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69 Method for postweld heat treatment.

@ A method for postweld heat treatment (hereinafter
referred to as PWHT) for multilayer welding, in which the
terminating point of the PWHT is judged correctly to pre-
clude cracking due to insufficient treatment or uneconomi-
cal excessive treatment, the method comprising; determin-
ing the residual hydrogen concentration directly beneath
the final welded layer immediately after completion of weld-
ing; determining a crack-preventing critical hydrogen con-
centration to obtain a ratio of the critical hydrogen concen-
tration to the residual hydrogen concentration; determining
the value of a product of a hydrogen diffusivity coefficient
during the heat treatment and a holding time where a
hydrogen concentration currently occurring in the heat
treatment reaches the critical hydrogen concentration, on
the basis of the relation of a ratio of the current hydrogen
concentration to the residual hydrogen concentration and a
sum of a parameter of hydrogen diffusion to be determined
depending upon the welding conditions and the above-
mentioned product; measuring the temperature of the heat
treatment at a suitable point of the weld; and terminating
the heat treatment at a time point when a time-integrated
value of a hydrogen diffusivity coefficient at the measured
temperature exceeds the value of the above-mentioned pro-
duct.
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Qﬁ TITLE: METHOD FOR POSTWELD HEAT TREATMENT

This invention relates to a method for postweld

heat treatment (hereinafter referred to as PWHT)

of a welded portion of, for example, a thick base
metal, and more particularly to a method for approp -
riately judging the time point for terminating the
PWHT when sufficient of the residual diffusible
hydrogen in the welded metal has been dissipated by
the afterheating. :

There sometimes occurs a problem of cold (or delayed)
cracking when welding thick low a2lloy steels. At
present, it is the usual practice to resort to
intermediate stress relief annealing to prevent

cracking of that sort. However, as seen in desulfur-
izing reaction towers and coal liquefaction systems,
there is a recent distinctive trend in the chemical
industries toward larger scale plants, which involve
for an increased number of times the intermediate
stress relief annealing treatment after welding.
Repetitive intermediate stress relief annealing not

. only gives rise to deteriorations in strength and
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toughness of the material but also hinders the
fabrication process, thus increasing the length of
time of the process and the cost of the fabrication.

Under these circumstances, the present inventors
have conducted research into multilayer butt welds
of thick Z%Cr—lMo steel and A508 Class 3 material and

found that: (1) the problematic cracks are mostly

transverse cracks in a weld zone, that is to say, in
weld metal or in the heat affected zone (HAZ); (2) the

. cracks are apt to occur immediately beneath the final
layer due to the residual stress in the direction of

weld line, diffusible hydrogen and hard microstructure,
proPagating and growing toward the inner and outer
surfaces of a plate; and (3) the residual stress
remains almost the same independent of the plate
thickness but the residual hydrogen decreases upon

. raising the preheat and interpass temperature at the

time of welding, thereby preventing the occurrence of
a crack. From these facts, it is deduced that an
effective means for'preventing cracks is to decrease
the diffusible hydrogen concentration in the weld zone.

" For this reason, our research was focussed on the so-

called low-temperature PWHT which prevents the

craéking by decreasing the diffusible hydrogen
concentration in a weld zone by heating the weld zone
to a relative low temperatﬁre immediately after
welding. @ Since this method is intended to prevent
cracking solely thfough the diminution of the diffusible
hydrogen concentration in the weld zone, it is. necessary
to clarify the following items before its application.

b
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(1) ‘The relation between the conditions of the weld-
ing operation for an actual structure and the hydrogen
concentration immediately after welding.

(2) The relation between the variations in the
hydrogen concentration during low-temperature PWHT

and the treating conditions.

(3) The relation between the critical hydrogen

' concentration at which the possibility of cracking is

eliminated and the maximum Vicker'!s hardness number in
the weld zone.

The present inventors ciarified the items'(l) to (3)
by experiments on butt weldments of thick Q%Cr—lMo
steel and A508 Class 3 material and furthered their
research on the basis of the experimental data. As a
result, they succeeded in preventing the cracking by
an appropriate PWHT, thereby permitting the omission
of an intermediate stress relief annealing step.

More particularly, one aspect of the present invention
resides in:

(1) A step of obtaining the residual hydrogen
concentration (Co)D and (Co)H directly beneath the
finally welded layer immediately after completion of
multilayer welding, where (Co)D and (Co)H are for weld
metal and for heat affected zone, respectively.

(2) A step of obtaining the critical hydrogen
concentration for the prevention of cracking, that is
to say, (Ccr)y and (Ccr)H for weld metal and

HAZ, respectively,
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which depend upon the maximum residual stress and maxi-

mum Vicker®s hardness number of microstructure in weld

Zone.

(3) A step of obtaining the values of [Ccr/Colp
and [Ccr/Co]H,ratid of the critical hydrogen concentra-

tion [Cer]lp and [Cecr]ly for the prevention of cracking

both in the weld metal and HAZ to the residual hydrogen

concentration [Co]p for weld metal and [Coly for HAZ.

(4) A step of obtaining the values of [C/Colp

-and fC/Co]H for weld metal and HAZ, respectively, the

- ratios of the hydfogen concentration in the weld zone

[b]p and [Cly which are lessened by the low-temperature
PWHT to the residual hydrogen concentration [Colp and
[Colgm. , ,
(5) A step of, from the relation of the sum
[T + Dp-tplp for weld'metal and [T+ bp-tp]H for HAZ of
a hydrogen diffusion parameter-[t(cmz)] in'a welding
operation under given conditions
T o= Ston Djdt
whérein
Dj : a hydrogen diffusivity coefficient (cm2/sec)
in an arbitrary weld zone of each unit
laye;; ’
th : the time required for welding each unit

layer

™
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and the product of a hydrogen diffusivity coefficient
(Dp(cm?/sec)) during the PWHT and the holding time
(tp(sec)) and (C/Co)D and (C/Co)H, predetermining

the values of (DP.tP)D and (Dp.tp)H.for weld metal
and HAZ, respectively, where {C) is equal to (CCr)D
or (Ccr)H.

(6) A steb of determining a larger value of
(Dp.tp)D or (Dp'.tp)H by comparing those—yalues,
namely, (D_ t_) as a condition of PWHT.

p- P
(7) a step of measuring the temperature at a suitable
portion of the weld during PWHT to terminate the
heat treatment at a time point when the time
integrated value of the hydrogen diffusivity coeff-~
icient (Dpi(cmz/sec)) at the measured temperature
exceeds the value of (Dp.tp).

By the way, when the maximum Vicker's hardness
number of the microstructure in the weld metal. is
higher than that in the HAZ, the estimation of above
mentioned respective values only for weld metal is
sufficient because the hydrogen concentration in

HAZ is generally much lower than that in weld metal.

The present invention also provides a method for
the low-temperature PWHT in multilayer welding,
comprising the steps of;
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‘determining the residual hydrogen concentra-
- tion Co (cc/100 q) directly beneath the final welded
- layer immediately after completion of welding;
determining a crack-preventing critical hydro-
- . . féen concentration Cer (cc/100 g) to obtain a ratio of
;f _ .:'_écr/Co;
‘ _ determining the value-of a product Dp-tp of a
" : - ,-.ﬁydrogen diffusivity coefficient Dp (cm2/sec.) during

. the heat treatment and a holding time tp (sec.) where

-a currently reached hydrogen concentration C (cc/100 g)
become equal to the critical hydrogen concentration
Ccr, -on the basis of the relation of a ratio C/Co of

} the current hydrogen concentration C (cc/100 g) to tﬁe
| residual hydrogen concentration Co and a sum of a
parameter T (cm2) of hydrogen diffusion of the formula

- given below and the product of Dp-t :

Pl
. - measuring the temperature of the heat treat-

1)

ment at a suitable position of the weld; and
terminating the heat treatment at a time point

when a time-integrated value of a hydrogen diffusivity

cﬁefficignt D_. (cm2/sec.) at the measured temperature

Pi
exceeds the value of Dp-tp.

T = j%n ﬁidt
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wherein, PWHT: postweld heat treatment,
-3 " D,: a hydrogen diffusivity coefficient (cmz/sec.)

i
in an arbitrary weld portion during welding
PR : each unit layer; and
tn: time (sec.) required for welding each unit
layer.
—_— ' In the method of the present invention, for instance,

. the first step of obtaining the value of (Co) can be
realised by various means or procedures in practical
applications. The gist of the invention resides in’
the above mentioned steps and is not limited to

‘ﬁ' practical procedures employed therefor. The particular

}? procedures developed in the description

are given only as typical examples and should not

, be construed as limiting the present invention,

ﬁ  . In this regafd, it is to be noted that the invention

includes all modifications and alterations as

encompassed by the appended claims.

The present invention also provides.a method for the
low-temperature PWHT of a multilayer weld, character-
ised by the steps of:

determining for a test weld similar to said
multilayer weld the residual hydrogen concentration
Co (cc/100g) directly beneath the final welded layer
immediately after completion of welding;

determining for the test weld a crack-prevent-
in%?ﬁ%&%géen concentration Ccr (cc/100 g) to obtain
- : a ratio of Cer/Co;
determining for the test weld the value of a
o product Dp.tp of a hydrogen diffusivity coefficient
' Dp(cmz/sec) during the heat treatment and a holding
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time‘tp(sec.) where a currently reached hydrogen

.concentration C (cc/l00 g) becomes equal to the crit-

ical hyarogén concentration Ccr, on the basis of
the relation of a ratio C/Co of the current hydrogen
concentration C (cc/l00 g) to the residual hydrogen
concentration Co and a sum of a parameter T (cmz) of
hydrogen diffusion of the formula given below and
the product of Dp.tp;

measuring for said multilayer weld the

'temperature of the heat treatment at a suitable
_ position of the weld; and

terminating the heat treatment of said multi-
layer weld at a time point when a time integrated
value of the previously determined hydrogen diffus-

ivity coefficient D (cmz/sec.) at the measured

pi
temperature exceeds the previously determined value
£D .t .
ot Pp%p
_ tn
‘r_.['o D;dt

wherein, PWHT: postweld heat treatment,

- D;: a hydrogen diffusivity coefficient (cmz/sec.)
in an arbitrary weld portion during welding
each unit layer; and '

_tn: time (sec.) required for welding each
unit layer.

The present invention also provides a method for the
low~temperature postweld heat treatment of a multi-~
layer weld, characterised by the steps of:

obtaining for a test weld similar to said

. multilayer weld, the residual hydrogen concentration

(Co)D and (Co)H (cc/100 g) directly beneath the

e
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finally welded layer immediately after completion
of multilayer welding, where (Co)D and (Co)y are
for weld metal (deposited metal) and for heat affected
zone, respectively; . '

obtaining for the test weld the critical
"hydrogen concentration for prevention of cracking
(Ccr)D and (Ccr)H for the weld_metal and for the
heat affected zone, respectively, which depend upon
the maximum residual stress and maximum Vicker's
hardness number of the microstructure in the weld
zone; o

. obtaining for thé test weld the values of

(Ccr/Co)D and (Ccr/Co)ﬁ, the ratio ofrthe critical
hydrogen concentration (Ccr)D and (‘Ccr)H for
prevention of cracking both in the weld metal and the
heat affected zone to the residual hydrogen
concentration (Co)D and (Co)H;

obtaining for the test weld the values of
(C/Cg)D and (C/'Co)H for the weld metal and for the
heat affected zone, the ratio of the hydrogen
concentration (C)D.and (C)H which
are lessened by the low temperature postweld heat
treatment to the residual hydrogen concentration
(CO)D and. (CO)H;

obtaining for the test weld the values of
(T + Dp‘tp)D and (¢ + Dp'tp)H for the weld metal and
for the heat affected zone where Dp is hydrogen
diffusivity coefficient during the postweld heat
treatment and tp is the holding time, and T (cmz)
is a hydrogen diffusion parameter in a welding
operation under given conditions

T=J"nat
0
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wherein Di is a hydrogen diffusivity coefficient
(cm?/sec) in an arbitrary weld zone of each unit

V.and tn is the time required for welding each unit

layer;
determining for the test weld a value (DP.tp)

~which corresponds to the larger of (D_.t ). or

p p'D
(D .tp)H by comparing those values, as a condition

of the postweld heat treatment;

measuring for said multilayer weld the
temperature at a suitable portion of the weld during
the postweld heat treatment, and

terminating the heat treatment of said mult-
layer weld at a time point when the time integrated
value of the previously determined hydrogen diffus-.

ivity coefficient (Dpi) (cmz/sec.) at the measured

. temperature exceeds the previously determined value
e D_.t.).
of ( b P)

In the accompanying drawings:

figure 1 is a perspective view showing the conditions
of test welding and a sampling position of a test
piece; ’ .

Figure 2 is a diagrammatic view explanatory of the

way to divide a welded joint into small elements
for the analysis by the finite element method;

Figure 3 is a flow chart showing a programme for

. the analysis by the finite element method;
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Figure 4 is a diagram showing the dependency on
temperature of various thermal constants;

Figure 5 is a diagram showing the relation between
the hydrogen diffusivity coefficient and the
temperature; '

Figure 6 is a schematic view explanatory of the
restraint test specimen used in the cracking tests;

Figure 7 is a schematic perspective view showing
the method for measuring diffusible hydrogen which
is dissolved into weld metal by one pass of
welding; ' ,




10

15

20

.25

0034057

- 12 -

Fig. 8 is a diagram comparatively showing the

actually measured and calculated values of the.hydrogen

- concentration distribution at a time point when the final

bead reaches manrintérpass temperature;

Fig. 9-(a) and (b) are the diagrams showing the
relations between the hydrogen concentration immediately
peneatﬁ the.final pass of welds right.after‘welding and
the parameter.lt) of hydrogen diffusion at the time of
welding for weld metal of Z%Cr-lno steel weldments and
for HAZ of A508 Class 3 welﬁments, respectively;

Fig. 10 is a schematic view of gas burners em-
ployed as auxiliary heating means for maintaining “&n
interpass temperature at the timerof weiding;

Figs.- 11 and 12 ére diagrémé showing the rela-
tion between welding conditions and the parameter (T) of
hydrogen diffﬁsiqn with auxiliary heating for é%Cr—lMo
steel weldments; . | -

Fig. 13 is a diagram showing the same relation -

- for A508 Class 3 weldments as Figs. 11 and 12.

Fig. l4-(a) is a diagraﬁ showing the influence
of the hYdrogen concentration dist;ibution immediately .
after welding on the relation between the variation in
hydrogen concentration in weld metai and treating con-
ditions of the low temperature PWHT;
Fig. 14-(b) is the same diagiam for HAZ as

Fig. 14-(a);
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Fig. 15~-(a) is a diagram for weld metal showing
the similar influence of the plate thickness;

Fig. 15-(b) is the similar diagram for HAZ as

Fig. 15-(a);

Fig. 16-(a) is a diagram for weld metal showing
the similar influence of the beveliné width;

. Fig. 16~(b) is the similar diagram for HAZ as

~Fig. 16-(b);

~ Fig. 17.is a diagram showing the relation between
the yariations in the hydrogen concentration and PWHT
conditions in a éase where the beveling width exceeds 36mm;
Figs. 18-(a) and 18-(b) are the diagrams showing
the resﬁlts of cracking tests for Z%Cfa-IMo steel and A508

Class 3 material.along with the distribution of hydrogen .

concentration, which were conducted for determining Ehé
crack—Preveﬁtipg critical hydrogen concentration;

Fig. 19 is a graph showing the relation between
the crack-preyenting critical hydrogen concentration in

weld metal or in HAZ and maximum Vicker's hardness number

- of microstructure in the respectiye region;

Fig. 20 is a flow chart itlustrating procedures

for determining the conditions of the crack-preventing
low temperature PWHT for yarious materials; and
Fig. 21 is a diagram showing the vartations in

the coefficient of hydrogen diffusion against-time.
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PARTICULAR DESCRIPTION- OF THE INVENTION:

B , The method of the invention is hereafter de-

scribed by way of fundamental tests conducted on Z%Cr-lMo

steel and A508 Class 3 méterial, results of the experi-
r;ments and practical procedures for the respective steps.
[Testing Method] .' |

1. Test specimensiaidwelding conditions

ot } ’ The base metal used in the tests was 200 mm
i ' thick rolled material of ASTM A387 GR22 Class 2 and a-
10  forged A508 Class 3 material. Those chemical composi-

tions and mechanical properties are shown in Table 1.

. : Table 1

. s Mechanical -
iﬁq Chemical Composition F%) Properties
' ) | Y.P.  |T.S
' i ) Mo |E1-(% y
GR22
Cl.2{0.13/0.30(0.47{ 0.01 | 0.01| — |2.39] — |1.00{ 23.6 | 34.8 58.9
" - ‘éi"g 0.17{0.29/1.40{0.006|0.007|0.79| — {0.021|0.47| 27.0 | 56.8 | 69.5

Table 2 below shows the submerged arc welding con-

ditions.
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Table 2

Material

A3B7 GR22 Cl.2

A508 Cl.3

Welding wire

US-521A (4.8%)

US-56B (4.09)

Flx ~ °© MF-29A, MF-29AX MF-27

" Welding current 650 A 650 A

K Welding voltagé 6V 33V
-. .- -] Welding speed 35 cm/min 35 cm/min
[ Heat input 40 KJ/cn 37 XKJ/cn

The flux MF-29A or MF-27 was mainly used in the.
"tests but the recently developed flux MF-29AX of low
‘hydrogen level was used in certain cases.’
. Table 3 shows the chemical composition and me-

chanical properties of the weld metals.

Table 3
Chemical Composition (%) gig;:ii;:i
i 1“;’1‘?3 cl{si|{m| p | s |cc|ni|m [E1-(%) ‘8{2}@2) "El'(z fea?)
e p1a | 0-09]0.2¢]0.730.015{0.009(2.57{ — |1.03| 18 | 86 95
Mi-tngﬁ:{z;A 0.087/0.240.76/0.011/0.008|2.33| — |1.03 - | - -
M X 0.080.31[1.17 0.01 |0.006 ~ lo.870.49] 28.4 | 65 73
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- 2. Measurement of hydrogen concentration distribution

_in thick plate weldsimmediately after welding

‘Upon completion of welding, the distribution of
hydrogen concentration in the direction of plate thick-

ness immediately after the final bead cocled to 2B inter-

. pass tempergture was measured, varying the preheating/
interpass temperature and the piate thickness to clarify
'.éxperimentally their influences'on the distribution of
 'hydrogen concentration in the weld metals. The obtained
'ihydrogén distributions were used as comparative data

-, against the calculated values to confirm the reliability

of the program of finite element method . .- ... for es-
timéting the hydrogen distribution immediately aftei weld-
ing as described in the next paragraph. The shape and
dimensions of the welding joint used for the measurement
6f diffﬁsible hydrogen concentration are shown in Fig. .
1(1), while the sampling position of the test piece for
its purpose is shown ip Fig. 1(2) in which the various

léngths are in the unit of mm and indicated at 1 are trays

* for holding a cooling medium and dry ice and at 2 is a

cut of the weld metal test piece.

3. Analysis of hydrogen diffusion dﬁrinngelding by

finite element method
For handling the hydrogen diffusion during'the
welding operation, it is preéonditionai torreproduce the

welding thermal cycle. However, our researches are
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directed to plates of a thickness of 50 mm or greater
which require welding in a relatively large nﬁmber of
layers and the submeiged arc welding process is generally
utilized with high heat input, so that it is almoét im-
possible té'simulate on the test piece the welding ther-
mal cycle which takes place when welding an actual

structure. Therefore, the analysis based on the finite

element méthod was utilized.

Fig. 2 illustrates an element division of a

‘weld zone into small triangles of I-beveling welded with

:_ 2 passés per layer and having a penetration rate 6f 60%.

In this figure, the reference numeral 6 denotes the weld

of the first'pass consisting of a weld portion 4 and a

penetrated portion 5. 1Indicated at 6' is the weld of the

'12th pass consisting of a weld portion 4"and'a'pene;rated

portion 5'. In this instance, the sum of residual hydrogen
in the penetrated-poftion and a predetermined amount of
hydrogen diésolved in the respective weld portion at the
time of each weld is divided by the total weight of the
weld and penetrated portions, allotting the mean value
uhiformly thereto as initial hydrogen concentration ex-
isting when welding each weld pass. The hydrogen con-
centration at the nodes on the surfaces were considered
as being constantly held at zero throughout the analysis.
On the other hand, the calculation for thé'weld-

ing thermal history which is preconditional to the analysis
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"of the hydrogen diffusion was performed with a heat input

4

Class 3 welds and a heat efficiency of 65%, equivalently

of 40 XJ/cm for 25Cr-1Mo steel welds and 37 XJ/cm for AS508

redistributing them to the weld and penetrated portions.
Fig. 3 is a flow chart of a program used for the
analysis. The time increment for each analysis was set
in the range;of 1 to 10 seconds to_correspond with the
codling'rate. The shift to the next pass was effected

when a predétermined teﬁperature was reached at a posi-

tion located 10 mm inside the beveling face and 15 mm

'.'deep from the plate surface, compiling that temperature

as an interpass temperature. With a larger plate thick-
ness, the temperature was controlled by varying the

measuring positions. for a.few times along the plate thick-

' ness in accordance with the’progresé of the welding oper-

ation. In the various tests using a test specimen as shown
in Fig. 1, the welding thermal cycle was controlled by a

CA thermocouple which was inserted at such measuring posi-

 tions for conformity with conditions of calculation.

Figs. 4 and 5 show the dependency on temperature

. of .the various thermal constants and the hydrogen diffus-

ivity coefficient'Which were used in the calculations.
With regard to the thermal transfer coefficient A, ther-
mal conductivity B and specific heat C, the density was

held constant in consideration of their dependency on

- temperature shown.' For the dependency on temperature of
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AN

the hydrogen diffusivity coefficient, . - T

the value indicated by solid lines in Fig. S5.was used.

4. Determination of hydrogen diffusivity coefficient of
welded joints

Thy hydrogen diffusivity éoefficient was deter-
mined by acﬁually measuring the distributions of hydrogen‘
concenfration immediately after welding and after the low-.
temperature PWHT and comparing the measured values with
caléuiated values as obtained under the same conditions.

5. Cfacking test for determining critical hydrogen con-—
centration free from transverse cracks

- In order to know to whichigxtent the concentra-

tion of residmal hYdrogen in the weld zone immediately

after welding has to be reduced for.therpreventiqn of
cracking, namely, in order to know the crack-free criti-
cal hydrogen concentration, crackiné tests were conducted
Qith the use of restrained test specimens as shown in
Fig. 6, in which the respective dimensions are indicated
in the unit of mm. The dimensioﬁs of-h {(plate thickness)
X° (angle of beveling) and R-(radius of curvature at the
r;ot of beveling) were varied in the cracking tests under

the conditions shown in Table 4.
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. Interpass Temperature Holding time
Material h X° | R | temperature | of PWHT of PWHT
°Q) (°c) (hr.)
B A387 55 8 8 180 . 180 ~ 200 1.5, 2.6, 3.2
GR22 100 7 8 130 . 180 ~ 205 2.5, 7.0
C1.2 150 | 5.5 | 8 " 150 205 7.5
g - 525 8 | 8 175 - -
iy ) A508 ' 200 - -
; ct-3 250 - -
200 200 2.25

i : : The low-temperature PWHT was performed in an

annealing furnace. .Leaving the test specimen at room
- temperature for two weeks after the low-temperature PWHT,
s vertical sections of the weld were cut out to check the
| ‘ 5 existence of cracks by magnaflux detection and by naked
jﬁ | eyes aéter etching. .
ki Nextly, the hydrogen diffusion during PWHT was

analyzed by the use of the thermal history which was ob-

tained in the cracking test dﬁring the time interval from
10 . "the complgtion’of welding to the time point when the tem-
- - - perature of the.teSt specimen- cooled down to 100°C after
the low temperature PWHT, thereby determining the hydrogen
distribution in the weld zone at the'temperature of 100°C.
'Thereafter, the crack-preventing critical hydrbgen con-

5 centratioh waé determined on the basis of the results of
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the cracking test and the corresponding distribution of

hydrogen concentration.

6 Measurement of initial hydrogen content necessary for
determlnlng conditions of low temperature PWHT in ac-
'cordance with the combination of base metal and weld-
ing materials '

A test piece as shown in Fig. 7(1) (in which

‘all the dimensions are indicated in the unit of mm) was

ﬁelded with one pass in the arrowed direction which was,
immediapely after Eeing quenched in a water bath with
crashed ice, put ih liquid nitrogen to fix hydrogen.
Thereafter, four test pieces were cut off as shown in
Fig. 7(2) for the determination—bf_hydrogen. - These test

pieces were sealed in a vacuum container for about 20

‘days at room temperature and then subjected to déter—

mination o: diffusible hydrogen by a.vacuum. extraction

apparatus.

[Test results and practical proéédures]

1. Relation between hydrogen concentration immediately

after welding and conditions of welding operation

Fig. 8 shows actually measured and calculated
values of the hydrogen distribution in the weld metal of
Z%Cr-lMo steel weldments when the- final pass of the weld
is cooled down to the interpass temperéture.._In this

figure, the marks " O ", " A " and " 0 " represent the

- actually measured values and the curves indicate the
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results of analysis. Both the actually measured and
calculated values have peaks in the vicinity of a point
immediately beneath the final layer, showing a higher
value with a greater plate thickness. Generally, the
calculated values coincide with the actually measured
values indicatiﬁely of the reliability of the analyzing
computer program. As mentioned hereinbefore, it is nec-
essary to employ a large test specimen in order to simu-

late the cooling rate in actual welding involving a

thick and wide plate. However, the hydrogen distribution

in such a case can easily be obfained by the use of the

analysing program.

Nextly, it is important to determine the rela-

tion between the hydrogen concentration immediately

beneath the final bead and the conditions of weiding -
operation for the prevention of tranévérse éracking in-
duced in weld metal. With regard to the hydrogen con-
centration immediately beneath the newest bead after
its pass of welding, it is detefmined:by.dissolved
hydrogen from the arc column and residual hydrogen in
the vicinity of the penetrated portion of the bead. It
is easily conceivable that therlatterris determined by
dissolved hydrogen from the arc column during each pass

of welding and residual hydrogen in the vicinity of the

- penetrated portion and the welding thermal history until

that pass. In this instance, it is known that the
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dissoived hydrogen from the arc column in each pass weld-

ing is constant and according to the results of the study

in the regard, the thermal history in each pass of weld-
ing is considered to be substantially the same. There-
fore, the hydrogen concentration immediately beneath the

penetrated portion after welding the final bead in multi-

- layer welding can be determined-from the mean hydrogen

concentration in the weld immediately after welding the
initial layer and one welding thermal history in the
proximity of the final layer.

"As to the hydrogen concentration in HAZ, the

same consideration can be accepted because it becomes

"a function of hydrogen concentrétion in weld metal.

It is known from Fick's Second Law that a var-
jation in hydrogen concentration during a small fime -
period Ati at a certain point is proéortionél to DioAti
where Di is the diffusivity'coefficient at that point.
It follows tha£ the quantity of hydrogen which is dif-
fusiﬁgly released from the weld zone in one welding
thermal cycle is considered to be determined by iDi-Ati
which is.obtained by dividing the thermal cycle into the

small time periods Ati and adding Di-Ati corresponding

to the respective Ati.

In view of the fact that the transverse cracking
is most susceptible to occur in weld metal of Z%Cr-lMo

steel weldment or in HAZ of AS508 Class 3 weldments
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immediately beneath the final layer, the value of iDi-Ati

was determined on the basis of the thermal history of the

‘final pass of welds, determining its relation with the

hydrogen concentration in weld metal or in HAZ immedi-

ately beneath the penetrated portion of the final pass
1

- of welds. In Fig. 9-(a) for 25Cr-1Mo steel weldments,

the abscissa represents t for ?Di-Ati while the ordinate

represents the hydrogen concent;atioh in weld metal di-

.f rectly beneath the. final bead immediately after welding

the final pass, non-dimensionally in terms of the mean

~hydrogen concentration in the weld metal immediately after

the initial welding. Here; the discussion is based on
welding of one layer with one pass. In.a case where one
layer is welded with n-number of éasées, this relation
can be generalized by graduating the abscissa on the ~
scale of % (the same applies hereaftér). The results of

calculation shown in Fig. 9-(a) were obtained by varying

' the conditions of the.welding operation over a wide range,

including the thickness and width of plates and preheat-
ing and interpass temperatures. As clear from the figure,
the relation between the hydrogen concentration in weld

metal directly beneath the final'péss immediately after

‘welding and the parameter T of hydrogen diffusion deter-

mined from the welding thermal history depending upon

welding conditions can be expressed by a single curve.

" The same relation was obtained for HAZ of A508, Class 3
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" weldments as shown in Fig. 9-(b).

By the use of the diagram of Fig. 9-(a) or 9-(b},
it becomes possible to dispense with the calculations
which would otherwise be necessitated by variations in

the mean hydrogen concentration Co,o0 in the weld immedi-

rétely after welding the first layer, as a result of use
0f a flux of a different hydrogen level or a variation
',f?n the coefficient of hydrogen &iffusion due to use of
o é different matefial. The hydrogen concentration directl&
'-;benegth the final éass can be réadily obtained as long as
'the value of Co,0 of one welding thermal cycle in the

.'vicinity of the final layer and the coefficient of

hydrogen diffusion are known.
~ We now consider the relation between the param-

eter T of hydrogen diffusion and the conditions of weld-

~ing operations. . T

The foregoing description has dealt wiih the

- results where the next pass of welding is proceeded at

a time point when the bead temperature reaches the level
of the interpass temperature. However, in actual opera-

tion, there sometimes occurs a temperature drop during

‘the passfinterval which is elongated depending upon the

size of a pressure vessel or the like. In such a case,
the interpass temperature is maintained by an auxiliary
heating means like gas burners as shown in Fig. 10. 1In

this figure, indicated at 7 is a turning roller, at 8 a
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welding torch, at 9 a gas burner and at 10 a shell course
of a §reésure vessel. While the welding bead.temperature
which has reached the interpass temperature is maintained
at that level by the auxiliary heating means until the
subsequent weld bead is deposited, it is now necessary
to consider the influence of the auxiliary heating on
fhg parameéer T of hydrogen diffusion.

With the auxiliary heating, the. value of the

parameter T which is determined by ohe welding thermal

" cycle consists of the value of t shown in Fig. 9 plus

" the contribution of the auxiliary heating, that is to

say, the product D-.-Ata of the time interval Ata at which

‘thé welding of a next bead is deposited after the bead

temperature reaching tbe interpass temperature and the
coefficient D of hydrogen diffusion at the temperature.
The value df Ata varies depending upon the welding condi-
tions such as the interpass temperature, welding speed,
aimensions'of the base metal, for example, the diameter
of a vessel when a girth welding to join the shell courses-
of a pressure vessel is perférmed.'

) _Fig.rll shows the relation between the pass
intexrval and the parameter T in é case where a joint of
infinitely wide plate of Z%Cr-lMo steel is welded at an
interpéss temperatﬁ;e of 200°C and, when the bead tem-

perature reaches the interpass temperature at the time

of welding each pass, it is maintained constantly at the
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interpass temperature by the auxiliary heating until the
commencéﬁent of welding of the next pass. In.this figﬁre,
the broken line indicates the relation between the time
in which the bead temperature cools off to the interpass
temperature aftér the Welding of the . head- ... and the
vélue of T as determined by the welding thermal cycle at

Ipi-Ati of Fig. 9-(a).

that time, namely, the value of R

"In this instance, the preheating zones on opposite sides
of the weld were locally preheéted tom200éc over a width
'cqrresbonding to the plate thickness of 50 mm or 100 mm.
The value of T thusrobtained was 0.041 cm2 with a plate

thickness of 50 mm and 0.022 cm2? with a plate thickness

of 100 mm. The value of T resulting from overall pre-

. heating was 0.041 cm2 with a plate thickness of 50 mm and

0.023 cm? with a plate thickness of 100 mm, which were
substantially the same as the values in the case of local

preheating. It is known therefrom that, in the multilayer

' welding. for plates of extremely great thickness, the pre-

heating in the initial stage imposes almost no influence
on the welding thermal cycle df the final.layer due to
dissipatiqn of heat over a long time perioa before com-
pletion of'the welding. Therefore, the relation betwéen
the cooling time to the interpass temperature after the
final pass of Qelding and ?Di-Ati for a plate thickness
of 250 mm was determined on the welding of the final ten

passes alone without~preheating.



0034057

- 28 =

In Fig. 11, the straight line which extends out
of the broken line indicates the relation betﬁeen the
ﬁime Ata in which the welding of the next pass is ini-
tiated after the bead temperature reaching the interpass

5 temperature and the increase in v due to the auxiliary
— E heaiing, namely, the relation of D-Ata. Therefore, the’
| gradient of the straight line equals the coefficient of

fﬂ _ o ' _hydrogen diffusivity at the interpass temperature. It
! is clear therefrom that the pass interval imposes a
!
|
i

1o . great influence on the parameter T in consideration of

%ﬂ thé auxiliary heating. Fig. 12 shows their relation in
ﬁ? - . both cases where the interpass temperatgre is 159°C and
i 250°C. Upon comparing this figure with Fig. 11, it is
observed that the influence of thérauxiliary'heéting
0 15 on the .parameter T becomes greater with a highef inter-
“J . . 'pass temperature although its effect~is une#peﬁtable at
A the.témperaturé of 150°cC.
| Thus, the hydrogen concentration in weld metal -
of'Z%Cr-lMo steel weldments immediately after welding
ﬁ: * 20 ,uhdér.given conditions can réadily be obtained from the
diagram of Fig. 9-(a) by egquivalently substituting there-
- - . into the value of T as determined by Fig. 1l or Fig. 12.
As for the h&drogen concentration in HAZ of A508
Class 3 weldments, relatiénship shown in Fig. 13 was ob-

25 tained. So, its value immediately after welding can be

obtained by combiping Fig. 9-(b) and Fig. 13.
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2. Relation between variations in hydrogen concentration

during low temperature PWHET and treating conditions

2-1 Influence of initial hydrogen distribution
VSince tﬂe transverse weld craéking is most sus-
"ceptible to occur in the vicinity of the peak of the
hydrogen concentration, it is important to clarify the

relation between the variations in the peak values of

- the hydrogen concentration both in weld metal and in

-HAZ during the low temperature PWHT and the treating

conditions in order to prevent the transverse cracking.
iihis paragraph deals with the influence of the hydrogen
-concentration distribution immediately after welding
on that relation; . 7

Fig. 14-(a) illustrates the relation between the
peak value of the hydrogen concentration in weld metal

(LT PnbT} )

during the low temperature PWHT .and the treating con-
ditions. In the diagram of Fig? 14-(a), the ordinate
represents the ratio of the peak value C of the hydrogen
concentration in the low temperature PWHT in weld metal
to the hydrogen concentration Co immediately beneath
“the final bead after welding, while the abscissa rep-
resents-the sum of the valué of the parameter T of
hydrogen diffusion during welding and the product Dp°tp
of the coefficient of hydrogen diffusivity at the tem-
perature of the PWHT and the holding time. Thus, the

diagram of Fig. 1l4-(a) shows, by way of the relation
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between C/Co and (T + Dp-tp), the influence of the ini-~
tial-hydrogen distribution on the relation bétween the
variation in the peak value of the hydrogen concentra-

tion in the low temperature PWHT and the treating con-

_ ditions, hamely;-the influence of the hydrogen distri-

bution immediately after'ghe bead temperature reaching

the level of "the interpass temperature upon completion

;distribution was varied by'changiﬁg the preheating and

interpass temperatures in various ways. It is observed

.;herefrom that, even if the initial hydrogen distribu-

-tion is varied, it is possible to express the relation

between the variations in the peak value of the hydrogen
concentration and the treating conditions substantilly

by a single curve based on the relation of C/Co and

i .(T+ D-t )..

PP
" The similar relation was obtained for EAZ as

.shown in Fig..l4-(b). The chanée of hydrogen concentra-
tion in HAZ through PWHT except for the early stage of

it can aléo be expressed by a single curve regardless

X °qf hydrogen concentration distribution immediately after welding.

2-2 Influences of plate éhicknéssr

- The diagram of Fig. 15-(a) shows the influence
of the plate thickness'on the relation betweenrthe peak.
values‘in weld metals and the treating conditions.

As clear therefrom, no influence of the plate thickness

The initial hydrogen concentration
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is observed in the initial stage of the low temperature
" PWHT. This is becauée the peakvalue. of the.hydrogen con-
centraﬁion is located immediately beneath the final
bead and the hydrogen diffusion at that position is
5 . greafly influenced by the plate surface.. Further,
. as the heat treatmeﬁt proceeds, the influence of the
—— . : 'piate thiékness is gradually manifested due to inward»
shift of the peak pdsition of the‘hydrogen concentra-
:tioﬁ; 'Judging-from the cbnditiohs of low temperature
'%5 100 PWHT which prevent the cracking, the value of (T + Dp-tpf
: 'should be smaller than 1.5 cm2 at largest in the case A
]i; - of Z%Cr—lMo steel weldments by submerged arc weiding

a ) ) process with the heat input of 40 KJ/cm. Therefore,

with a plate thickness in excess of 100 mm, the pre-
15 venting condition for a cold cracking induced in weld

metal of Z%Cr—IMo'steel weldments can be obtained ffom

HH :
L the relation between C/Co and (T + Dp-tp) for the
plate thickness of 100 mm. ' '

The similar relation for HAZ was obtained as

20 indicated in Fig. 15-(b).

'2—3 Influence of beveling width

Fig. 16-(a) shows the influence of the beveling
- width of the weld on the relation between C/Co in weld
7 . metal and (T + Dp-ﬁpl. Fig. 16-(b) is for HAZ. It is
25 clear thergfrom that the change of the hydrogen con-

centration is delayed with a larger beveling width
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since the gradieht of hydrogen concentrétion in a

5 ' direction perpendicular to the weld line becomes smaller
as fhe vebeling width is increased. When considering
the hydrogen diffusion in the weld, it is often dis-

5 . cussed a§ a one-dimensional diffusion in the direction
of plate thickness, ignoring the diffusion from the
'weld to the base metal. However, in view of Figs. 15
and 16 &hiéh show the influence of the beveiing width
"rather tﬁ;n thatrof the plate thickness, such a dis-

i 10 ~ cussion is obviously meaningless. Although Fig. 1l6-(a)
Hh ,
Ml shows the influence of the beveling width of up to 36
lii '

a0 - mm, it is the genefal practice in the welding in flat

1&. position to design the beveling in a constant width
taking ints account the transverse contraction of the
15-' weld, for ensuring a high welding efficiency. There-
V'fore, the beveling width for plates of a thickness of
o ' ‘ébout 360 mm may be taken as about 36 mm at maximum.
| On the other hand, in horizontal position, the beveling
width is increased with a greater plate thickness and
20 may exceed 36 mm in some cases. Therefore, nextly con-
'éidered is the relation between C/Co in weld metal and
(T + Dp:tp) in a case where the beveling width is
greater than 36 mm;
With-a héavier plate thickness, thé diffusion
25 takes placé in a greater degrée in the direction of

plate width than in the direction of plate thickness.
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Now, ‘assuming that the diffusion occurs only in the
direction of plate width according to Fick's.Second

Law, the ratio of the hydrogen concentration C at the
center of.ﬁhe weld during the low temperature PWHT to
the initial hydrogen concentration Co can be expressed

simply as C/Co = ® (W/4YT + D tg), in which @ is an

) error function. The influence-of a beveling width’
"greater than 36 mm can thus be approximately expressed
. by arranging the results of-the case of h = 150 mm and

S \
"W = 36 mm of Fig. 16-(a) into the relation between C/Co

and 4V?f?7§;T;rYW.

The solid line in Fig. 17 is a plot of the thus 7
obtained relation between the variation in the hydrogen
concentration in the low temperature PWHT, treating
conditions and beveling width. However, this felation
fails to sufficiently take into account the diffusion
in the direction of plate thickness except for the
case where W = 36 mm, underestimating the diffusion
in an increasing degree as the beveling width becomes
larger than 36 mm. As a reéult, C/Co is given a value
.ﬁhich is greater than its actual value. However, as
mentioned hereinbefore, the diffusion in the direction
of plate thickness is considered to take placerin a
small degree as compared with that in the direction
of plate width in a case where the plate thickness is

sufficiently large relative to the beveling width,
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approximately establishing the relation shown. There-

ﬁ ' , fore, the relation of C/Co and (T + Dp-tp) in the case

| where h = 150 mm gnd W = 30 mm of Fig. 16 was arranged
into the relation of C/Co and 4¢?_:_EBTE;_/W as indi-

5 - cated by a curve of broken line in Fig. 17. Upon com-
paring the curves of solid and broken lines, it will be
clear that the rélation between C/Co and 4/E;I—B;TE;_/W
undergoes almost no changes in spite of variations in
W. Thus, it is possible to obtain safe and approxi-

e 10 . mately correct conditions for the low temperature PWHT

for weld metal by applying the curve of solid line to

beveling widths greater than 36 mm. '

B o ’ The same relation with regard éo the change of

hydfogen concentration in HAZ where a beveling width
-15 _ is greater than 37 mm, can easily be obtained by making
use of the relation in case of plate thickhess and
beveling width being 150 mm and 37 mm, which is shown

in Fig. 16-(b).

3. Critical hydrogén concentration for preventing trans-—

20 verse cracking in weld zone in butt welding

'Fig. 18-(a) shows the results of craéking tests
:under different conditions of welding and low tempera-
tﬁre'PWHT along Qith hydrogen distributions in the re-
spective test.conditions. Since prevention of the cold
25 cracking is considéred to depend on the cooling rate to

the level of 100°C, the critical hydrogen concentration
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for the pfevention of cracking is-expressed by values

at the time when the test pieces are cooled to l00°C.

The curves in th;s figure indicate the hydrogen dzxentratnxxdis-
fributioﬁs in the cooled test pieces at lOO°C, of which

curves of broken iineé are of test pieces with a crack

and the curves of solid lines are of test pieces with-

"out a crack. It will be clear the;efrom that the crack-

“ipreventing critical hydrogen concentration in the weld

1

" in butt welding of;zzCr-lMo steel is about 3.3 cc/100gr

- Tat a ﬁéak.vaiue;

' oOn the other hand, as for A508 Cl.3 weldments,

~ its éusceptibility to the transverse weld cracking in-

duced in HAZ depends upon the extent of the segregation
of alloying elements and impure elements, such as C, Mn;
Si, Mo, S, and so forth. 1In other words, the critical

hydrogen concentration changes deperiding upon whether

HAZ contains a so-called inverse V segregation zone, or

not, as shown in Fig. 18-(b). This is because such a
segiegation hardens the microstrudture of HAZ to a high
degree.

From these &ata, we can introduce a relation
practically useful to determine the critical hydrogen
concentration under which any transverse weld cracking
will not occur either in weld metal or in HAZ. Fig. 19
shows the relation between the hydrogen'concentration

and the microstructure in weld zone in terms of maximum
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Vicker's hardness number with regard to the occurrence
of the crack. So, a stiaight line in the figure shows

~the relation between the critical hydrogen concentra-
~tion [Cecr] and maximum Vicker's hardness number in weld

zone [Hv], as is represented by an equation:

[Ccr] = -0.0096 [Hv] + 6.76 ....... (1)

' _where [Hv] is in the range of 300 to 500.

Using this relationship, we can easily determine the

, critical hydrogen concentration depending upon base

metal and welding conditions, such as welding materials, ‘
weld heat input, and so forth, through the maximum

“Vicker's hardness number in weld zone produced under

the respective conditions.

As a result, using the value of [Ccr] obtaine§
ffom the above equation, we can determine the minimum
_éondition of low-temperature PWHT required to prévent

" the transverse crack inauced in multi—l#yer welds. Of
éburse, in order to determline the practical condition
;of PWHT, the value of [Ccr] should be estimated lower

to a certain extent than the value cbtained from the

 équation because the factor of safety should be modified

;dépending ﬁpon the importance of the structure, accuracy
'of'non-destructive inspection employed for weld zone,

and so forth.
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,4.-' Condition for preventing cracking through low temperature

PWHT

]
Fiew

As rﬁentibned hereirbefore, the conditions for-
preventing crarckingr through low temperature PWHT dep_eng_
5 " on factors~such as the shape and diménsions of the wé_ld,
t'he,hydroge;n level of the flux, sort of the base metal - |

Y] : . - - .
— ‘ or its comb ination with welding materials -and the con-

ditions of the velding operation. - As an~exa}np1é_. “the
co.nditionsr for a particular operatiori'for Z%’Cr—l?do;teel
10 weldments are determined by the :follov':iﬁg prdéedurés.
(1) For given plate thickness at the weld,
preheating and interpass temperatures, number of»r_‘i}eld

passes perrlayerr, and pass intervals; decide thg;para-'—

meter whiéh governs the hydrogen diffusion at"'ﬁhe time
15 of wélding by the use of the diagram of Fig. 11 or Fig. K
12, - |
(2) Find in'Fig. 9~ (a) the value of the hydrogen
concentration Cowhich is defermined by the parainetef_ o

Here, Co,0 represents the mean hydrogen-concentration in the —_—e

20  weld immediately afterwelding the first pass and is = -~ -— -

4.74 cc/100 g in the case of sibmerged arcwelding using the

i)

flux MP~2A.
(3) CGbtain the values of the crack-preventing
critical hydrogen concentration Ccr from the relation
25 b etween Ccr and maximum Vicker's hardness nunber in

weld metal, mentioned in the preceding paragraph and
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its ratio Ccr/Co to the hydrogen conéentration Co im-
mediately after welding.

(4) Plot tﬁe values of Ccr/Co of the preceding
step (3) on the ordinate of the diagram of Fig. 16-(a)
or Fig. 17, reading.out the necessary treating condi-
tions (T + Pp-tp) on the abscissa according to the given
plate,thickness and.beveling width.

(5) Subtract the value of T of the step (1)

from the value of (7T + D ) of the‘step (4) to ob-

ptp

tain the low temperature PWHT conditions Dp-tp suitable

for the plate thickness, preheating and interpass tem-
peratufes;—number of weld passes per layer, pass inter-

vals, maximum Vicker's hardness number in weld zone,

“and beveling width as specified in the steps - (1) through

(4). Here, the values of Dp and tp represent the hydro-
gen diffusivity coefficient and the holding'time at the

treating temperature, respectively, so that the holding

time for a given treating temperature can be obtained

- acébrding'to,the relation between the hydrogen diffusivity

coefficient and the temperatﬁre. The same condition of
PWHT requifed to prevent the occurrence of a cold crack-
ing in other low alloy steel weldments can be evaluated
by'following the procedure presented in Fig. 20. -
FPig. 21 schematically shows the PWHT in multi-

layer welding of a circumferential joint of a pressure

vessel, wherein a shell course of a vessel 1 which is
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rotated on turning rollers 7 in the arrowed direction
B ) . is heated at two positions by burmers 9A and-QB whiler
‘ measuring the temperature ‘'of the shell course l'at si#
different positions T; to Tg. There are no restrictions
5 . on the numbers of the burners and measuring points or
on the measuring éositions or ﬁethbd. However, it is
: preferréd to provide the burners and measuring points
- as many positidns as possible in order to fnhanCe the
e . accuracy of the heat control. The dissipation of aif-
. 10 fusible hydrogen is improved all the morerin a case where
the shell course is heated on both the inner and outer
sides thereof.

The diagram of Fig. 22 shows tlie relation between

the lapse of time in the course of measurement at the
15 respective measuring points of the temperatures of the_

shell course 1 heated by burners SA and 9B and the

hydrogen diffusivity coefficient (Dpi) at the respec-
tive temperatures. 1In order to assist understanding,
5: _ the diagram shows the positions of the burners 92 and

20 9B relative to the measuring points. It will be seen

:ﬁ; therefrom that the hydrogen diffusiﬁity coefficient
(Dpi) haé a pattern of declining from T; to T3 and from
T4 to Tg.
While rotating the vessel for the LTPWHT in the
25 above-described manner, the value of Dpj which varies

with lapses of time is time-integrated until its cumulative
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value reaches Dp.tP determined in the step (5). Upon
de£ection of the time point when the time_integration
of Dpi re;ches Dp~tp, the LTPWHT is terminated sinée
the concentration of diffusible hydrogen at the peak
position is smaller than the critical hydrogen concen-

tration Ccr at that time point.

In a welding operation other than the circum-

- “ferential welding of a vessel, for instance, in an oper-
't_:ation for a seam welding or for welding a nozzle to a

.f'éréssﬁre vessel, the weld line is uniformly heated along

the entire length thereof so that the temperatures

" measured onlf at one arbitrary point may be used for the

' control of the PWHT.

It will be appreciated from the foregoing de-
scription that, according to the method of the present

invention, it becomes possible to judge the terminating

‘point of the LTPWHT correctly and to improve the Quality

~control by precluding the cracking'due to insufficient

LTPWHT or uneconomical excessive PWHT, so called inter-

mediate stress relief annealing.’
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1. A method for the low—temperaturerPWHT in

multilayer welding, comprising the steps of;

determining the residual hydrogen concentra-

" tion Co (cc/100 g) d;rectly beneath the final welded

layer immediately after completion of weldlng,

determining a crack-preventing critical hydro-

" Ccx/Co;

determining the value of a product D

' gen concentration Ccr (cc/100 g) to obtain a ratio of

P tp of a

hydrogen diffusivity coefficient Dp (cm2/sec.) during

the heat treatment and a holdlng time tP (sec.) where

a currently reached hydrogen concentration C (cc/lOO g)

= become equal to the critical hydrogen concentratlon

Ccr,-on'the basis of'the relatlon of a ratio C/Co of

the current hydrogen concentration C.(cc/100 g) - to the

residual hydrogen concentration Co and a sum of a

parameter T (cm?) of hydrogen diffusion of the formula

given below and the product of Dp-t

-
’

AmeaSuring the temperature of the heat treat-

.ﬁent at a suitable position of the weld; and-

terminating the heat treatment at a time point

when a time—integrated value of a hydrogeh_diffusivity

coefficient DP

T

(cmzlsec ) at the measured temperature

tn
0

-Djdt

'exceeds the value of Dp tp.
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wherein, PWHT: postweld heat treatment,
Di: a hydrogen diffusivity coéfficieﬁt (cm2/sec.)
in an arbitrary weld portion during welding
each unit layer; and
tn: time (sec.) required for welding each unit

layer.

2; a method for thé low—temperature PWHT as sét
forth in ciaiﬁ 1, comprising determining the parameter T
-ﬂiaf;ﬁquogen diffusion and the-dissolved hydrogen con-
) jcentia%ion Co,o0 (cc/100 é)'under.given welding conditions,
gnd deéerﬁining Co on the basis of the relation between

the parameter T and Co/Co,o0. -

3. A method for the ipﬁ-temperature PWHT as set
forth in claim 1 br 2, comprising heating a circumferen-
;ial weld of a rotated heavily thick vessel by more than
one burner, measuring the temﬁérature of said weld at an
arbitrary point théreof—to-dbtain variations in a hydro-
gen aiffusivity coefficient Dpi against time, and detec-
ting the time point when the. time-integrated value of

said coefficient Dpj exceeds the value of Dp-tp.

{4. A method for the low~temperature PWHT as set
forth in claim 1 or 2, comprising heating a butt weld
line fiom oﬁe side thereof by a plural number of fixed
burners while measuring tempgratures at arbitrary dif-

- ferent points on the other side of said weld line to
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obtain variation in the hydrogen diffusivity coefficient
Dpi against time, and detecting a time point when the

time-integrated value of Dp; exceeds the value of Dy-tp.

5. A method for the low-temperature postweld
heat treatment as set forth in claim 1, 2 or 3, wherein
the critical hydrogen concentration [Ccr] has the follow-
ing relation with maximum Vicker's hardness number in the
weld zone [Hv]; [Ccr] = -0.0096 [Hv] + 6.76 where [Hv] °

is in the range of .300 to 500.

6. A method for the low-temperature postweld
heat treatment in multilayer welding, comprises the
steps of; _

obtaining the residual hydrogen concentration
[Colp and [Coly (cc/100 g) directly beneath the finally
welded layer immediately after completion of multilayei
welding, where [Colp and [Coly are for weld metal (de-
posited metai) and for heat affected zone, respectively;

obtaining the critical hydrogen concentration
for prevention of cracking [Ccr]lp and [Ccr]ly for the
weld metal and for the heat affected zone, respectively,
which depend upon the maximum residual stress and maxi-
mum Vicker's hardness number of microstructure in weld
zone;

obtaining the.values of [Ccr/Colp and [Ccx/Coly,

ratio of the critical hydrogen concentration [Ccr]p and
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[Ccr]ﬁ,for prevention of cracking both in the weld metal

and the heat affected zone to the residual hydrogen con-

centration [Colp and [Coly:

obtaining the values of [C/Colp and [C/Coly
for the weld metal’and for the heat affected zone, the
ratio of the hydrogen concentration in the weld zone
[C]lp and té}g which are lessen b§ the low-temperature
postweld heat treatment to the residual hydrogen con-
centration [Co]p and [Co]ﬁ; |

obteihing.the values of [T + Dp'tp]D and

[T + Dp for the weld metal and for the heat affected

-toly
zone where Dp is hydrogen diffusivity coefficient during

the postweld: heat treatment and t, is the holding time,

P
and T (cm2) is a hydrogen diffusion parameter in a weld-

ing operation under given conditions

) th
T = 0 D;jdt

‘wherein D; is a hydrogen diffusivity coefficient (cm2/sec.)

in an arbitrary weld zone of each unit and tn is the time
required for welding each unit 1eYer; _
r_determining a larger value'[Dp-tP] of [DP-tP]D or
[Dp-tij by comparihg those values, as a conditionrof
the postweld heat treatment;
measuring the temperature at a sultable portion
of the weld during the postweld heat treatment, and

terminate the heat treatment at a time point
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when thertihe—integrated value of the hydfogen diffusivity

coefficient [Dpi] (cm2/sec.) at the measured temperature

exceeds the value of [Dp.tp].

7. The method as set forth in claim 6, wherein the crit-
ical hydrogen concentration [CCr]D and [Ccr]H are ob-

tained by the following equations

[Ccrlp = -0.0096 [Hv]p + 6.76 and

[Cerly ~0.0096[Hv]y + 6.76

- where ‘[Hv]p and [Hv]y are maximum Vicker's hardness

number:in the weld metal and in the heat affected zone.

8. A method for the low temperature PWHT of a multi-
layer weld characterised by the steps of:

determining for a test weld similar to said )
multilayer weld the residual hydrogen concentration
Co (cc/100 g) directly beneath the final welded layer
immediately after completion of welding;

determining for the test weld a crack-preventing
critical hydrogen concentration Ccr (cc/100 g) to obtain
a ratio of Ccr/Co; -

determining for the test weld the value of a
produgt Dé'tP of a hydrogen diffusivity coefficient
Dp(cm /sec.) during the heat_treatment and a holding
time tp (sec.) where a currently reached hydrogen
concentration C (cc/100 g) becomes equal to the critical
hydrogen concentration Ccr, on the basis of the
relatioh df4§ ratio C/Co of the current hydrogen
concentration C (cc/l100 g) to the residual hydrogen
concentration Co and a sum of a parameter T (cmz) of
hydrogen diffusion of the formula given below and the
product of Dp.tp;
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measuring for said multilayer weld the temperature

A : of the heat treatment at a suitable position of
the weld; and o

terminating the heat treatment of said multi-
layer weld at a time point when a time~-integrated
‘value of the previously determined hydrogen
diffusivity coefficient Dpi (cmz/sec.) at the
measured temperature exceeds the previously
‘determined value of Dp.tp.

‘C=Jtn D, dt
. o) i

wherein, ?WHT: postweld heat treatment,
D;: a hydrogen diffusivity coefficient
(cmg/sec) in an arbitrafy weld portion

~_during welding each unit layer; and
tn: +time (sec.) required. for welding each
unit layer. ’

9. A method for the low temperature postweld
heat treatment of a multilayer weld, characterised
by the steps of; - '
obtaining for a test weld similar to said
multilayer weld, the residual hydrogen concentration
(Co)D and (Co)H (cc/100 qg) directly beneath the
- finally welded layer immediately after completion of
! - multilayer welding, where (Co)D and (Co)ﬁ are for
weld metal (deposited metal) and for heat affected
zone, respectively; '
obtaining for the test weld the critical
hydrogen concentration for prevention of cracking
(Ccr)D and (Ccr)H for the weld metal and for the
heat affected zone, respectively, which depend upon
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the maximum residual stress and maximum Vicker's
hardness number of the microstructure in the weld
8 7 zone;
obtaining for the test weld the values of
(Ccr/Co)D and (Ccr/Co)H, the ratio of the critical
hydrogen concentration (Ccr)D and (Ccr)H for
prevention of cracking both in the weld metal and
the heat affected zone to the residual hydrogen
concentration (Coly and (Co)i
obtaining for the test weld the values of
(C/Co)D and (C/Co)H for the weld metal and for the
heat affected zone, the ratio of the hydrogen
concentration in the weld zone and the heat affected
zone (C)D and (C)H which are lessened by the low
i temperature postweld heat treatment to the residual
éi‘ 7 hydrogen concentration (Co)D and (Co)H;

i ' : obtaining for the test weld the values of

il - T+ Dp'tp)D and (¥ + Dp'tp)H for the weld metal and
for the heat affected zone where Dp is hydrogen
diffusivity coefficient during the postweld heat )
treatment and tP is the holding time, and T (cmz) is
a hydrogen diffusion parameter in a welding operation

under given conditions

T- J’gn D,dt

wherein Di is a hydrogen diffusivity coefficient

il (cmz/sec.) in an arbitrary weld zone of each unit and
tn is the time required for welding each unit layer;
determining for the test weld a value (DP.tp)
- which corresponds to the larger .of (Dp.tp)D orx
(Dp.tp)H by comparing those values, as a condition
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of the postweld heat treatment; .
measuring for said multilayer weld the temper~

~ature at a suitable portion of the weld during the

postweld heat treatment, and
-terminating the heat treatment of said multi-

'layer weld at a time point when the time integrated

value of the previously determined hydrogen
diffusivi%y coefficient (Dpi) (cm?ﬁsec.)-at the
measured temperature exceeds the previously
determined value of (Dp.tp). )
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