reakcija na pojavu toplih prslina. U cilju ocene krajnjih
moguénosti  ispitivanih  elektrode sa stanovista
osetljivosti ka pojavi prslina, zavarene su dve grupe
uzoraka sa razli€itim debljinama probnih plo¢a, 15 mm
i 30 mm. Dobijeni rezultati merenja tvrdo¢a pokazuju
da su vrednosti tvrdo¢a kod svih uzoraka na
oCekivanom nivou. Makro pregledom ustanovljeno je
prisustvo prslina, koje se mogu definisati kao tople
prsline, kod uzoraka debljine 15 i 30 mm zavarenih
elektrodom 3A-395/9.

Pregledom mikrostruktura uzoraka  zavarenih
elektrodom 3A-395/9, na plo¢ama debljine 30 mm,
konstatovano je prisustvo i hladnih prslina u metalu
Sava i ZUT-u. Mikrostruktura uzoraka zavarenih
elektrodom 2222 Xuper NucleoTec, na plo¢ama
debljine 30 mm, pokazuje prisustvo prslina u ZUT-u.
Za konstatovano formiranje hladnih prslina u ZUT-u,
obzirom da su energije zavarivanja kod svih obavljenih
ispitivanja bile istog reda veli€ine, moZe se
predpostaviti da je viSe rezultat stanja osnovnog
materijala, Sto ukazuje da se pri eventualnom
reparaturnom zavarivanju materijala vratila ova
¢injenica mora uzeti u obzir.

Treba napomenuti da su sva zavarivanja vrSena bez
predgrevanja, sa ciliem ostvarenja ostrijih uslova
zavarivanja i verovatne nemoguénost primene
predgrevanja pri izvodjenju reparature.

ZAKLJUCCI

Na osnovu obavljenih ispitivanja i analize dobijenih
rezultata mogu se izvesti sledeci zakljucci:
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the base metal, which implies that welding parameters
were well chosen. Values of impact energy for
samples taken from weld metal (KV 300/2 ) are very
high for both electrodes and exceed 120 J, which is in
accordance with data provided by the manufacturer.
Mean values of impact energy for samples taken
taken from the heat-affected zone range from 85 to
125 J and well exceed values obtained for the base
material which range from 50 to 60 J, probably
because the notch was located in the narrow heat-
affected zone, which resulted in spreading of the heat-
affected zone on account of the weld metal, thus
higher values were obtained. Hardness value for butt
welded joints in the heat-affected zone ranges from
220 to 290 HVS5, while the weld metal hardness
ranges from 190 to 220 HVS for both investigated
electrodes.

Proneness to the formation of cold cracks has been
assessed through the application of the "CTS" test.
Welding parameters of test passes were within the
recommended range. Basically no initial cold cracks
were detected neither in bithermal nor in trithermal
welds formed through the use of investigated
electrodes in combination with cast steel. That's the
proof that investigated electrodes are resistant to cold
cracking for conditions of the "CTS" test, which is
considered to be a severe test.

Assessment of proneness to cold cracking has been
performed through the application of the "Y" test,
which falls into the category of most severe tests due
to rigid conditions regarding the cooling rate and the
root opening. Taking into account that both electrodes
have high content of alloying elements, the formation
of hot cracks was to be expected.

In order to assess the possibilities of investigated
electrodes regarding the sensitivity to crack formation,
two groups of samples with different thicknesses of
test plates (15 and 30 mm) were formed by welding.
Results showed that hardness values for all samples
do not deviate from expected values. Cracks, which
could be defined as hot cracks, were detected by
macro inspection on 15 and 30 mm thick plates joined
through the use of the 3A-395/9 electrode.

Microstructural inspection of samples formed through
the use of the 3A-395/9 electrode on 30 mm thick
plates revealed the presence of cold cracks in the
weld metal and in the heat-affected zone.
Microstructural inspection of samples created through
the use of the 2222 Xuper NucleoTec electrode on 30
mm thick plates revealed the presence of cracks in
the heat-affected zone. T

aking into account that values of welding energy were
on the same level for all tests, it can be assumed that
formation of cold cracks in the heat-affected zone was
caused by the surface state of the base material. This
fact has to be taken into account regarding the
eventual repair welding of the shaft material.

It's worth noting that welding was carried out without
preheating in all cases, in order to simulate severe

164 ZAVARIVANIJE | ZAVARENE KONSTRUKCIJE 4/2011, str. 149-166



NAUKA+ISTRAZIVANJE+RAZVO]

Obavljena su opsezna ispitivanja metalurdke
zavarljivosti materijala prirubnice vratila hidroturbine
HE Djerdap Il na reci Dunav, Srbija, izradjene od
Celicnog liva 20GSL (20Mn5) sa ciliem ocene
moguénosti  reparaturnog zavarivanja postojecih
prslina na prirubnici vratila agregata bez demontaze
vratila, on site.

Rezultati ocene zavarljivosti, dobijene primenom
analitiCkih izraza, ukazuju da je predmetni Celi¢ni liv
zavarljiv primenom konvencionalnih postupka
zavarivanja, ali uz primenu mera predostroZnosti.
ProraCunte vrednosti zasnovane na hemijskom
sastavu Celika su na nivou koji ukazuje na sklonosti ka
formiranju hladnih prslina, kao i mogucnost formiranja
toplih prslina, posebno i zbog velike debljine (300 mm)
zida vratila. ProraCuni su ukazali i na neophodnu
potrebu predgrevanja, pa je izraunata temperatura
predgrevanja, koja za celik 20 GSL iznosi od 150-
200 °C.

Za probna zavarivanja u cilju definisanja zavarljivosti,
izabran je postupak metal arc welding with covered
electrode (MMA - 111). Na osnovu izabranog
postupka, geometrijskog oblika prirubnice vratila,
konstruktivnog resenja, otezanih tehnoloskih
mogucénosti uslovljenih mogu¢om reparaturom na licu
mesta, kriti€nih  mehani¢ko strukturnih  osobina
osnovnog materijala, hemijskog sastava osnovnog
materijala i rasopoloZive opreme za reparaturno
zavarivanje izabrani su i dodatni i potrodni materijali za
zavarivanje. Za ispitivanja su izabrane elektrode: 3A-
395/9 prizvodjata AO SPECELEKTROD, Moskva,
Rusija i elektroda 2222 Xuper NucleoTec proizvodjaca
CASTOLIN EUTECTIC, Beg¢, Austrija.

Ocena metalur8ke zavarljivosti osnovnog metala
vratila turbine sa izabranim elektrodama 3A-395/9 i
Castoline 2222 Xuper Tec je obavljena kroz ispitivanja
mehani¢ko — tehnolodkih karakteristika Zzavrenih
spojeva, kao i kroz ispitivanje sklonosti prema pojavi
hladnih i toplih prslina primenom tehnolodkih proba
zavarljivosti: CTS i Y proba. Zavarivanje je vrSeno bez
predgrevanja, sa ciliem ostvarenja oStrijih uslova
zavarivanja i verovatnu nemogucénost primene
predgrevanja pri izvodjenju reparature.

Ispitivana sklonost ka pojavi hladnih prslina ocenjivana
je preko "CTS" probe, pokazala je da nije registrovana
pojava inicijalnih hladnih prslina ni kod jedne od
ispitivanih elektroda u kombinaciji sa ispitivanim
Celicnim livom. Pregled mikrostruktura CTS proba,
ukazao je na prisustvo poroznosti i mikroprslina u
ZUT-u i na pojedinim mestima primarnih uklju¢aka.
Takodje je uoCen porast zrna u ZUT-u uz liniju spoja.
Navedene konstatacije posebno usloznjavaju problem
i zahtevaju posebnu paznju pri definisanju tehnologije
reparaturnog zavarivanja.

Ocena sklonosti ka pojavi hladnih prslina proverena je
i primenom i "Y"-probe. Obzirom na visok sadrzaj
legiraju¢ih elemenata kod obe ispitivane elektrode,
oCekivana je i reakcija na pojavu toplih prslina.
Ustanovljeno je prisustvo prslina, koje se mogu
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conditions of welding and probable impossibility of
preheating the repair zone during repair welding.

CONCLUSIONS

On the basis of performed tests and analyses of
obtained results the following conclusions can be
drawn:

Extensive investigations have been undertaken
regarding the metallurgical weldability of the material
(cast steel 20 GSL) of which the shaft flange of the
HPP Djerdap Il hydro turbine on River Danube,
Serbia, was made. The objective was to assess the
possibility of repair welding of existing cracks on the
shaft flange of the hydroelectric generating set on-site,
without disassembling the shaft.

Results of the weldability assessment obtained
through the application of analytical expressions imply
that cast steel 20 GSL is weldable through the
application of conventional welding procedures, but
certain precautionary measures have to be taken.
Calculated values based on the chemical composition
of steel imply the proneness to the formation of cold
and hot cracks, especially taking into consideration
large thickness of the shaft wall (300 mm).
Calculations showed that it is necessary to perform
preheating. Calculated preheating temperature ranges
from 150 to 200°C for cast steel 20 GSL.

In order to define weldability metal arc welding with
covered electrode (MMA - 111) was selected for
welding tests. Based on the selected procedure,
geometric shape of the shaft flange, construction
solution, technological possibilities conditioned by
possible on-site repairing, critical mechanical and
structural properties of the base material, chemical
composition of the base material and availability of
repair welding equipment, filler and expendable
welding materials were selected. The following
electrodes were selected for welding tests: electrode
OA-395/9 manufactured by AO SPECELEKTROD,
Moscow, Russia and electrode 2222 Xuper
NucleoTec manufactured by CASTOLIN EUTECTIC,
Vienna, Austria.

Assessment of metallurgical weldability of the turbine
shaft base metal with selected electrodes, 3A-395/9 i
Castoline 2222 Xuper Tec, has been performed
through the investigation of mechanical and
technological characteristics of welded joints, as well
as by assessing the proneness to the formation of
cold and hot cracks through the application of "CTS”
and "Y” welding tests. Welding has been performed
without preheating, in order to simulate severe
conditions of welding and probable impossibility of
preheating the repair zone during repair welding.

Proneness to the formation of cold cracks has been
assessed through the application of the "CTS” test. No
initial cold cracks were detected in test joints formed
through the use of investigated electrodes in
combination with cast steel. Microstructural inspection
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definisati kao tople prsline a konstatovano je i
prisustvo hladnih prslina u metalu Sava i ZUT-u, kod
uzoraka zavarenih elektrodom 3A-395/9. Uzorci
zavareni elektrodom 2222 Xuper NucleoTec pokazali
su prisustvo prslina u ZUT-u. Za konstatovano
prisustvo hladnih prslina u ZUT, obzirom da su
energije zavarivanja kod svih obavljenih ispitivanja bile
istog reda veli€ine, moze se predpostaviti da je vise
rezultat stanja osnovnog materijala, $to ukazuje da se
pri eventualnom reparaturnom zavarivanju materijala
vratila, ova Cinjenica se mora uzeti u obzir. Kako je
ispitivanje izvrSeno na probnim ploCama razli€itih
debljina uo¢eno je da se broj prslina u ZUT-u uvecava
sa porastom debljine ispitne ploce.

Generalni zaklju¢ak je da se materijal vratila moze
reparaturno zavariti uz primenu tehnologije zavarivanja
koja zahteva niz mera predostroznosti i strogo
postovanje tehnoloSke discipline. To znali da
tehnologija zavarivanja treba da obuhvati kontrolisano
predgrevanje, odnosno koli€inu unete energije
zavarivanja i brzinu hladenja, kao i zavarivanje sa
malim koli¢inama te€¢nog kupatila, uz meduprolaznu i
kona¢no, zavrSnu kontrolu stanja i kvaliteta oblasti
obuhvacene reparaturom Sto treba da bude
obuhvaceno predlozenom tehnologijom reparature.
Posle izvedene reparature bi¢e neophodno metodama
bez razaranja registrovati stanje zavarenih spojeva i to
kasnije redovno periodi¢no pratiti.
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of "CTS” tests revealed the presence of primary
inclusions, porosity and microcracks in the heat-
affected zone. The grain growth has been detected
right beside the connecting line. The above mentioned
makes the problem very complex, therefore special
attention concerning the determination of repair
welding technology is required.

Assessment of proneness to the formation of cold
cracks has been performed through the application of
the ”Y” test. Taking into account that both electrodes
have high content of alloying elements, the formation
of hot cracks was to be expected. The presence of
cracks which could be defined as hot cracks was
detected. The presence of cold cracks in the weld
metal and in the heat-affected zone was also detected
during the inspection of samples formed through the
application of the 3A-395/9 electrode. Testing of
samples formed through the application of the 2222
Xuper NucleoTec electrode revealed the presence of
cracks in the heat-affected zone.

Taking into account that values of welding energy
were on the same level for all tests, it can be assumed
that formation of cold cracks in the heat-affected zone
was caused by the surface state of the base material.
This fact has to be taken into account regarding the
eventual repair welding of the shaft material. As the
investigation was performed on test plates of various
thicknesses, it was concluded that number of cracks
increases with the increase of thickness of the test
plate.

It can be generally concluded that shaft material could
be welded through the use of the welding technology
with a number of precautionary measures and strict
compliance to the technological discipline, which
means that repair welding technology should
comprise controlled preheating (amount of input
welding energy and cooling rate), welding with small
amounts of liquid bath, interpass inspection and final
inspection regarding the state and quality of the
repaired zone. After the repair it is necessary to
perform regular periodic inspections of welded joints
by applying non-destructive testing methods.
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