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ABSTRACT
Temper bead welding technique is one of the most important repair welding methods

for large structures for which it is difficult to perform the specified post weld heat treatment.
In this study, appropriate temper bead welding conditions to improve the characteristics of
heat affected zone (HAZ) are studied using pressure vessel steel SQV2A corresponding to
ASTM A533 Type Class .

Thermal/mechanical simulator is employed to give specimens welding thermal cycles
ftom single to quadruple cycle. Charpy absorbed energy and hardness of simulated
CG14AZ by first cycle were degraded as compared with base metal. Improvability of these
degradations by subsequent cycles is discussed and appropriate temper bead then-nal cycles
are clarified. When the peak temperature lower than Acl and near Acl in the second
thermal cycle is applied to CGAHZ by first thermal cycle, the characteristics of CGHAZ
improve enough. When the other peak temperatures (that is, higher than Acl) in the second
thermal cycle are applied to the CGHAZ, third or more thermal cycle temper bead process
should be applied to improve the properties.

Appropriate weld condition ranges are selected based on the above results. The validity
of the selected ranges is verified by the temper bead welding test.

Keywords: Temper bead welding, Repair welding, Low alloy steel, Pressure vessel steel
Welding thermal cycle, Toughness, Hardness

1. INTRODUCTION
Temper bead welding procedure is one of the most important repair welding techniques for ferritic

pressure vessels for which it is difficult to perform the specified post weld heat treatment (PWHT) In
the temper bead welding without PWHT it is essential to select appropriate welding parameters and
control the weld bead position in order to improve toughness and hardness (to give temper effect) in
the coarse grained heat affected zone (CGHAZ) by thermal cycles of subsequent beads and layers.
Temper bead welding is provided as alternative welding methods in ASME B&PV code, Section XI,
IWA-4600. According to the code the temper bead welding had been carried out with the weld heat
input for each of the first six layers controlled to within 10% of that used in the procedure qualification
test. However, recently the code was revised as the weld heat input for each of the first three layers
should be controlled to within 10% of that used in the procedure. Some code cases were described as
the same.
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On the other hand Liao et a]. reported that Charpy impact absorbed energy in CGHAZ of the first
layer largely degrades still more when it was re-heated to the temperature between Ael and Ac3
transformation temperature by the subsequent thermal cycle [1]. This fact is serious for temper bead
repair welding procedure. Thus, it is important to control the thermal cycles of the successive beads
and the overlaying layers in order to improve the properties of CGHAZ. Therefore, it is necessary to
clarify the relations between toughness and microstructure of CGHAZ of the first layer, and conditions
of repeated thermal cycles (peak temperature, cooling rate etc.) in order to find out the appropriate
conditions of temper bead weld repair. To study this, welding termal cycle simulation was used. By
the way, sape of weld beads is generally not flat, and CGRAZ suffers multi different thermal cycles.
In tis case the tempering effects are different at each location and the extent of the recovery of the
characteristics is also different. From this point of view the weld termal cycles to give well the
tempering effect and the appropriate welding conditions to apply the thermal cycles are investigated.

In this study the appropriate conditions of weld thermal cycles to improve the characteristics of
re-heated CGHAZ to the temperature between Acl and Ac3 for pressure vessel steel SQV2A was
investigated. Then, the appropriate welding conditions are discussed.

2. SIMULATION TEST FOR WELDING THERMAL CYCLE

2.1 Material and specimen used
The chemical composition of SQV2A (JIS

G 3120) pressure vessel steel used is shown in Table I Chemical compositions of SQV2A used
Table 1. The material corresponds to ASTM (wto).(36mmt)
A533 Type Class I and is quenched and C Si Mn P S Ni Mo
tempered, manganese-molybdenum-nickel 0.18 0.28 1.43 0.006 0002 0.69 0.51
alloy steel. The shapes of specimens used in
the simulation of the weld thermal cycles and <Rolling direction

in the impact test are shown in Fig. 1. The
specimens in the upper figure were machined IILP I
with the longest side of the specimens parallel 1 11 57

to the rolling direction from 36mm thick plate. (a) Specimen for thermal cycle simulation test
Thermal/mechanical simulator Gleeble 1500 Rol I ing direction

was employed to simulate the welding thermal 0.25-4-0.025R

'84-0.05
�71,2

cycles. The peak temperature was given at the 10i-0.05

center of the longest side. After the simulation, L P__
Charpy impact test pieces were re-machined as 10-1-0.05 27.5-LO.4

____5.5±o 45-i-2-
shown in the lower figure with 10mm square,
50mm length and V-notch of 2mm depth in the (b) JIS Z2202 No.4 specimen for Charpy impact test

center, and Charpy impact tests were carried Fig. I Shape of specimens to simulate welding
out at 20'C. Vichers hardness measurements thermal cycles and Charpy impact test.
using kg load (HVI) were made for the
location reached to the peak temperature on each specimen. Optical, scanning (SEM) and transmission
(TEM) electron microscopes were used to characterize the microstructures. The specimens were
etched by 5% nital for optical microscopic investigation, etched by two stage electrolytic etching
method to appear Martensite-Austenite (M-A) constituents for SEM investigation.

2.2 Simulated welding thermal cycles
Single, double, triple and quadruple thermal cycles were simulated to the specimens taking

account of low heat input gas tungsten arc welding (GTAW). The first thermal cycle was performed to
produce a structure of CGHAZ; the peak temperature (Tpl) about 1350'C. Peak temperature of the
second thermal cycles (Tp2) was varied from 600 to I OOOOC. The third and fourth thermal cycles were
simulated with the peak temperatures (Tp3 and Tp4) in the range of 300 to 800'C, respectively.
Heating and cooling rates, and holding times corresponding to the each peak temperatures are shown
in Table 2 The holding time at the peak temperature was decided to I see. for the peak temperature
more than 600'C. The heating and cooling curves were simulated as straight-line.
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Table2 Heatin� and cooli g rate, d olding time each pe k temperature.
Peak temperature Q >600 550 500 450 400 350 300
Heating rate C A 200 200,90 200,80 200,70 200,60 200,50 200,50
Holding time (s) I 1 1.5 2 2.5 3 3.5
Cooling rate C /s) 100 30,60 20,60 30,60 20,60 30,60 20,60

2.3 RESULTS OF SIMULATION TEST

2.3.1 Single thermal cycle simulation for CGHAZ
The single termal cycle is performed to

simulated base metal CGHAZ. The peak
temperature TpI and the olding time are about
1350'C and Is. The heating and cooling rate is 200 n
and 00'C/s, respectively. The absorbed energy of
Charpy impact test and Vickers hardness of
as-received steel and CGHAZ (after the first
thermal cycle) were about 297J, 22714V I and about
100J, 457UVI, respectively. Absorbed energy of
CGHAZ lowered about 13 and hardness increased
2 times as compared with as-received steel. The
relations between the cooling time, and the
absorbed energy and the hardness are similar

fashion to the results of reference P1 Fig.2 Typical microstructure for single
Microstructure by optical microscope (x4OO) of thermal cycle simulated. (CGHAZ)
CGHAZ is shown in Fig. 2 It was mainly typical
lath martensite. As a result, the absorbed energy degrades and the hardness increases as compared with
the as-received steel.

2.3.2 Double thermal cycle simulation
The double thermal cycle is performed to investigate the influence of subsequent bead or layer on

the CGHAZ. The first thermal cycle is the same as the single termal cycle; that is, the CGHAZ is
simulated. The peak temperature Tp2 is varied from 600 to I OO'C in order to evaluate the influence
of the peak temperature on the absorbed energy and te ardness.

The absorbed energy of Charpy impact test and Vickers hardness for te double thermal cycle as a
function of peak temperature Tp2 are shown in Fig. 3 respectively. In this base steel AcI and 3
temperatures were measured as 670 and 837C, respectively. In Tp2 temperature (600'C) lower than

Acl temperature the absorbed energy increased
Peaklemperatureof2ndthermalcycle Tp2 (K) from that of the CGHAZ (about I OOJ) to about

goo 900 1000 MOO 1200 1300
500 - - 200J and the hardness decreased fom that of the

0
400 -

t; > 300 -

200 -0

300 o 00
Ac](670,C)

200

Ac3(837'C)

10 - B

0 0
0--

600 700 800 900 1000

Peak temperatu re of 2nd thermal cycle Tp2 (C)

Fig.3 Charpy absorbed energy and Vickers Fig.4 Microstructures of specimens simulated
hardness for double thermal cycle. double thermal cycle.
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CGHAZ (about 457HVI) to less than 350HVI. Recovering ratio of the absorbed energy is about 70%
compared to that of as-received steel. In Tp2 in the range of Acl-Ac3 temperatures, the absorbed
energy 30 to 70J) was largely fallen forrn that (100J) of the CGHAZ. In Tp2 higher than 3 the
absorbed energy considerably increased again from that of the CGHAZ but the hardness increased to
about 4751-1VI more than that of the CGHAZ due to re-quenching. When Tp2 of the double thermal
cycle reached to more than A3, Charpy impact values were greatly recovered to 70 - 95% that of
as-received steel. However, te hardness is higher enough, which is susceptible to hydrogen induced
cracking during service use.

Microstructures after the double thermal cycle are shown in Fig. 4 For Tp2 lower than Acl in Fig.
4(a) M-A constituent was not observed. Precipitated carbides were observed as a result of the
tempering effect f te second termal cycle on the martensite formed in the first thermal cycle. For
Tp2 in the range from Acl to Ac3 temperature in Fig. 4(b),(d) M-A constituent was observed and
reaustenitized area was observed along the prior austenite grain boundaries. For Tp2 higher than Ac3
in Fig.4(c) te refined prior austenite grains were observed because microstructures of the first thermal
cycle were reaustenitized and transformed to martensite again.

2.3.3 Triple thermal cycles simulations
The triple thermal cycle is performed to investigate the influence of the tird thermal cycle on the

simulated HAZ after the double thermal cycle. The first thermal cycle is the same as the single thermal
cycle; that is, the CGHAZ is simulated. The second thermal cycle is simulated with three levels of the
peak temperature Tp2 lower than Ac I, between Ac I and A6, and higher than Ac3, and the averages of
the peak temperature Tp2 are 650, 790 and 930'C, respectively. The peak temperature of the third
thermal cycle is varied from 300 to 800'C.

The absorbed energy of Charpy impact test and Vickers hardness after the triple thermal cycle are
shown in Fig. as a function of Tp3, respectively. In the case of Tp2 (650'C) of lower than Acl the
absorbed energy and the hardness after Tp3 of 450 to 550'C was not changed as compared with those
of the second thermal cycles. In the case of Tp2 (790'C) of the range of Acl and Ac3 temperature the
absorbed energy rapidly recovered to 50 to 70% of that of as-received steel and the hardness decreased
to less than 350HVI with Tp3 of 350 to 550'C. In the case of Tp2 more than 3 temperature the
absorbed energy increased and reached to that of as-received steel with Tp3 of 350 to 550'C. However,
the absorbed energy decreased again when the peak temperature Tp3 reached at 750'C. The hardness
decreased with increasing of Tp3 but was still hi-her than 350HVI in Tp3 of 350 to 750'C.

Microstructures after the triple thermal cycle are shown in Fig. 6 For Tp2 (750'C) between Acl
and Ac3 and Tp3 (458'C) lower than Acl in Fig. 6(a) decomposition of M-A constituent and
precipitated carbides were observed. For the peak temperature Tp2 (927'C) higher than Ac3 and Tp3
(455'C) lower than Acl in Fig. 6(b) precipitated carbides were observed, which resulted in the
tempering effect.

Peak temperature of 3rd cycle Tp3 K

500 600 700 800 900 1000

5: 400 O

> 300

2007

-1 P2:930'C Acl
300

�D
'I p' 790%'

200

�C
100

0 400 5tO 600 700 800

Peak temperature of 3rd cycle Tp3 ('C)

Fig.5 Charpy absorbed energy and Vickers Fig.6 Microstructures of specimens simulatedz:1
hardness for triple thermal cycle. triple therinal cycle.
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2.3.4 Quadruple thermal cycles simulations
The quadruple thermal cycle is performed to investigate the influence of the fourth thermal cycle

on the simulated HAZ after the triple thermal cycle. The first thermal cycle is the same as the single
thermal cycle of the CGHAZ. The second thermal cycle is simulated with the three ranges of the peak
temperature Tp2 615'C lower than Ac I, 725 and 825'C between A I and Ac3 and 900'C upper than
AO. In the three different Tp2 lower than AO, Tp3 of the third thermal cycle is simulated with 450'C
because Tp3 of 450'C recovered enough the impact value as shown in Fig. 9 Then, Tp4 of the fourth
thermal cycle is varied to 300, 400, 600, 700 and 800'C. In Tp2 upper than A3, Tp3 is varied to three
kinds of the average peak temperature 560, 650 and 750'C. Then, Tp4 of the fourth thermal cycle
varied to 350, 450 and 550'C, respectively.

The absorbed energy and the hardness after the quadruple thermal cycle are shown in Fig.7 as a
function of Tp4 of the fourth thermal cycles. In the case of Tp2 between Al and AO, 725 and 825'C
the absorbed energies were already recovered with Tp3 of 450'C, and also same as those of Tp2 615'C.
Then, the absorbed energy and the hardness of these specimens were almost the same after Tp4 of 300
to 700'C. However, for the Tp4 of 825'C the absorbed energy degraded again because it is reheated to

between Acl and AO. It is noted that the
Peak temperature of4th cycle Tp4K tempered CGHAZ should not be reheated after

500 600 800 1000 the tempering therinal cycle, and welding heat
0 input and deposited area needs to be controlled

400- so as not to give the tempering of the peak
t > 300 temperature from Acl to A3. If te degradation
> occurs, one more thermal cycle with the peak

200 temperature, which is kept less than Acl, should
300 -o Acl - be additional given.
250 The absorbed energy and the hardness after

200 the quadruple thermal cycle in the case of Tp of
900'C and Tp3 of 560, 650 and 750'C are shown

Peak temperature150< in Fig. as a function of Tp4. In the case of Tp3(-C)
100 I st cycle Tp]D 1350 of 750'C the absorbed energy increased with

615 increasing of Tp4 and reached to 250J at more+ 2nd cycle Tp2o 725
5 - 0 + 825 than 450'C. It means that much lower absorbed

U 3rd cycle O 410 energy due to the peak temperature of Acl to
0 200 400 600 800 Ac3 is recovered with at the peak temperature of

Peak temperature of4th cycle Tp4 (C) 450'C of the succeeding thermal cycle. In the
Fig.7 Charpy absorbed energy and hardness for

t) case of TO of 650'C and Tp4 from 350 to 550'C,quadruple thermal cycle at peak temperature the absorbed energy was the same as tat of the
Tp2 lower than Ac3. third thermal cycles, and the values of the

Peak temperature of4th cycle Tp4K hardness also were the same and less than
600 650 700 750 800 350HVI. In the case of Tp3 of 560'C and Tp4

500 . . . . . . . . . from 360 to 470'C, the absorbed energy was theM
400 - same as that of the third thermal cycles (z3OOJ)

but the values of the hardness were still a little
300-

higher than 3 OHV 1.
> 200 Microstructures after the quadruple thermal

300 01 cycle are shown in Fig. 9(a), (b). For te peak
temperature Tp2 743'C of Ac I to Ac3 and Tp of250-

M 447'C, Tp4 of 402'C lower than Ac I in Fig. 9(a)
�B 200-

t8

1 50 d- 0
Peak temperature ('C)

0 100-
T 2nd cycle Tp2 900

560
E_ 50< 3rd cycle TO - 650

L 750
0

350 400 450 500 550

Peak temperalUTCof4th cycle Tp4 ('C)

Ficr.8 Charpy absorbed energy and hardness for Fig.9 Microstructures of specimens simulatedt�
quadruple thermal cycle at peak temperature quadruple thermal cycle.
Tp2 igher than AO.
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the structure is almost the same as that in Fig. 7(a). For Tp2 of 906'C upper than Ac3 and Tp of
5740C, Tp4 of 372'C lower than Ac I in Fig. 9(b) fine grains and tempered structure were observed.

2.4 APPROPRIATE THERMAL CYCLE
The relations between the peak temperatures of the simulated welding thermal cycles and the

absorbed energy, or the hardness have been investigated. Concerning the sound characteristics of the
CGHAZ after temper bead treatment the authors ave predicted as follows; the maximum hardness
should be considered less than 350HVI because of susceptibility of hydrogen induced cracking during
service use. Charpy absorbed energy is, of course, the higher, the better and should be at least about
70% of base steel. The CGHAZ simulated in the first then-nal cycle was classified as three categories,
according to the second thermal cycles, namely te peak temperature Tp2 lower than Ael, between
Ac I and Ac3 and higher than Ac3 as shown in Fig. I .

In the case of Tp2 lower than Ac I the absorbed energy of the CGHAZ for the Tp2 of 5 5 O'C to A I
increased to about 70% of that of as-received steel. The hardness of CGHAZ decreased to lower than
35OHVI. In this case the caracteristics in the above are fWfilled by double thermal cycles, but in
order to complete a thorough treatment, additional third thermal cycle less than Acl of Tp is
recommended.

When Tp2 happens to reach the temperature between Al and Ac3, the absorbed energy of te
CGHAZ for the Tp2 between Acl and Ac3 temperature decreased to less than about 25% of that of
as-received steel. The hardness of the CGHAZ was still more than 350HVI. By the third thermal cycle
of the peak temperature Tp3 of 450 to Acl the absorbed energy increased to about 70% of that of
as-received steel.The hardness of the CGHAZ decreased to lower than 35OHVI.

In te case of Tp2 higher than Ac3 temperature the absorbed energy of the CGHAZ for the Tp2
higher than Ac3 temperature greatly increased to more than about 70% of that of as-received steel.
However, the hardness of the CGHAZ was more than 350HVI due to re-quenching. By the third
thermal cycle of the Tp3 of 450'C to Acl, the absorbed energy was high enough and almost the same
as that of as-received steel. The hardness of the CG14AZ was reduced to about 35014VI but not
completely. By the fourth thermal cycle of te Tp4 of about 450'C to Acl the absorbed energy was not
almost changed but te ardness decreased and was lower than 35OHVI. However, applying this case
to the second layer in real welding some area of CGHAZ by first layer was reheated at te peak
temperature between Al and Ac3 in the second thermal cycle. As te absorbed energy of this area
degrades again, te further thermal cycle should be carefully applied to the area for the tempering. We
must take attention carefully in this area. Judging from te discussion in the above the appropriate
then-nal cycles recommended are considered to be that of Fig. IO from a standpoint of assurance of the
stability of the characteristics of the tempering of CGHAZ.

I st cycle CG Criteria:
Tpl:1200'( 350'C Absorbed energy, vE2 > 200J

oughness; X hardness; N 1S Vickers hardness, HV I < 350

0: Good

X No good
2nd cycle Tp2:55gc-A I AC I ---AL3 A.0 I 000' A: Indistinct

T; 0, H; 0 T ; X, H T; 0, H; X
-----------

(Min. Require

3rd cycle -1)3. -Acl 450'C-Acl 550'C.--AelF
T; 0, H; 0 T; 0, H; 0 T ; 0, H A

4th cycle Tp4: -Ac I -AC I 450"C-Aci
- - - - - - - - - - - - - - - -

T; 0, H; 0 T; 0, H; 0 T; 0, H; 0

Fig. IO Appropriate then-nal cycle to recover properties of CGHAZ.



- 77 -

3. TEMPER BEAD WELDING TEST
The appropriate welding thermal cycle to improve the toughness of CGHAZ was recommended.

The welding conditions, e.g. welding current, welding voltage, welding speed and wire feeding speed
for gas tungsten arc welding (GTAW), to apply the appropriate cycle were reported by authors 2]. The
results showed the maps of welding condition selection for temper bead welding for V2A pressure
vessel steel. Fig. I shows the ranges of the appropriate welding conditions by the same condition for
each layer using gas tungsten arc welding. 2 layers temper bead welding means to give the thermal
cycle of the peak temperature from 5500C to Acl by the second temper bead layer to CGHAZ of the
first layer and 3 layers temper bead welding means to give the thermal cycle of the peak temperature
from 500C to A I by the third temper bead layer to CGHAZ of the first layer. In the range of 3 layers
temper bead above broken line the CGHAZ is eated from A I to Ac3 by the peak temperature of 2nd
layer, below the line more than A0. When the CGHAZ is reheated at more than Ac3 temperature by
the peak temperature of the 2nd layer, it is necessary for the region to give additional two termal
cycle of peak temperature less tan Acl. The termal cycles are applied by adjacent bead in d layer
and subsequent layer. So in tis case 3rd layer fulfills the soundness of the CGHAZ. Temper bead
welding test is performed to verify te validity of the map of selection for the welding condition.

100 100 --- ---- -- ---- --90 - - - 2 S 90

80 -T-er�pe 7X j�'
80 -I- -A L -1

E 70 70 -Tentpert
60 AW -Te�rnpereid-�yJrd-fis,�dr, 60
50 CL 50

.1, �. d by.
40 I' L - - 40

30 30
20 - - - - -by 2nd e 20

lo 10 - T -

0 o

116 120 125 130 135 140 145 150 155 160 165 170 176 115 120 126 130 135 140 14 10 155 160 165 170 175
Welding Current (A) Welding Current (A)

(a) Preheating (I 50'C) (b) No preheating
Fig. I I The map of selection for temper bead welding.

3.1 WELDING PROCEDURE
Two welding conditions were selected from each map. The welding conditions selected is shown

in Table 3 and plotted as cross marks in Fig. II. Welding was perfon-ned with 3 layers with preheating
and 4 layers with preheating by flat position. In case with preheating a lamination method is shown in
Fig. 12. 4th layer was laminated with 4 beads on the 3rd layer. After welding, Vickers hardness of 9.8N
load was measured at locations as sown in Fig. 13 to evaluate the temper effect. The hardness was
measured with 0.5mm pitch at about 0.5mm from fusion line.

Table 3 Weld g conditions for GTAW.
Specimen C V Ws WFS HI Ar PH IP

No. (A) (V) (cm/min) (cm/min) (kJ/cm) GFR (0c) CIQ
(L/min _

PH2 115 52 8.63 150 150-

PH3 175 10 8 62 13.13 20 150 180
NI-12 130 50 9.75 no <100
NI-13 130 30 9.75 no ,

C: Current, V. Voltage, WS: �Velding Speed, WFS: Wire Feeding Speed, HI: Heat Input, Ar GFR: Ar
Gas Flow Rate, PH: Preheating temperature, IP: Inter Pass temperature
Electrode diameter: 3.2mmo, Wire diameter: 1.2mmo, Bead overlap: 50%, Lamination shift: %

3.2 RESULTS OF WELDING TEST
The results of hardness measurement are shown in Figs. 14 and 15. Fig.14 shows the result with

preheating. In all cases the hardness by te first layer hardens more than 350HV1 but that of some
regions is less than 350HVI by tempering effect of adjacent bead. In case of 2 layers temper bead
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condition, hardness of CGHAZ by the first layer decreases less than 350HVI by temper effect of the
second layer. The 3rd layer almost doesn't affect the hardness because of low peak temperature
thermal cycles. In case of 3 layers temper bead condition, the ardness is still higher than 350HVI
after 2nd layer welding but softens less than 3001-IV I after 3rd layer welding. Fg. 15 shows the result
without preheating. In case of 2 layers tmper bead condition, hardness of CGHAZ by the first layer
decreases less than 350HVI by temper effect of the second layer. The 3rd layer almost doesn't affect
the hardness because of low peak temperature thermal cycles. In case of 3 layers temper bead
condition, te hardness is still higher than 3501-IVI after 2nd layer welding but softens less than
350HVI after 3rd layer welding. In this case the 4th layer is welded and the then-nal cycle of the layer
doesn't influence the hardness. Thus, 3 layers for temper bead welding are enough to recover the
hardness less than 350HVI, and the map of selection for welding conditions is verified as the validity.

300

35 230 3 5

Ho

IO Beads 8 Beads 6 Beads
6 0

60 1 t + 2,d+3,d Layer

V Layer 111 2111 Layer

20 0 20 0 70 20

Fig. 2 The lamination method for welding test with preheatin-

Location of hardness measurement

MCF.13 Location of hardness measurement in cross section.

1st layer 1 st layer
450 2nd layeri 450 2nd layer

3rdlayer 3rd layer
400 400

350 350
>r

300 300

250 250

200 200
13-5 14.5 15.5 16.5 17.5 18.5 19.5 -6.0 -4.0 -2.0 0.0 2.0 4.0 6.0 8.0

Relative distance (mm) Relative distance (mm)

(a) 2 layers temper bead (b 3 layers temper bead
Fig. 4 Results of hardness measurement with preheating.
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layer layer

450 2 yers
3 layers A 3 layers

400 4 layers 400 4 ayers-

NL
350 350

>

300 300

250 250

200 200

4.0 2.0 0.0 -2.0 -4.0 4.0 2.0 0.0 -2.0 -4.0
Relative distance Relative distance

(a) 2 layers temper bead (b) 3 layers temper bead
Fig. Results of hardness measurement without preheating.

5 CONCLUSIONS
In order to investigate the appropriate welding conditions for the temper bead weld repair for

SQV2A pressure vessel steel, the relations between te therinal cycles and the Charpy absorbed energy
and te ardness were examined using thermal/mechanical simulator Gleeble 1500 and the appropriate
welding parameters were evaluated. The results obtained are as follows:

(1) The absorbed energy of the CGHAZ simulated by single thermal cycle was degraded to about
30% of that of the as-received steel. The hardness increased to twice of the as-received steel.

(2) The absorbed energy of the CGHAZ was improved to about 70% of that of as-received steel and
the ardness of te CGHAZ decreased to lower than 350HVI when the peak temperature of the
succeeding thermal cycle reached to the temperature from 600'C to Ac 1.

(3) The absorbed energy of the CGHAZ degraded to about 25% of that of as-received steel and the
hardness of the CGHAZ was still higher than 350HVI when the peak temperature of the succeeding
thermal cycle reached to the temperature from Ac I to Ac3. In order to improve the absorbed energy to
about 70% of that of as-received steel and to decrease the hardness to lower tan 350HVI, additional
one more thermal cycle is necessary.

(4) The absorbed energy of the CGHAZ improved to more than 70% of tat of as-received steel but
the hardness of the CGHAZ was still higher than 350HVI when the peak temperature of the
succeeding thermal cycle was higher than Ac3. The absorbed energy improved to almost te same as
that of as-received steel but the hardness was still higher than 350HVI even after the following
thermal cycle with the peak temperature which is less than Al. To reduce the hardness to lower than
3 50HV 1, fourth thermal cycle is required.

(5) The appropriate temper bead termal cycles were suggested that in the second thermal cycle the
peak temperature Tp2 should be selected as lower than Acl but near Acl. In tis case double thermal
cycle temper bead process is possible to improve the characteristics of CGHAZ. When the other peak
temperatures (that is, higher than Acl) in the succeeding thermal cycle are applied to CGI-IAZ, triple
or more thermal cycle temper bead process should be applied.

(6) The ranges of the appropriate welding conditions were shown by the map of selection for 2 or 3
layers temper bead welding with and without preheating. Then, the validity of the appropriate ranges
are verified by the temper bead welding test.
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