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Extended application of hardness prediction system for temper

bead welding of A533B steel to various low-alloy steels
Prosirena primena sistema za predvidanje tvrdoce kod zavarivanja
celika A533B za razne niskolegirane celike
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Fig. 10 Hardness distribution comparison of 1.5%Ni steel: (a) 1layer-3pass welding and (b) 6layer-21pass welding
SI. 10 Uporedenje raspodele tvrdoce za Celik 1.5%Ni: (a) 1 sloj-3 prolaza i (b) 6 slojeva-21 prolaz
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Fig. 11 Hardness comparison after 1-Layer and 6-Layer welding of 1.5%Ni steel (a) 1Iaye?—§pass weldmg and (b)
6layer-21pass welding

Sl. 11 uporedenje tvrdoéa posle 1-slojnog i 6-slojnog zavarivanja €elika 1.5%Ni: (a) 1 sloj-3 prolaza i (b) 6 slojeva-

21 prolaz
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Fig. 12 Predicted hardness distribution of SM490 steel: (a) 1layer-3pass welding and (b) 6layer-21pass welding
Sl. 12 Predvidena raspodela tvrdoca za celik SM490: (a) 1 sloj-3 prolaza i (b) 6 slojeva -21prolaz
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Fig. 13 Hardness distribution comparison of SM490 steel: (a) 1layer-3pass welding and (b) 6layer-21pass welding
SI. 13 Uporedenje raspodele tvrdoce ¢elika SM490: (a) 1 sloj-3prolaza i (b) 6 slojeva -21 prolaz
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Fig. 14 Hardness comparison after 1Layer and 6Layer welding of SM490 steel: (a) 1layer-3pass welding and (b)
6layer—21pass welding
SI. 14 Uporedenje tvrdoce posle 1 slojnog i 6 slojnog zavarivanja ¢elika SM490: (a) 1sloj -3 prolaza i (b) 6 slojeva—

21prolaz
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Fig. 15 Predicted hardness distribution of A336 steel: (a) 1layer-3pass welding and (b) 6layer-21pass welding
SI. 15 Predvidena raspodela tvrdoce kod celika A336: (a) 1sloj-3 prolaza i (b) 6 slojeva -21 prolaz
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Fig. 16 Hardness distribution comparison of A336 steel: (a) 1layer-3pass welding and (b) 6layer-21pass welding
SI. 16 Uporedenje raspodele tvrdoce Celika A336: (a) 1 sloj-3 prolaza i (b) 6 slojeva -21 prolaz
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Fig. 17 Hardness comparison after 1Layer and 6Layer welding of A336 steel: (a) 1layer-3pass welding and (b)
6layer—21pass welding
SI. 17 Uporedenje tvrdoce posle 1 slojnog i 6 slojnog zavarivanja celika A336: (a) 1 sloj-3 prolaza i (b) 6 slojeva—21
prolaz
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Steel 1-layer 6-layer Validity
A508 0.92 0.83 o
1.5%Ni 0.91 0.82 o
SM490 0.89 0.81 o
A336 0.55 0.19 x

Table 3. Correlation coefficient between the predicted hardness and measured hardness
Tabela 3. Koeficijent korelacije izmedu predvidene i izmerene tvrdoce

5. Discussion of the extended hardness
prediction method

Fig. 18 llustrates the relationship between
hardness after temper and LMP of 5 kinds of steel.
It can be found that the hardness of A508, 1.5%Ni,
SM490 steels after temper have a good linear
relationship with LMP same to the original AS33B
steel, indicating that A508, 1.5%Ni, SM490 steels
are the steels without secondary hardening.
However, there is no linear relationship between
the hardness of A336 steel and LMP, meaning that
A336 steel is the steel with secondary hardening. It
follows that the proposed hardness prediction
method is useful and effective for estimating the
tempering effect in temper bead welding of the low-
alloy steels without secondary hardening, expect
for the low-alloy steels with secondary hardening.
As shown in Table 3, the correlation coefficient
between the predicted hardness and the
experimentally measured hardness of A508,
1.5%Ni, SM490 steels also changed from high to
low. Based on the microstructure observation at
different peak temperatures, the schematic
illustration of phase retransformation of 4 kinds of
steel can be obtained as illustrated in Fig. 19.
When the peak temperature is higher than Acs or
lower than Acy, both phase composition and grain
size are similar for all kinds of steel. However,
when the peak temperature is between Ac1 and
Ac3, both phase composition and grain size of
A508 steel is similar with A533B steel, while there
are little different for 1.5%Ni and SM490 steels.
This explains the difference of the correlation
coefficient of the A508, 1.5%Ni, SM490 steels. But
because the temperature range between Ac1 and
Ac3 is very narrow, the hardness in the whole HAZ
zone have been successfully predicted using the
proposed method. Therefore, the hardness of the
other low-alloy steels without secondary hardening
can be predicted by using the extended hardness
database of A533B, from the view of engineering.
Above all, the low-alloy steel has been classified as
Group A~D as illustrated in Fig. 20. Group A~C are
the low-alloy steels without secondary hardening,
while Group D is the low-alloy steels with
secondary hardening. For the Group A~C without
secondary hardening, the currently proposed
extended method is effective for estimating the

5. Diskusija o prosirenoj metodi predvidanja
tvrdocée

Sl. 18 prikazuje odnos izmedu tvrdoce nakon
otpustanja i LMP kod 5 vrsta Celika. MoZe se
utvrditi da tvrdoca Celika A508, 1,5% Ni, SM490
Celika ima dobru linearnu vezu sa LMP-om isto kao
i originalni Celik A533B, Sto ukazuje da su A508,
1,5% Ni, SM490 ¢elici bez sekundarnog
otvrdnjavanja. Medutim, ne postoji linearni odnos
izmedu tvrdoce Celika A336 i LMP, Sto znadi da je
Celik A336 Celik sa sekundarnim otvrdnjavanjem. Iz
toga sledi da je predloZzena metoda predvidanja
tvrdo¢e korisna i efikasna za procenu efekta
otpustanja pri zavarivanju zavara za otpustanje
niskolegiranih Celika bez sekundarnog
otvrdnjavanja, a ocekujemo i kod niskolegiranih
Celika sa sekundarnim otvrdnjavanjem.

Kao Sto je prikazano u Tabeli 3, koeficijent
korelacije izmedu predvidene  tvrdoce i
eksperimentalno izmerene tvrdoce c&elika A508,
1,5% Ni, SM490 takode se menjao od visoke do
niske. Na osnovu posmatranja mikrostrukture pri
razliitim vrSnim temperaturama, Sematski prikaz
fazne retransformacije Cetiri vrste Celika moze se
posti¢ii kao Sto je prikazano na slici 19. Kada je
vrSna temperatura visa od Ac3 ili niza od Act, i
fazni sastav i veli€ina zrna slicne su za sve vrste
Celika. Medutim, kada je vrSna temperatura izmedu
Ac1 i Ac3, i fazni sastav i veli€ina zrna éelika A508
su sliéni ¢eliku A533B, dok su za Celike 1,5% Ni i
SM490 malo razliCite. Ovo objaSnjava razliku
koeficijenta korelacije ¢elika A508, 1,5% Ni, SM490
Celika. Ali buduci da je temperaturni opseg izmedu
Ac1 i Ac3 vrlo uzak, tvrdo¢a u celoj ZUT uspesno
se predvida pomocu predloZzene metode. Stoga se
tvrdoca  ostalih  niskolegiranih  Celika bez
sekundarnog otvrdnjavanja moZe predvidjeti
upotrebom proSirene baze podataka o tvrdodi
A533B, sa stanovista tehnike.

Povrh svega, niskolegirani Celik je klasifikovan kao
grupa A-D kao &to je prikazano na slici 20. Grupa
A-C su niskolegirani cCelici bez sekundarnog
otvrdnjavanja, dok je grupa D niskolegirani Celici sa
sekundarnim otvrdnjavanjem. Za grupu A ~ C bez
sekundarnog otvrdnjavanja, trenutno predloZena
proSirena metoda je efikasna za procenu efekta
otpustanja tokom zavarivanja zavara za otpustanje.
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tempering effect during temper bead welding. Thus,
the appropriate welding conditions would be able to
optimize before the actual welding.
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Stoga bi se odgovarajuéi uslovi zavarivanja mogli
optimizirati pre stvarnog zavarivanja.

(b) 1-cycle+temper, T,,=1350°C,CR,=WQ
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Fig. 18 Relationship between hardness after temper and LMP of 5 kinds of steels
SI. 18 Medusobni odnos izmedu tvrdoca posle otpustanja i LMP za 5 vrsta Celika

l-cycle CR1=WQ

Fig. 19 Schematic illustration of transformation
SI. 19 Sematska ilustracija transformacije

6. Conclusions

In the present study, the generalized hardness
prediction method applicable for the other low-alloy
steels has been conducted by utilizing the
presented hardness data-base of A533B steel.

1) Using the proposed extended hardness
prediction method, hardness distribution in HAZ of
temper bead welding for A508, 1.5%Ni and SM490
steels were calculated based on the thermal cycles
simulated by finite element method.

2) The predicted hardness was in good accordance
with the experimentally measured result for A508,
1.5%Ni, SM490 steels expect for A336 steel. It
followed that the bead welding for the low-alloy
steels without secondary hardening.

6. Zakljucci

U ovom istraZivanju, sprovedena je opsta metoda
predvidanja tvrdo¢e koja se primenjuje za ostale
niskolegirane Celike koriséenjem predstavljene
baze podataka o tvrdo¢i A533B C&elika.

1) KoriS¢enjem predlozene proSirene metode
predvidanja tvrdo¢e, raspodela tvrdoée u ZUT
zavara za otpustanje za Celike A508, 1,5% Ni i
SM490 izraCunata je na osnovu toplotnih ciklusa
simuliranih metodom konacnih elemenata.

2) Predvidena tvrdo¢éa bila je u dobroj
usaglaSenosti s eksperimentalno izmerenim
rezultatom za celike A508, 1,5% Ni, SM490 a
oCekuje se i za Celik A336. Iz toga je usledilo
zavarivanje zavara kod niskolegiranih Celika bez
sekundarnog otvrdnjavanja.
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3) Through this method, the hardness of low-alloy
steels without secondary hardening could be
predicted before the actual welding, thus the
appropriate welding conditions would be able to
optimize before actual welding, which is very useful
for the repair welding for large structures

4
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3) Ovom metodom se moZe predvideti tvrdoca
niskolegiranih Celika bez sekundarnog
otvrdnjavanja pre stvarnog zavarivanja, ako bi se
odgovarajuéi uslovi zavarivanja mogli optimizirati
pre stvarnog zavarivanja, $to je vrlo korisno za
reparaturno zavarivanje velikih konstrukcija

Low-alloy steel

No-Secondary hardening

A533B
Group A (A508)

Group B (1.5%Ni)

Group C (SM490)

Secondary hardening

Group D (A387)

Fig. 20 Group of low-alloy steel types
SlI. 20 Grupa tipova niskolegiranih &elika
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