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Part 1. Influence of overlay weld heat
treatment on microstrudure, hardness
and impact toughness of thin walled
1 Cr 0,5 Mo tubes.
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INFLUENCE OF OVERLAY WELD HEAT TREATMENT ON HICROSTRUCTURE.
HARDNESS AND IMPACT TOUGHNESS OF THIN WALLED lCrO.SHo TUBES

Jan Storesund
Swedish Institute for Metals Research
Drottnings Kristinas våg 48
S-114 28 Stockholm. Sweden
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ABSTRACT

The influence of overlay heat treatment on weldmeits of thin
walled tubes of lCr0.5Mo has been studied wit., respe. t to
microstructure. hardness, room temperature ten .Tile p-ooerties
and impact toughness. The tubes were welded usirw automatic
TIG welding and two different groove geometrier with one and
three weld beads respectively. The overlay heat treatments
were carried out with an extra weld thermal cycle on top if
the weldment. Overlay heat treatments both with and without
addition of filler metal were carried out. Varietion of
travel speed and oscillation width of the electrode was ur?d
and resulted in various amounts of refinement of the coarse
grained HAZ of the weldments. In fully refined microsrruc-
tures close to the fusion boundary of the weldments a reduc-
tion of the grain size by a factor of 3-4 was measured. Th»
impact transition temperature was up to 27»C lower for test
series notched in the refined HAZ than in the coarse grui/ieJ
HAZ of the as welded condition. The overlay heat treatments
were not observed to significantly influence the hardness ar.c"
the room temperature tensile properties of the weldments.
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1. INTRODUCTION

Creep resistant ICrO.SMo steels are frequently used in steam

power plants components, such as steam pipes at operating

temperatures of 450* to 550*C. Welded joints in those com-

ponents are post weld heat treated (PWHT) in order to temper

the microstructure and relieve residual stresses. Tensile

residual stresses can raise the risk of brittle fracture at

low temperatures of thick walled components. These stresses

arize from the shrinkage associated with the cooling down of

the hot weld metal which is restrained by the cold sections

of the material surrounding the weldment (1). The post weld

heat treatment of lCrO.SHo is typically carried out at 700»C

for 1-2 h. Its influence on the microstructure in the weld-

ments is to coarsen the carbides. This results in lower hard-

ness and improved impact toughness. Significantly lower im-

pact transition temperatures after PWHT of weld metals and

HAZs have been reported (2.3).

Some codes prescribe post weld heat treatment for all weld-

ments in low alloy heat resistant steels. The costs for this

are significant, especially for installation welds which can-

not be heat treated in furnaces.

In order to improve che properties of weldments in aa welded

condition it is possible to apply an additional weld thermal

cycle on top of the completed weldment - and overlay heat

treatment (CHT). This can result in a refinement of the

microstructure in the HAZ which can be expected to improve

the impact toughness and creep ductility. The costs for such

an operation is far less than post weld heat treatment of

installation welds.

The purpose of the present investigation is to study the in-

fluence of overlay heat treatments on microstructure, hard-

ness and impact toughness in weldments of thin walled tubes

of JtCr0.5Mo steel.



2. EXPERIMENTAL

2.1 Haterial

Melded joints of thin walled tubes of lCrO.SMo (DIM 13Cxtk>4 4)

with i (.3 M w«JLl thickness and a 63 mm diameter was inves-

tigated. Analysis of the bas* metal and the Meld metal of the

tubes are given in Table 1. The values of the base Mtal ful-

fil the Genun standard DIN 17175 for 13CrHo4 4. The base

metal consisted of a mixture of ferrite and bainite and the

grain size Mas 9 urn.

2.2 welding procedure

The Melding was carried out by Götaverken Energy using an

automatic tungsten inert gas (TIG) welding procedure. All

weld beads were applied with a tungsten electrode with a di-

ameter of 2.4 ma and argon shielding gas. The weld filler

wire had a diameter of 0.8 M . The testing program consisted

of two series of weldments. Series 1 was welded with 3 weld

beads and series 2 with 1 bead. The groove geometries and the

appearance of weld metal after welding for each series are

illustrated in Fig. 1.

Designation and characteristics of the weldments are de-

scribed in Table 2. The welding parameters for series 1 and 2

are given in Table 3. The welding procedure was performed

with pulsating current and the two last beads of 3-bead weld-

ments were applied with oscillating electrode transverse to

the welding direction. Each series consisted of four weld-

ments with different overlay heat treatments (OHT) and one

reference weld without OHT. The overlay heat treatments were

performed using the same weld equipment as for the welding of

the joints. In each series three weldments were overlay heat

treated without adding weld metal, and for one weldment weld

metal was added. The OHT parameters are shown in Table 4.

Travel speed and oscillating width were varied in both series.

The OHTs were carried out without pulsating current. For the



weld beads, where the current was pulsating, the aver*
current was used for estimated heat input values. The rela-
tionship

Q « I-V-v"1

where Q is the heat input, I the current. V the voltage and v
the travel speed, was used for calculation of the gross heat
input in Table 3 and 4. The arc efficiency n determines the
effective heat input from the gross heat input, n was calcu-
lated from the relationship

6.2 • 0.6 (1.0 + 0.000251) 70_ 3.3
" V V-I V-/T

which has been found for the TIG process (4). Possible influ-
ence of oscillation of the electrode on heat input has not
been considered for the values given in Table 3 and 4.

2.3 Mechanical testing and microstructure

2.3.1 Tens i.1 e tes tinfl

The tensile tests were carried out in an electro-mechanical
Schenk tensile testing machine using specimens with a 35 mm
gauge length and 4 mm diameter. Base metal and crosswelds
from four weldments were tested. Duplicate specimens were
used for all conditions. Weld metal and HAZ in cross weld
specimens were marked and measured before and after testing.
The strain was measured by an extensometer.

2.3.2 Impact_te.sting

Charpy-V notched bars were tested in a MFL impact test ma-
chine with an initial impact energy of 300 J. Altogether five
series of impact testing including notches placed in the base
metal and che HAZ were carried out. The dimensions of the



bars were 55x10x4 mm which is smaller than the standard half-

si** Charpy-V shape (55x10x5 mm). the reason being that the

cutting of cross welds from the thin walled tubes limited the

specimen thickness to 4 mm. Each series which was notched in

the H M included 7-9 bars and the series which was notched in

the base Metal included 15 bars. The testing was performed at

different temperatures in a range from -80*C to 125*C. where

1-3 bars were tested at the same temperture for each series.

The impact transition temperature (ITT) was related to an

impact energy of 14 J. The ITT was evaluated from an impact

energy vs. temperature diagram for each series, where a curve

was adapted to the mean value of the impact energy at the

different temperatures.

2.3.3 Hardness

Hardness profiles across sections of the weldments at a dis-

tance of 1 am from the outside ol the tubes were measured

using Vickers hardness with a load of 0.5 kgf HV0.5. Hardness

profiles across the wall in the centre of the weld metal were

also measured.

2.3.4 £rior »Mitenite £rain size

Prior austenite grain sizes in the HAZs were determined using

the linear intercept method, taking at least 50 grains into

account. The grain sizes were measured at distances of 0.25

and 0.50 mn from the fusion boundary.



3. RESULTS

3.1 Hicrostructure

Tin Microstructure of the 3-bead weldMent without OHT is il-
lustrated in Figs. 2a-c. In a section of the weldaent the
Microstructure in the weld Metal and the HAZ of the first
bead applied was refined by the second and third ones, see
Fig. 2a. The second bead was refined by the third bead. The
heat flow also resulted in a significant grain growth in both
weld Metal and HAZ of the second bead. The weld Metal in the
top bead consisted of dendritic grains oriented perpendicular
to the surface on which the weld bead was deposited. The weld
Metal and the coarse grained HAZ were bainitic, see Figs. 2b
and 2c.

The overlay heat treatments in weldnents 102, 103 and 104
resulted in grain refining and carbide coarsening of the HAZ
microstructures. Weld metal close to the heat source was re-
Melted. The area around the re-Melted zone was refined. Grain
growth occured in the areas of refined weld metal which were
situated closer to the heat source. This microstructure con-
sisted of equiaxial coarse grained bainite.

The OHT parameters in weldments 102 and 104 were equal the
only difference being that filler metal was used in 104. This
did not result in a significant difference in microstructure
between the two weldments. Sections of weldteents 102 and 103
are shown in Pigs. 3 and 4 respectively.

Influence of OHT on the microstructure in the coarse grained
HAZ at the upper part of the section seems to occur in both
weldments, see Figs. 3a and 4a. Weldment 102 in larger magni-
fications shows that the coarse grained HAZ is not refined,
see Fig. 3b, but the bainitic microstructure is coarsened.



Pig. 3c. weldment 103 in which both OHT heat input and oscil-

lating width were larger than 102 shows a completely refined

HAZ microstructur». see Pigs. 4b-c.

The microstructure of the 1-bead weldment without ORT is il-

lustrated in Figs. Sa-c. The welding resulted in grain growth

to relatively far distances from the fusion line, see Pig.

5a. The HAZ microstructure was bainitic and the grain sixe

was large close to the fusion line. Pigs. 5b-c.

The OHT of weldments 201. 202 and 204 resulted in a partially

refined microstructure in the coarse grained HAZ. Weldment

204 with filler metal added during the OHT is illustrated in

Pig. 6a. The microstructure of the HAZ in this weldment was

similar to that of weldment 202 with no weld metal added at

the OHT. The appearance of the partially refined microstruc-

ture in the HAZ is shown in Pig. 6b. The heat flow from the

OHT resulted in austenitisation at prior austenite grain

boundaries close to the fusion line and a refined bainitic

microstructure formed. The bainite at the interior of the

prior austenite grains was coarsened, see Fig. 6c. Partially

refined HAZ could also be observed at weldment 201 in which

the OHT heat input and oscillating width were smaller than

for 202 and 204. The influence of refinement of the OHT was

thus smaller lor weldment 201.

The largest heat input and oscillating width were applied for

weldnent 203 which resulted in a completely refined micro-

structure in the previous coarse grained HAZ. The microstruc-

ture is illustrated in Figs. 7a-c. In Pig. 7a large amounts

of refined weld metal can be observed. The grain size in the

refined microstructure is significantly smaller than the

prior austenite grain size, see Figs. 7b-c.



Table S presents grain sizes measured in the HAZ of the weld

samples. The grains sizes were determined at two constant

distances, 250 and 500um, parallel to the fusion line of the

weld beads. The measurements in the 3-bead weldments were

carried out at the outer part of the tube wall sections where

no refined microstructure occurred before OHT. The heat input

values and oscillating widths of the OHT are included in the

table. The grain size in weldments 103 and 203, in which the

HA7's were refined, are significantly smaller than the refer-

ence welds without OHT. The HAZ grain sizes of the other

welds are similar to those of the reference weld in each

series. The small grains in prior austenite grain boundaries

due to partial refinement which were observed in some samples

were not measured. The grain sizes in these cases refer to

the observed prior austenite grain size only. The grain sizes

at 500pm trom the fusion line are somewhat smaller than at

250um for all welds. From Table 5 it is obvious that a full

refinement of the coarse grained HAZ was obtained for the

OHT's with largest heat input and electrode oscillating width

in each series.

3.2 Hardness

Hardness profiles of the series of 3-bead weldments are pre-

sented in Figs. 8 and 9 including weldments 100 and 103, and

101, 102 and 104, respectively.

Two profiles were measured for each weldment: profile 1 is

located axially approximately lmm below the outside of the

tube and profile 2 is located across the wall in the centre

of the weld metal. The location of the profiles is also il-

lustrated in the figures. The profiles across the HAZ of all

3-bead weldments are similar to each other. HV 0.5 values

between 240 and 275 units were obtained in the weld metal

except for weldment 101 where the weld metal hardness was



approximately 290 units. The hardness decreased through the

HAZ. This decrease started at the fusion line and ended at

the base metal where a level of about 150 units was measured.

The hardness values of weldment 101 were somewhat higher than

the other ones also in the HAZ. The hardness in the centre of

the weldment across the top weld bead was similar to the weld

metal values in profile 1 for all 3-bead weldments. In the

first weld bead applied a tendency of decreasing hardness

towards the inside of the tube wall can be observed. For

sample 101 this decrease starts at the second weld bead and

is more significant than for the other ones.

Hardness profiles of the series of 1-bead weldments are pre-

sented in Pigs. 10 and 11 including weldments 200 and 201,

and, 203 and 204, respectively. The profiles are located in

the same way as described for the 3-bead weldments above. The

weld metal hardness in the profiles across the HAZ's was

about 250 units for all samples except 201 where values up to

280 units were obtained. The hardness of the HAZ in sample

203, in which the HAZ was refined, was somewhat higher than

in the weld metal to a distance of approximately 2,5 mm from

the fusion line. Further away from the fusion line the

hardness decreased towards the base metal in which values of

approximately 150 units were measured. For the other samples

the hardness of the .1AZ started to decrease at the fusion

line. In the centre of the welds the hardness was about 250

units through the wall for all samples except 201 where a

sharp increment from 250 to 275 units can be observed in the

middle of the wall and a sharp decrement from 270 to 230

units appears approximately 1.5 mm from the inside of the

tube.

3.3 Impact testing

Impact testing was carried out on 1-bead and 3-bead weldments

without OHT, on weldments with fully refined coarse grained



HAZ and on base metal. The 1-bead weldments were notched in

the HAZ close to the fusion line. Thus, the microstructure in

the notched area was coarse grained in specimens without OHT,

series 200, and refined in specimens with OHT, series 203.

The fusion lines of the 3-bead welds were not perpendicular

to the axial direction of the tube whereas the notches have

to be oriented in that direction. Thus, the notched area of

specimens without OHT, series 100, cannot be coarse grained

solely. The nothes in this series are situated so that the

fracture path approximately covers one third each of weld

metal, coarse grained HAZ, and fine grained HAZ, see Pig. 2a.

The specimens with OHT were notched at the same position and

thus contained one third each of weld metal refined HAZ and

fine grained HAZ.

Impact energy vs. temperature for the test series is shown in

Fig. 12. The data plotted in the figure is average values of

notched bars which are tested at the same temperature level.

Error bars are included in the figure. For some bars notched

in the HAZ the fracture mainly propagated in the base metal

at the testing in room temperature. Values of these samples

are not included in the error bars. The impact transition

temperatures (ITT) are significantly higher and the upper

shelf energies (USE) are significantly lower for series

notched in the HAZ than that notched in the base metal. The

upper shelf energies for all series notched in the HAZ are

similar to each other. The ITT for the 1-bead weldment with

OHT is significantly lower than that without OHT, being -27°

and +1°C respectivply. A small difference in ITT can be

observed between the two 3-bead weldments where the lower

value is present for the weldment with OHT. ITT and upper

shelf energy values for all series are given in Table 6. The

upper shelf energy for series 100 is not given since this

series was not tested above room temperature.
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3.4 Tensile testing

Results of the tensile testing are presented in Table 7. Base

metal and cross-welds of 1-bead and 3-bead welds in as welded

and refined HAZ conditions were tested. Yield stress and

ultimate tensile strength for all conditions tested were

similar to each other and all failures occured in the base

metal. The elongation was lower for the cross-welds than for

the base metal. No elongation could be observed in the weld

metal and the HAZ as a result of measures of these areas

before and after testing. All yield stresses and the base

metel elongation are higher than minimum values of the German

Standard DIN 17175 for l3CrMo4 4. Also the ultimate tensile

strengths fall within the limits of this code.
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4. DISCUSSION

Creep damage is frequently found in the coarse grained HAZ of

weldments of high temperature components. Coarse grained

microstructures are also associated with low impact toughness

and low creep ductility. Impact and creep properties in weld-

ments of high temperature components can be improved by re-

finement of the coarse grained HAZ in the outer part of the

wall section. This can be achieved by an ?xtra weld thermal

cycle with or without filler metal - an overlay heat treat-

ment. Refinement of the microstructure is obtained where the

peak temperature of the thermal cycle falls between the Ac,

temperature and about 1100°C. At temperatures above 1100°C

grain growth starts to be significant for a wide range of

ferritic steels (4). welu bead and HAZ dimensions can be

related to the effective heat input for TIG welds (4). The

heat input can be calculated from welding parameters and thus

control of these parameters is required in order to cover

coarse grained HAZ with peak temperatures in a range between

Ac, and 1100°C as a result of the overlay heat treatment.

Automatic TIG-welding provides excellent possibilities to

control and reproduce the welding parameters.

The OHT (in each type of weld) which resulted in a complete

refinement of the coarse grained HAZ was carried out with the

electrode oscillating close to the fusion line of the weld.

The heat input was smaller than the top weld bead. The oscil-

lation width was only 0.6mm smaller than the top bead oscil-

lation width for tne 3-bead weld, c.f Tables 3 and 4. This

resulted in a re-melted width of the OHT which was approxi-

mately 3mm smaller than the width of the top bead, c.f Fig.

4a.

However, the oscillation of the electrode which was used for

the 3-bead welds and the majority of the overlay heat treat-

ments in the present study makes calculations of the heat
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input complicated. As a matter or a fact, there are, to the

author's knowledge, no established methods for determination

of heat inputs with oscillating electrode. Deviation of the

true heat inputs from the values given in Tables 3 and 4, in

which possible r'.nfluence of oscillation of the electrode is

not considered, can therefore be expected.

This deviation can be demonstrated to be large when geo-

metries of the third bead with 7.6 mm osillation in 3-bead

welds and the 1-bead weld with no oscillation are compared to

each other. The calculated heat inputs for both these beads

are about 2 kj/mm. see Table 2. The influence of oscillation

on weld bead geometries such as bead width and penetration

are, as can be expected, significant, c.f Figs. 2a and 5a.

Differences in the widths of the KAZ can also be observed.

For the 3-bead weld the distance from the fusion line of the

top bead and the Ac, isotherm is about 3mm. Grain growth

occurs to about 1 mm from the fusion line. For the 1-beao

weld the HAZ is over 6 mm wide and the coarse grained KAZ is

approximately 3 mm. The grain size close to the fusion line

is significantly larger for the l-bead weld than the 3-bead

weld, see Table 4. These observations implies that heat input

related to sizes of HAZ and weld bead geometries is highly

dependent on electrode oscillation and groove geometry. In

addition factors such as preheat temperature and wall thick-

ness influence the microstructure of the weldment (5), Hence

in any attempt to relate heat input or any significant weld-

ing parameter to geometries and widths of weld beads and heat

affected zones the welding conditions must be carefully ana-

lyzed.

The hardness measurements showed that the weld metal was

harder than the base metal and a decrease of the hardness

occurred in the HAZ for all samples. No significant influence

of OHT on hardness could be observed except in one case: for

the 1-bead weld with refined HAZ this microstructure was
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harder than the coarse or partially refined HAZ's as well as

the fine grained HAZ in the other 1-bead welds and ai ;r> some-

what harder than the weld metal, see Figs. 10 and 1'. This

might be due to the relatively fine bainite and small amounts

of ferrite in the refined microstructure. Hardness profiles

of lCr0.5Mo welds in as welded and post weld heat treated

(PWHT) conditions have been measured previously (2). The pro-

files in as welded condition are similar to the ones in the

present study. PWHT resulted in a reduction of the hardness

in the weld metal and the HAZ and was not much higher f.han in

the base metal. Thus, OHT does not seem to have the söitie

beneficial effects as PWHT on hardness. However, the influ-

ence of OHT does not seem to have any detrimental effects on

hardness compared to the as welded condition and no particu-

larly hard microstructures were observed in the present

study: all measured values were below 300 units.

The impact testing on series notched in the HAZ resulted in

higher impact transition temperatures (ITT) and lower upper

shelf energies (USE) than the reference series notched in the

base metal, see Pig. 12. This has also been observed in a

previous study for as welded thin walled plates of lCrO.5Mo

notched in weld metal (2). The ITT increases with grain size

(6) . The larger grain sizes in the HAZ of the 1-bead weld

without OHT thus result in a relatively high ITT, observed to

+1°C. The ITT for the refined microstructure, in which the

grain size was smaller with a factor of 3, was almost 30°C

lower than for the coarse grained one. This decrease is in

agreement with the influence of PWHT on ITT for low alloy

steels which typically is 30-40°C (2,7). A difference is that

the PWHT also seems to increase the upper shelf energy (2)

which could not be observed as a result of refinement in the

present study.
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The refinement in the 3-bead weld resulted in a small de-

crease of the ITT. This is probably due to the weld geometry

in these weldments. In the notched area of the as welded con-

dition not more than one third consisted of coarse grained

HAZ. In the overlay heat treated condition this area was re-

fined but the othsr microstructures covered by the notch were

similar to the reference weld.

The present study indicates that the impact transition tem-

perature can be significantly improved by an overlay heat

treatment and at the same time, no obvious influence on hard-

ness and tensile properties occur.
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5. CONCLUSIONS

The influence of overlay heat treatment on 'chin walled auto-
matic TIG-welded tubes of lCrO.SHo has been studied concern-
ing microstructure. impact toughness, hardness and room tem-
perature tensile properties. In total 10 welds were fabri-
cated including two different groove geometries with one and
three bead welds respectively and overlay heat treatments
with variation of heat input and oscillating width of the
electrode.

1. Refinement of the coarse grained HAZ was obtained for both
one and three bead welds with the largest heat input and
oscillation width of the overlay heat treatment. Smaller
heat input and oscillation width resulted in a decreasing
amount of partial refinement of the coarse grained HAZ.

2. The effect of the overlay heat treatment on the HAZ of an
automatic TIG weld can be controlled by the travel speed
for a given set of oscillation width of the electrode,
current and voltage. The heat input can be calculated and
used as a control parameter when overlay heat treatments
are carried out without oscillation of the electrode.

3. Hardness profiles which were measured across the HAZ and
across the wall in the weld metal for overlay heat treated
welds and refenrece welds showed small differences com-
pared to each other. All measured hardness values HV0.5
were below 300.

4. Room temperature tensile properties of cross weld speci-
mens were not influenced by overlay heat treatment.
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5. The impact transition temperature in the HAZ decreased as

a result of the overlay heat treatment. The decrease was

27*C for a fully refined HAZ microstructure compared to an

as welded coarse grained HAZ microstructure. This differ-

ence similar to typical values found in the literature for

the influence of post weld heat treatment.

6. The upper shelf energies of the impact tests for as welded

and overlay heat treated weldments were similar and signi-

ficantly lower than that of the base metal.
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Table 1. Chemical composition in weioht-%.

C Si Mn P S Cr Ni Mo Cu Al V

Base metal 0.15 0.15 0.52 0.015 0.009 0.82 0.03 0.48 0.02 <0.01 <0.01

Weld metal 0.11 0.50 0.92 0.010 0.012 0.98 0.05 0.45 0.12 <0.01 <0.01



Table 2. Description of weldments of series 1 and 2.

Series Number of Designation Characteristics
weld beads of weldment of OHT

100
101
102
103
104

200
201
202
203
204

No OHT
Small heat

Medium

Large

Medium

No OHT

Small heat

Medium heau

Large

Medium

input and oscillation width
_ « . »• _ «

» " H

input

input and oscillation
—— •• — _

filler metal added

filler metal added



Table 3. Parameters for weldments of series 1 and 2.

Bead no

Pulse current, A

Interval current, A

Pulse period, s

Inter' al periode, s

Voltage. V

Travel speed, mm/s

Wire feed speed, mm/s

Oscillating width, nun

Oscillating speed, nun/s

Oscillating interval, s

Gross heat input J/mm

Arc efficiency

Effective heat -nuut J/mm

1

120

60

0.30

0.60

11.4

1.2

7.3

750

0.71

530

Series 1

2

137

60

0.15

0.30

12.4

0.57

15

3.6

10

1

1840

0.64

1190

3

136

60

0.15

0.30

12.4

0.49

21.7

7.6

10

1

2140

0.64

1370

Series 2

1

234

128

0.14

1.10

12

0.83

9.20

2050

0.63

1290



Table 4. Parameters for overlay heat treatments.

Series

1

2

Designation
of weld

101

102

103

104

201

202

203

204

Current
(A)

100

100

100

100

100

100

100

100

Voltage
(V)

12

12

12

12

12

12

12

12

Travel
speed
mm/s

1.53

1.01

0.76

1.01

1.53

1.01

0.76

1.01

Wire feed
speed
(mm/s)

_

-

-

5

-

-

3.3

Oscillating
width
(mm)

5

6

7

6

0

1

2

1

Oscillating
speed
(mm/s)

10

10

10

10

_

10

10

10

Arc
effiency

n

0.65

0.65

0.65

0.65

0.65

0.65

0.65

0.65

Gross
heat
input
(J/mmJ

780

1190

1580

1190

780

1190

1580

1190

Effective
heat input

(J/mm)

510

770

1030

770

510

770

1030

770



Table 5. Grain sizes in the HAZ.

Weldment

100

101

102

103

104

200

201

203

204

Distance from
fusion line

(ym)

250

500

250

500

250

500

250

500

250

500

250

500

250

500

250

500

250

500

Grain
size
(urn)

45

35

57

45

43

36

12

8

46

38

79

65

82

65

27

18

72

66

OHT
heat
input
kJ/mm

0

0

0.51

0.51

0.77

0.77

1.01

1.01

0.77

0.77

0

0

0.51

0.51

1.01

1.01

0.77

0.77

OHT
electrode
oscillating
width (mm)

0

0

5

5

6

6

7

7

6

6

0

0

0

0

2

2

1

1



Table 6. Impact transition temperature (ITT) and upper shelf

energy (USE) in as welded HAZ, overlay heat treated

HAZ and base metal of TIG-welded thin walled tubes

of !Cr0.5Mo.

Series Condition ITTCC) USE(J)

BM base metal -69 64

100 3-bead weld -19

103 3-bead weld -23 47
+ OHT

200 1-bead weld 1 47

203 3-bead weld -27 49
+ OHT



Table 7. Tensile properties of base metal and cross welds.

Designation

BM

100

103

200

203

Condition

Base metal

3-bead weld

3-bead weld
+ OHT

1-bead weld

1-bead weld
+ OHT

ft}P,a
2

357

390

366

366

392

(liPa)

475

498

483

498

503

(1)
27

18*

17*

16*

10*

Rupture in base metal, no elongation of
weld metal and HAZ.



Series 1

3 weld beads

Series 2

1 weld bead

6.3

J
i
1
1
1
1

t

( 6

l
»
1
1
I
i

Fig. 1 Groove geometries and appearance of weld
beads for weldments with 3-beads and 1-
bead.



Fig. 2a Section of 3-bead weldment without OHT.
The Weld metal is to the left. The HAZ
and the base metal are to the right.
Magnification 12.5x.



Fig. 2b Coarse grained HAZ at the top bead in
3-bead weldment without OHT. The fusion
line is to the upper left.
Magnification lOOx.

Pig. 2c Coarse grained HAZ close to the fusion
line at the top bead in 3-bead weldment
without OHT. The microstructure is baini-
tic. Magnification 400x.



•*•»?- .-_-±-_

Pig. 3a Section of 3-bead weldment with OHT. The
oscillating width of the OHT is 6mm. The
weld metal is to the left.
Magnification 12.5x.



. " " ' • -

Fig. 3b Coarse grained HAZ, fusion line and weld
metal (to the upper left) at the top bead
of the same weldment as Fig. 3a.
Magnification lOOx.

i'A^

Fig. 3c Coarse grained HAZ close to the fusion
line at the top bead of the weldment
shown in Fig. 3a. The microstructure
consists of coarsened bainite.



Fig. 4a Section of 3-bead weldment with OHT. The
oscillation width of the OHT is 7mm. The
weld metal is to the left.



Fig. 4b Refined HAZ close to the fusion line at
the top bead of the weldment shown in
Fig. 4a. The fusion line is to the upper
left. Magnification lOOx.

Fig. 4c Refined HAZ close to the fusion line at
the top bead of the weldment shown in
Fig. 4a. The microstructure is fine
grained and bainitic. Magnification 400x.



Fig. 5a Section of 1-bead weldment without OHT
including weld metal to the left and base
metal to the right. A wide HAZ is situ-
ated between the weld metal and the base
metal. Magnification 12.5x.



Pig. 5b Coarse grained HAZ close to the fusion
line in the weldment shown in Fig. 5a.
The microstructure is bainitic.
Magnification lOOx.

Pig. 5c Larger magnification (400x) of the micro-
structure shown in Pig. 5b.



Fig. 6a Section of 1-bead weldment with OHT. The
OHT is applied with filler metal. The
oscillation width is 1 mm. The weld metal
is to the left. The HAZ and the base
metal are to the right.
Magnification 12.5x.



Fig. 6b Coarse grained HAZ close to the fusion
line in the weldment shown in Fig. 6a.
The fusion line is to the right. The
microstructure is partially refined. Fine
grained bainite appears at prior auste-
nite grain boundaries.
Magnification lOOx.

Fig. 6c Larger magnification (400x) of the micro-
structure shown in Fig. 6b Areas in
which refinement did not occur consists
of coarsened bainite.



Fig. 7a Section of 1-bead weldment with OHT. The
oscillation width is 2mm. The weld metal
is to the left. Magnification 12.5x.



Fig. 7b Refined microstructure located at the
fusion line of the weldment shown in
Fig. 7a. Magnification lOOx.

Fig. 7c Larger magnification (400x) of refined
HAZ shown in Fig. 7b. The microstructure
is bainitic.
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a 101, 3-bead weld* OHT: q = 0.51kJ/mm
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Fig. 9 Hardness profiles of 3-bead weldments with OHT: small heat input
and 5 mm oscillation width, medium heat input and 6 mm
oscillation width, and medium heat input, filler metal
added and 6 mm oscillation width.
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Fig. 10 Hardness profiles of 1-bead weldments without OHT and OHT with small
heat input.



o

300

275

250

225

200

175

150

PROFILE 1
»c 203. 1-bead weld • OHT: q =1.0 kJ/mm

o 20V 1-bead weld • OHT with weld metat:
q sO.77 kJ/mm

4 3 2 1 0 1 2 3 4 5 6 7
DISTANCE FROM THE FUSION BOUNOARY [mm]

HV 0 5

2 SI

PROFILE 1
5 •*
g Kl

5
o
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Fig. 12 Impact energy vs. temperature for base metal, 1-bead and 3-bead
weldments without OHT and 1-bead and 3-bead weldments with OHT
resulting in refined HAZ. Impact test bars from weldments were
notched in the HAZ close to the fusion line. The impact transition
temperature (ITT) is defined at 14 J.



Part 2. Refinement of coarse grained
microstructures in weldments by control
of the welding parameters and its
influence on impact toughness.
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REFINEMENT OF COARSE GRAINED MICROSTRUCTURES IN WELDMENTS BY
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ABSTRACT

A set of welded joints of a thick-walled lCrO,5Mo steel pipe

has been produced using the Manual metal arc (MMA) method.

The heat affected zone (HAZ) and weld metal microstructures

in these welds have been controlled by the heat input, essen-

tially with variation of electrode gauge sizes and welding

velocity. Techniques for controlled refinement of the micro-

structure such as successively increasing heat input and

overlay heat treatments gave smaller amounts of unfavourable

microstructures such as coarse grained bainitic HAZ and coar-

se columnar weld metal compared to conventionally welded

joints.

Impact testing was performed with notching in refined, parti-

ally refined and coarse microstructures of both HAZ and weld

metal from the weldments. The influence of refinement on im-

pact transition temperature (ITT) and upper shelf energy was

beneficial. In the coarse grained HAZ, for which the ITT was

significantly higher than for weld metal and base metal, the

refinement resulted in a 30°C lower value of the ITT. The

influence of post weld heat treatment (PWHT) on impact pro-

perties was also studied. The PWHT raised the upper shelf

energy greatly. The effect on the ITT was smaller than that

of refinement.
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1. INTRODUCTION

The manual metal arc (IMA) welding process is widely used in

power station constructions operating in the creep range.

High pressure main steam piping of fossil fired plants are

frequently fabricated of low alloy heat resistant steels.

Service temperatures are typically S00-550*C. These struc-

tures are associated with thick walled components in which

multipass HHA welding is used. This type of welding as well

as other fusion welding methods involves complex thermal

changes. The resulting microstructures at the weldment are

highly dependent on the welding conditions [1]. Pailure and

damage in creep loaded structures often appear at weldments

due to unfavourable microstructures. For example, coarse

grained bainite in the heat affected zone (KAZ) promotes both

creep and stress relief cracking [2,3]. Extensive cavitation

and creep cracking are frequently found in coarse micro-

structures juch as columnar weld metal and coarse grained

HAZ [4,5]. The combination of different microstructures in a

weldment results in a complex influence on creep ductility,

creep strength , multiaxial stress state and stress concen-

trations [6]. In addition, tensile residual stresses in the

weldments can raise the risk of brittle failure at low tempe-

ratures [7].

Coarse microstructures in welds are associated to high heat

inputs. At the same time large weld beads and faster welding

performance are obtained using high heat inputs. Thus, there

is a balance between the economy of the welding procedure and

control of properties with the help of the microstructures.

For welded joints of thick walled components post weld heat

treatment (PWHT) is normally prescribed by codes. PWHT

tempers the microstructure and relieves residual stresses.

The PWHT is associated with coarsening of carbides which

results in lower hardness, lower creep strength and improved

impact toughness [8,9].



In order to improve the properties of multj-pass weldments

refinement of the microstructure has been subject of much

researches[10,11]. By control of the welding parameters the

coarse grained HAZ microstructure resulting from one weld

bead can be refined by a subsequently deposited one. The re-

fined microstructure can be expected to 'U"e improved creep

ductility, impact toughness and less susceptibility to stress

relief cracking. It is possible that controlled welding re-

sulting in refined HAZs can replace the ?WHT which is a rela-

tively expensive operation, especially tor irstallation welds

which cannot be treated in a furnace. There are also cases

"uch as weld repairs where th<?re are practical problens to

perform PWHT[11].

Extensive research on the refinement technique applied to

weld repairs of Cr-Mo-V steels using MMA-welding has been

reported [11,12]. By a two-layer weld bead performance with

control of heat input and weld bead overlap the coarse grain-

ed HAZs can be fully refined. Refinement of welded joints of

a thin-walled lCrO,5Mo steel by an extra weld thermal cycle -

an overlay heat treatment (OHT) has been studied in the pre-

sent project. In this case an automatic TIG-welding procedure

was used [13] . Weldments with fully refine HAZs were suc-

cessfully produced. Mechanical testing on these welds showed

improved impact toughness as a result of the refinement. The

results indicated that the effect of the refinement on impact

toughness can be compared to that of the post weld heat

treatment.

The purposes of the present investigation are to investigate:

possibilities to obtain refined woldments of thick walled

pipes and impact properties of microstructures resulting from

weldments with controlled welding parameters.



2. EXPERIMENTAL

2.1 Material

The welding was carried out on a low alloy heat resistant

lCr0.5Mo (DIN13CrMo4 4) steel. The material was received in

the form of hot rolled pipe with a 20 mm wall thickness and a

219.1 mm diameter. The pipe was normalized and tempered and

the grain size was 15 urn. The chemical composition is given

in Table 1. It falls within the german standard specification

DIN 17175 for 13CrMo4 4. The room temperature properties are

shown in Table 2. They also fulfil the requirements in DIN

17175.

Weld beads were deposited using ESAB OK 76.18 electrodes.

This electrode has a coating of basic type. The chemical com-

position of the weld metal is included in Table 1. Optical

emission spectrometry was used to determine the composition.

2.2 Welding procedure

Eight welded joints were carried out on broken U-grooves,

which were machined in the pipe. The groove geometry is

illustrated in Fig. 1. The root beads were welded with TIG.

Then, the grooves were filled using multipass manual metal

arc (MMA) welding. The polarity was maintained as dc posi-

tive. The MMA welding was performed with the pipe mounted on

a rotor where the speed could be pre-set. Current, voltage

and preheat temperature were measured during the welding. For

calculation of the heat input of a weld bead the relation-

ship

Q = n • I • V • v"1 (1)

was used where Q is the heat input, n the arc efficiency, I

the current, V the voltage and v the travel speed. The heat

input was mainly controlled with the use of different elec-

trode diameters. In some cases the heat input was affected by



variation of the travel speed. This speed was calculated as

the circumference of the pipe divided by the measured time

for one lap. The circumference was calculated for each weld

bead. For instance, the travel speed at the inner diameter of

the tube is approximately 20% lower than at the outer diamet-

er at equal lap time.

Four different types of welds were produced:

1. Conventional welds using 04 mm electrodes.

2. Welding with oscillation using 04 and 05 mm electrodes.

3. Welding with successively increasing heat input using

03.25, 4 and 5 mm electrodes.

4. Welding with small heat input using 02.5 mm electrodes.

Welding with extra weld beads with 04 mm electrodes on top of

the completed weld, an overlay heat treatment (OHT), was

carried out on four welds. The overlay heat treatments in-

cluded welding with and without oscillation of the electrodes

and were performed on the conventionally as well as those

with successively increasing heat input. The welding pro-

gramme is presented in Table 3. All welds were first TIG

welded at the root. Then, a 02.5 mm electrode bead with some

oscillation and two 03.25 mm electrode beads were deposited.

All these beads are included in the number of weld beads

given in the table. The electrode diameters which are given,

refer to the welding after the TIG bead and MMA beads with

thin electrode diameters at the roots of the joints. Data for

MMA welded beads from the welding trials are given in Table

4. Heat input values are presented for beads without oscill-

ation of the electrode using eq. (1). For the arc efficiency,

n, the value 0.75 is used [14]. The pre-heat temperature was

monitored using a termocouple connected to a printer. The

••emperature was also measured with a contact thermometer. The

temperatures given in Table 4 are average values of thermo-

couple and thermometer measurements before the corresponding

weld bead was applied.



2.3 Post weld heat treatment (PWHT)

Weldments no 1, 2, 3 and 6 were cut in two pieces and one

half of each were post weld heat treated. The PWHT was per-

formed in a chamber furnace at a temperature of 700±10°C and

2h holding time. The heating rate from 400°C to 700°C was

approximately 80°C/h. The material was cooled in the furnace

to 400PC with a cooling rate of approximately 30°C/h and then

air-cooled.

2.4 HAZ grain size

The HAZ grain size was measured along the fusion line in sec-

tions of all weldments. The grain size was determined at a

number of positions through the wall at a distance of approx-

imately 0.5 mm from the fusion line. The linear intercept

method was used for determination of the grain size at each

position. The average grain size within 0.5 mm distance par-

allel and vertical to the fusion line with the centre of the

measures at approximately 0.5 mm from the fusion line is

given.

2.5 Impact testing

2.5.1 Testing equipment and procedure

Notched bars were tested in a MFL Charpy-V impact test

machine with an initial impact energy of 300 J. Altogether 12

series with bars notched in different conditions were tested.

Half size Charpy-V notched bars were used for all series and

each series contained 15 bars. The testing was carried out at

different temperatures in a range between -100°C and 160°C.

In general three bars were tested at the same temperature for

each series. The impact transition temperature (ITT) was re-

lated to an impact energy of 18J. The ITT was evaluated from

a temperature vs. impact energy diagram for each series where

a curve was adapted to the mean value of the impact energy at

the different temperatures.



2.5.2 Test conditions

The Charpy-V specimens were notched in the weld metal (WM)

and the heat affected zone (HAZ) . In addition a reference

series was notched in the base metal (BM) . The weld metal

series were notched in the centre of the weld. The bars of

different test series were machined at different depths from

the outside of the pipe. The notches of the weld metal series

were placed in different types of weld beads as follows: re-

latively high heat input, oscillation of the electrode, rela-

tively low heat input and refined micrestructure. The two

former types described above were tested both in as welded

(AW) and post weld heat treated conditions (PWHT).

For testing of the HAZs the nothes were placed close to the

fusion boundary. The bars were polished and etched in order

to make it possible to place the notch in an area of the HAZ

where grain growth occurs. The chosen groove geometry allowed

the notch to appear almost parallel to the fusion line c.f.

Fig. 1. The HAZs were notched in conditions as follows: Coar-

se grained HAZ at weld beads with relatively high heat input,

HAZ, with refined microstructure close to the fusion line,

partially refined HAZ and HAZ close to weld beads with

relatively low heat input. The coarse grained HAZ was testeJ

both in AW and PWHT conditions.

The tested conditions are given in Table 5. The designations

of the series indicates from which weldment they were cut

(weldment 1-8), notching in WM or HAZ, and heat treatment (AW

or PWHT). For example, series 2WMPWHT is taken from weldment

no 2, notched in weld metal and post weld heat treated. The

condition of imj act testing, grain sizes in the microstruc-

ture of this condition and distance between the location in

the weldment where the test series has been cut and the outer

diameter of the weldment are also given in the table.



3. RESULTS

3.1 Control of weld metal and HAZ microstructures

3.1.1 Sections of representative weldments

Sections of the weldments were metallographically studied.

Weldnent 2. 3, 4, 6 and 7 which are representative of the 8

weldments are shown in Pigs. 2, 3, 4, 5 and 6 respectively.

In these figures a macrograph and an illustration of the sec-

tion are presented in scale, in which the weld beads and the

HAZs are marked. The numbering of the beads is in agreement

with that in Table 4 in which welding data for each bead is

given. The grain size at approximately 0.5 mm from the fusion

line was measured at both sides of the weld. The distance in

the tube wall section from the inner diameter of the tube

versus the grain size is plotted in each figure.

3.1.2 Welding with oscillation of the electrode

The welding with oscillation of the electrode resulted in a

coarse columnar weld metal microstructure, see Fig. 2. The

weld metal also consisted of layers with equiaxed microstruc-

ture which was a result of austinisation of the material when

the next weld bead was applied. The grain size of this equi-

axed microstructure was relatively large at the upper four

weld beads of the section. Grain boundary ferrite was observ-

ed in fairly large amounts at the upper weld beads, see Pig.

7. At the lower part of the section the weld metal was equi-

axed and fine grained.

In the HAZ coarse microstructure was present at the top of

the weldment. Fig. 8 shows typical coarse grained HAZ without

influence of heat flow from other beads. At the remaining

part of the section only small HAZ grain sizes were measured,

see the diagram in Fig. 2. The welding resulted in a full

refinement of the coarse grained HAZ at beads 1-5. Typical

refined HAZ microstructure close to the fusion boundary is



shown in Fig. 9. Coarse grained HAZ remained only for the

last bead applied. The grain size in this area was on average

6"i yim.

3.1.3 Welding with successively increasing heat input

After the welding of root beads in weld 3 approximately half

the groove was filled with 8)3.25 electrodes. Higher travel

speed was used for bead 2 and 3 than for 4 and 5 resulting in

higher heat input for the latter ones being approximately 1.4

kJ/mm, see Table 4. A reduction of the heat input was neces-

sary for bead 6 in order to make it fit in the groove. The

welding was continued with 04 and 05 mm electrodes resulting

in increasing heat input up to approximately 2.0 kJ/mm.

The weld metal consisted of columnar and refined microstruc-

ture. The areas of columnar microstructure were relatively

small except at the top weld beads. Grain boundary ferrite

was observed in small amounts.

The HAZ grain size was coarse at the top of the section.

Valuas up to 150 urn were measured, see the diagram in Fig. 3.

The grain size decreased rapidly towards the inside of the

tube. A little more than half of the section consisted of

refined HAZ.

3.1.4 Welding with small heat input

Weldment 4 was carried out using 02.5 mm electrodes. 18 beads

were applied with similar welding parameters. The welding

resulted in relatively small heat inputs between 0.6 and 0.7

kJ/mm, see Table 4. There was a slight decrease in heat input

with the number of weld beads applied. This was due to the

increasing radius from the centre of the tube during the

welding. The time for a turn of the rotor, on which the tube

was mounted, was constant during the welding. Thus, increas-

ing radius is associated with slightly increasing travel

speed and decreasing heat input.



The weld metal consisted of a number of layers with refined v

microstructure and small areas of columnar grains in which

very small amounts of grain boundary ferrite were observed.

The HAZ grain size at the fusion line varied between 10 and

70 pm through the wall section, see Fig. 4. The largest grain

sizes were measured at the top of the section. Grain sizes

larger than approximately 40 urn are associated with areas of

bainitic coarse grained HAZ without refinement. Layers with

small grain sizes consisted of refined microstructure.

Between those types of microstructures layers of partially

refined HAZ appeared. Fig. 10 shows typical partially refined

HAZ. The refined and the partially refined microstructures

consisted of a mixture of ferrite and bainite.

3.1.5 Weld with overlay heat treatment

Weld 6 with successively increasing heat input and one extra

overlay heat treatment (OHT) weld bead with oscillation of

the electrode is illustrated in Fig. 5. The OHT bead is

marked 01 in figure. The microstructure in the weld metal

was quite similar to that of weld 3 except at the top where

the OHT bead resulted in a large area of coarse columnar

grains. The amount of grain boundary ferrite in this region

was quite small.

The HAZ grain sizes were large at the top of the section, see

the diagram in Fig. 5. A number of values of 130 ym or more

were measured. Relatively large grain sizes, 80-90 pm, were

also measured at the lower part of the section at both sides

of the weldment. The microstructure in these areas mainly

consisted of coarse grained HAZ without refinement. This type

of microstructure also appeared at the right side of the

weldment in the top region. At the left side in this region

the microstructure was partially refined as a result of the

heat flow from the OHT bead. The refinement took part only in

the prior austenite grain boundaries in which fine bainite

precipitated. Within the grains the bainite was coarsened.

Fig. 11 shows this partially refined microstructure.
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The welding with successively increasing heat input was not

carried out exactly in the same way as weldment 3. The heat

input was approximately the same for al\ 0 3.25 mm elec-

trodes. The welding of 0 5 mm was carried out with increased

travel speed in order to fit the beads in the groove. This

resulted in a somewhat smaller heat input than for the 0 4 mm

electrodes, see Table 4.

Weld 7 was welded in the conventional way using 0 4 mm elec-

trodes except at the bottom of the groove. The heat input was

between 1,0 and 1,3 kJ/mm, see Table 4. The OHT was performed

with two 0 4 mm electrode beads, see Fig. 6. The OHT beads

are marked 01 and 02 in the Figure. The OHT heat inputs were

0.7 and 0.6 kJ/mm respectively. The weld metal consisted of a

mixture of coarse columnar grains and refined microstructure.

Small amounts of grain boundary ferrite was observed in

columnar microstructure within the weld. Grain boundary fer-

rite was not observed in the OHT beads. Larger HAZ grain

sizes were present at the top of the section of the weldment,

see the diagram in Fig. 6. Most values were between 80 and

100 um. The microstructure in this region was mainly without

refinement. Some areas were partially refined in the same way

as described for the corresponding region in weld 6. At a

distance of approximately 4 mm from the outside refined HAZ

appeared. Further through the section layers of partially and

fully refined HAZs alternated. The grain sizes were between

40 and 50 um where the smaller and the larger ones are

associated with fully and partially refined microstructure

respectively.

Weld 1 was welded in the same way as weld 7 with the

exception of the OHT. The microstructure and the grain sizes

were also similar with the exception of the influence of the

OHT.

Weld 5 was welded with successively increasing heat input and

two OHT beads were applied in the same way as for weld 7. The
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increase in heat input was small and 0 5 mm electrodes were

not used, see Table 4. The influence of the OHT was similar

to that of weld 7: Partial refinement occurred in some areas

of the coarse grained HAZ in which grain sizes up to ISO urn

were measured. Lower down in the section layers of fully

refined and partially refined HAZ alternated.

Weld 8 was conventionally welded and one OHT bead with oscil-

lation was applied. The influence of OHT was similar to that

of weld 6 and HAZ grain sizes up to 180 pm were measured at

the top of the weldment. Lower dovm in the section layers

with refinement, partial refinement and without refinement

alternated.
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3.2 Post weld heat treatment (PWHT)

The PWHT, performed at 700°C and with 2h holding time, re-

sulted in a coalescence of the weld metal and HAZ microstruc-

tures. In Figs. 12 and 13 typical PWHT microstructures are

shown for weld metal and coarse grained HAZ respectively.

3.3 Impact testing

3.3.1 Impact energy diagram

Notched bars (1/2 Charpy-V) of different welding conditions

of lCrO.5Mo were impact tested in purpose to study the influ-

ence of refined microstructures, welding heat input, and post

weld heat treatment (PWHT). The impact energies are illust-

rated at different testing temperatures in Fig. 14 for the

base metal. The data plotted in the figure are average values

at the same temperature. Error bars are included. The impact

transition temperature (ITT) is defined as the point where

the curve intersect the 18J level. The upper shelf energy

(USE) is determined at the highest energy. In Fig. 14 the

impact energy at room-temperature is somewhat higher than at

150°C. The ITT and the USE for base metal are -31°C and 65 J

respectively.

3.3.2 Weld metal and HAZ microstructures without

refinement in as welded condition

Impact energy vs. temperature for series 1WMAW, 2WMAW and

3HAZAW is shown in Fig. 15. Values of ITT and USE are pre-

sented in Table 6. The ITT for the coarse grained HAZ (series

3HAZAW) was significantly higher than for the coarse grained

weld metals. The notches in these weld metal series were

placed just below the outer diameter of the tube weld and in

the centre of the crossweld section. In this region columnar

grains appeared which were oriented parallel with the notch,

c.f. Fig. 2. The material welded with oscillation of the

electrode, series 2WMAW, resulted in higher ITT and lower
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USE than without oscillation, series 1WMAW. The temperature

range from the energy rise to the beginning of the upper

shelf level was about 100°C for the three test series.

3.3.3 Refined weld metal and HAZ microstructures

Impact energy vs. temperature for series 7WMAW, 5HAZAW and

8HAZAW is plotted in Pig. 16. ITT and USE values are present-

ed in Table 6. The ITTs were below -40°C for the refined mi-

crostructures, the lowest being for the refined weld metal

and refined HAZ, series 7WMAW and 5HAZAW respectively. Series

5HAZAW is represented by two curves in Fig. 16. The dashed

one is given to estimate the impact energies when the top

value for bars tested at -4l°c and -72°C is not considered.

These top values were registered for two bars in which the

fracture proceeded into the base metal. Per all other bars

notched in the heat affected zone the fracture took place

close and parallel to the fusion line. The error bars at -41

and -72°c are significantly smaller for the dashed curve and

the ITT is similar to that of series 8HAZAW. This series was

notched in a partially refined microstructure as shown in

Pig. 10. The temperature range where the increase in impact

energy occurs is about 85°C for the dashed curve of series

5HAZAW and about 100°C for the other curves in Fig. 16.

3.3.4 Small heat input

Impact energy vs. temperature for series 4WMAW and 4HAZAW is

plotted in Fig. 17. Values of ITT and USE are given in Table

6. Small heat input resulted in a mixture of refinement, par-

tial refinement and microstructure without refinement even on

a local scale- The notched areas thus consisted of all these

microstructures. The ITTs were relatively low both for the

HAZ (series 4HAZAW) and the weld metal (series 4WMAW). For

series 4HAZAW there does not seem to be a marked upper shelf

energy in the temperature range tested.
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3.3.5 Post weld heat treatment

Impact energy vs. temperature for series 1WMPWHT, 2WMPWHT and

3HAZPWHT is shown in Fig. 18. ITT and USE values are present-

ed in Table 6. In the figure it can be seen that the energy

increase is relatively steep for the weld metals and occurs

in a range of 50-60°C. The USE is relatively high. For coarse

grained HAZ with PWHT there is no marked upper shelf level.

The energy increase is initially steep but then significantly

slower towards the highest temperature. The ITT is

significantly higher for the weld metal with oscillation of

the electrode (series 1WMPWHT) than without (series 2WMPWHT).

The ITT for the coarse grained HAZ is similar to that of

1WMPWHT.

3.3.6 Influence of controlled welding and post weld heat

treatment on ITT

The ITTs for all conditions are presented in Fig. 19. It can

be seen that all weld conditions except coarse grained as

welded HAZ have a lower ITT value than the base metal. Th*-

influence of refinement on ITT is shown in Fig. 20. AITT is

small in weld metal when welds without oscillation of the

electrode are compared but larger when a coarse columnar weld

metal from an oscillatirg electrode is compared to the refin-

ed microstructure. In the HAZ both fully refined and partial-

ly refined microstructure resulted in 31°C lower values of

the ITT. The AITT value for fully refined HAZ in the figure

does not take into account the results of the two bars with

the fracture in the base metal, c.f. Fig. 16.

The influence of small heat input is shown in Fig. 21. Lower

ITT can be noticed when low heat input weld metal is compared

to weld metal with oscillation of the electrode whereas the

high heat input weld metal without oscillation shows somewhat

lower value than for low heat input, c.f. Table 6. In the HAZ

the ITT is significantly lower at low heat input than at high

heat input, AITT is 37°C. The influence of PWHT on ITT is
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small in the weld metal whereas ITT for coarse grained HAZ

PWHT is about 20*C lower than for coarse grained HAZ AW, see

Pig. 22.

3.3.7 Influence of controlled welding and post weld heat

treatment on upper shelf energy

The upper shelf energies (USE) for all conditions are pre-

sented in Fig. 23. It can be seen that the lowest values

appear for as welded weld metal and HAZ with large heat input

or welding with oscillating electrodes. These values are also

significantly lower than for the base metal. Refinement and

use of small heat input resulted in an increment of the USE,

see Pigs. 24 and 25, respectively. PWHT gave the highest

values, significantly higher than for the base metal. The

influence of PWHT on USE in WM and HAZ is shown in Pig. 26.

Values of AUSE are between 24 and 35 J.
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4. DISCUSSION

4.1 Control of the microstructure in MMA-weldments

The performance of multipass welding can be controlled in

order to obtain large amounts of refined micros r.ucture. For

welds jn high temperature applications, impact toughness and

creep ductility are properties of interest which can be ex-

pected to be improved by refinemeut [11, 13].

In the present investigation joints of thick walled (20 mm)

lCr0.5Mo tubes were welded with different heat _npuv.s and

successions of weld beads in order to control the microstruc-

ture. The heat input was in practice governed by the elec-

trode diameter and, to a more limited extent, the travel

speed. For each electrode diameter the voltage is approxi-

mately constant. It is possible to regulate the current but

it is dependent on the electrode diameter, c,f. Table 4. For

a given situation of the we]ding performance there is little

room for variation of the current if a proper bead deposit is

required. For the present groove geometry there were almost

no possibilities to vary the travel speed for a number of the

applied beads in order to avoid over- or underpenetration.

Studies on "two-layer refinement" of MMA-beads indicate that

a full refinement in the HAZ of a first layer of beads from a

second one requires a heat input ratio <J2^
ql = 2 ^11^ ' F o r

welded joints with wall thickness and groove geometries of

the present type a similar ratio of heat input for beads on

top of each other would result in too large heat inputs for a

proper welded joint.

Successively increasing heat input was applied in weldment 3,

5 and 6. Weldment 3 and 6 were filled with 0 3.25 mm electro-

des to approximately half the wall thickness and then 0 4 mm

electrodes were used followed by 0 5 mm electrodes towards

the top. In order to fit larger electrode diameters in the

available space in the groove, a higher travel speel was re-
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quired for some beads. A higher travel speed results in smal-

ler heat input. Thus, the increase of heat input towards the

top was generally relatively small, c.f. Table 4.

Overlay heat treatment (OHT) is an operation where an extra

weld bead or weld heat flow is applied on top of the complet-

ed weldment in order to obtain refinement of the HAZ of the

previous beads. This technique has been demonstrated to be

quite successful in a previous study of welded joints of thin

walled lCr0.5Mo tubes using an automatic TIG process [13].

For MMA welding the OHT has to be carried out with a deposit

of weld metal. It can be recommended to grind away the re-

sulting reinforcement of the weldment in order to avoid

stress concentrations. For a successful overlay heat treat-

ment the OHT-bead must be applied so that a constant distance

between the fusion line of the weldment and the one of the

OHT-bead is obtained. Previous studies of bead-on-pipe weld-

ing [15] indicate that for a distance of 1 mm the required

heat input of the OHT is about 1.5 times the one of the un-

derlying bead in order to obtain a refined band in the coarse

grained HAZ.

The influence of the OHT in the present investigation can be

seen in Figs. 5 and 6. Oscillation of the OHT-bead was used

in order to obtain a sufficiently high heat input relative to

the former beads applied, see Fig. 5. In case of oscillation,

however, there are no well-established methods for calcula-

tion of the heat input. An indication of the heat input can

be the coarseness of the columnar weld metal. The width of

the columnar grains were measured at the top beads and the

OHT beads of weldments 1-4 and 5-8, respectively. Values from

welds without oscillation of the electrode are plotted versus

the heat input in Fig. 27. If a linear correlation is assumed

the heat input for the welds with oscillation of the elec-

trode can be estimated. For the top bead in weld 2 the heat

input is approximately 1.0 kJ/mm. The OHT-beads in welds 6

and 8 give values of approximately 1.3 and 1.7 kj/mm respec-

tively. In comparison to the heat input of the top beads,
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see Table 4, the ratio q O H T/q t o p is 1.1 and 1.3 for weldments

6 and 8, respectively, which is smaller than the calculated

requirement of a ratio of 1.5.

The distance between the oscillated OHT-bead and the fusion

line of the weldment in welds 6 and 8 was about 2 mm. Making

this distance smaller is associated with increasing risk of

overpenetration and adequate training of the welder.

The amount of refinement after OHT is indicated by the grain

sizes in the HAZ. In Fig. 7 it can be seen that large amounts

of coarse grains occur in the HAZ at the top of the section

of the weldment after OHT. These grain sizes are not signifi-

cantly different in comparison to those in a weldment without

OHT, see Fig. 3. However, a significant amount of the coarse

grained HAZ in the overlay heat treated weldment is partially

refined, see Fig. 11. This refined part of the microstruc-

ture, which appeared at prior austenite grain boundaries was

not taken into consideration in the measurements of the grain

size. The hardness in such a partially refined HAZ has been

shown to be significantly lower than in ordinary as welded

coarse grained HAZs[15].

The influence of the OHT is similar for all overlay heat

treated weldments. For weldments 5 and 7 the OHT-beads were

carried out without oscillation in order to make it possible

to be closer to the HAZ. The measure of the present groove

was not small enough to get close to the HAZ at both sides of

the weldment with only one OHT-bead. Two OHT-beads, next to

each other, were applied. The fit of these beads in available

area involved that the bead widths could not be too large.

This resulted in smaller heat inputs for the OHT-beads than

for the underlying beads since the bead width is correlated

to the heat input. Hence, the size and geometry of the groove

as well as the wall thickness can limit the possibilities to

obtain refinement by the OHT technique. The possibilities to

obtain a sufficiently high heat input ratio between the
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OHT-bead and the underlying one would be larger with larger

width of the groove. Thus, larger wall thickness is requir-

ed.

The technique with successively increasing heat input result-

ed in large amounts of refinement except at the top of the

wall section in weld 3, see the plot of grain sizes in Fig.

3. Weld 6, also welded with this technique shows layers with-

out refinement. Fig. 5, which are more pronounced than for

the conventionally welded joints without oscillation. The

amount of refinement through the wall in these joints was

quite large as well, see Fig. 7. This implies that the bene-

fit of using successively increasing heat input in this case

is rather small, especially since the heat input for the top

beads was larger than for the ones of conventionally welded

joints.

Welding with the smallest electrode diameter only, that is

0 2.5 mm, resulted in a fine mixture of refinement, partial

refinement, and microstructure without refinement. In Fig. 4

it can be seen that the HAZ grain size varies across the wall

at a relatively low level. The area with coarse grained HAZ

at the top of the weld section is small and the coarse grain

size is much smaller than for the other welds. The coarse

columnar weld metal at the top is also significantly finer

than for welds where higher heat inputs were used. Thus, the

microstructure of the small heat input weld is quite favour-

able in comparison to the ones of conventionally welded

joints.

The welding with oscillation of electrodes, weld 2, resulted

in large amounts of coarse weld metal, whereas the HAZ was

fully refined except for the top bead, see Fig. 2. The HAZ

grain size and the thickness of columnar grains in the weld

metal at the top of the section are not larger than for the

conventionally welded joint without oscillation. It seems

that the produced heat input with oscillation of the elect-

rode is not higher than without.



20

4.2 Impact toughness

4.2.1 Weld metal

The ITT in the base metal, -31°C, was high in comparison to

previous results [9,13]. There were no characteristics of the

microstructure, such as grain size, amount of MnS-inclusions

or fraction of bainite which could explain a higher ITT

[16,17]. In a previous study the ITT varied between -40 and

-60°C for some lCrO.SMo pipe steels of different dimensions

and batches. Although obvious differences in grain size,

amount of inclusions and fraction of bainite were observed in

this investigation, there were no simple metallographical

explaination to the observed difference in the ITT[9]. The

ITT in weld metal was quite low for all conditions generated

by welding without oscillation of the electrode. The

influence of PWHT on ITT in weld metal was small, although

there was an obvious decomposition of the microstructure, see

Figs. 25 and 26. Greater influence of PWHT on ITT is found in

the literature. The typical decrease is 30-40°C[18]. For the

upper shelf level a significant rise due to PWHT was

observed, see Figs. 23 and 26. For welds with and without

oscillation of the electrode the increments were 70 and 34

percent, respectively, which are similar to previous

results[9].

The relatively low ITTs for refined and small heat input weld

metals can be expected because of the large amounts of small

grained microstructure. The dependence of the grain size can

however be rather complex[19], In the present case the ITT of

the coarse high heat input weld metal without oscillation was

low too, whereas the weld metal with oscillation showed a

significantly higher ITT. Examination of the microstructure

close to the fracture surface for some of the notched bars

showed that there is no obvious difference in microstructure

between those weld metals.
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4.2.2 Heat affected zone

The impact properties for as welded coarse grained HAZ were

not as good as for the other conditions tested. The fact that

this was the only one of the tested conditions where the ITT

was higher than for the base metal as well as the upper shelf

energy was lower shows that the HAZ close to the fusion line

is the critical area for impact properties of the present

type of weldments. Both refinement and partial refinement

resulted in a greater improvement of the ITT than the one of

the PWHT, see Pig 19.

Examination of bars notched in the HAZ from the weld with

small heat input showed a mixture of refined and partially

refined microstructure. Thus, the results of impact testing

were similar to the refined and partially refined test

series. Refinement also improved the USE which was raxsed to

the level of the base metal, see Fig. 23.

Great improvement of the transition temperature (FATT50) as a

result of refinement in the HAZ has been found by Kim et.

al.[20]. In this case Charpy-V tests were performed in a

service exposed 0.5CrMoV rotor steel which was repair welded.

The results of notching in refined and coarse grained HAZ,

both in PWHT condition, were compared.

4.3 Practical implementation of controlled

microstructure

The weldments in the present study were carried out on tubes

with dimensions (0219.1x2Omm) which are quite typical for

main steam piping in Swedish power stations. The groove

geometry was chosen in order to make it possible to machine

impact test bars with notches in the HAZ approximately paral-

lel with the fusion line and at the same time conform with

recommendations for design of grooves[21]. A groove geometry

with a more marked V-shape can be chosen which would give

some greater posFibiliti.es to vary the heat input in welding
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with successively increasing heat inputs and overlay heat

treatments.

Larger amounts of refined microstructures were generally

obtained with the present type of controlled uelding. How-

ever, the benefit is perhaps not great enough to motivate the

more complicated procedure which involves larger costs than

for conventional welding. The possibilities to perform effic-

ient overlay heat treatments were limited for the present

tube wall thickness. For tubes of larger dimensions the OHT-

technique could be fully applicable. This can be recommended

as the refined microstructure showed a significant improve-

ment of the impact properties. A beneficial influence on

creep properties and hardness has also been observed[15,22].

The improved properties as a result of refinement suggests

that there can be cases of high performance welds where fully

refined HAZs are desired although the costs for the weldine

would be relatively high. For welds with dimensions similar

to the ones in the present study there will be two possibil-

ities. The first one is the use of numerous beads with low

heat input. This will not result in fully refined HAZs but

seems to be a safe way to obtain a weldment with relatively

small grain sizes and small areas of microstructure without

refinement. A second suggestion is shown in Fig. 27. First, a

conventional weld is carried out, a new smaller groove in the

weld metal is machined and then filled with say, 3.25 mm

electrodes. With this performance fully refined HAZs probably

can be obtained without difficulties after some training.

At the same time, relatively small areas of columnar weld

metal will be obtained as a result of the use of fairly low

heat input.
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5. CONCLUSIONS

Eight joints of a thick-walled pipe of lCrO.SMo have been

multipass welded with control of the welding parameters. The

manual metal arc (MMA) process was used. In order to obtain

refined microstructures the heat input was controlled by

selection of electrode gauge sizes and travel speed. Influ-

ence of overlay heat treatments (OHT) was studied. Impact

properties in the HAZ and the weld metal were tested in

microstructures resulting from different welding parameters

and post weld heat treatment. Sections of the weldments were

metallographically investigated.

1. Refined, partially refined and coarse grained microstruc-

ture were observed in the grain growth part of the HAZs

in all weldments. The amount of refinement was generally

larger for welds with successively increasing heat input

than for conventionally welded ones. Welding with oscill-

ation of the electrode resulted in full refinement of the

HAZ except at the top bead.

2. Refinement of columnar weld metal was observed. Large

amounts of coarse columnar weld metal was associated to

welds with relatively large and few weld beads.

3. Large grain sizes, generally up to 150 urn, in the grain

growth part of the HAZ were measured at the top bead in

welds with successively increasing heat input and in

welds with conventional ones. The overlay heat treatments

resulted in a partial refinement of that microstructure.

4. The possibilities to fully utilize the control of welding

parameters were restricted due to the present size of the

groove of the joint which is dependent on the wall thick-

ness. For larger wall thicknesses there are greater pos-

sibilities to produce fully refined HAZs at the top of

the weld as a result of overlay heat treatment.
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5. Refinement for the coarse grained HAZ resulted in 30°C

decrease of the impact transition temperature. The upper

shelf energy was higher for refined HAZ than for the

coarse grained one. Impact testing on partially refined

HAZ showed similar effects.

6. Impact testing of refined weld metal resulted in a small

improvement of the impact transition temperature and the

upper shelf energy compared to coarse columnar weld

metal. Weld metal from beads with oscillation of the

electrode showed a significantly higher impact transition

temperature than the tested weld metals without oscill-

ation.

7. The influence of PWHT on impact transition temperature

was insignificant in weld metal and similar to that of

refinement in the coarse grained HAZ; the decrease was

20°C. The upper shelf energy was raised in both HAZ and

weld metal as an effect of PWHT.
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Täble 1. Chemical compositions in

Material Manufacturer Batch C Si Mn P S Cr Mo

nunter

lCr0.5Mo Vallourec 18759 0.15 0.28 0.52 0.014 0.017 0.94

0.59

tube A.T.A.

lCrO.SMo ESAB 0.04 0.42 0.80 0.011 0.008 1.34 0.60

weld metal

Table 2. Roan temperature mechanical properties

Material R ^ 2 R^ ^

(MPa) (MPa) (%)

1CT0.5MO 384 517 28
tube



Table 3. Welding procedure of MMA-welded joints with TIG-welded root bead.

Weld
no.

1

2

3

4

5

Type of welding

conventional

oscillation of electrode

successively increasing
heat input

low heat input

successively increasing
heat input

successively increasing
heat input

conventional

conventional

Overlay heat
treatment (OHT)

2 OHT beads

1 OHT bead with
oscillation

2 OHT beads

1 OHT bead
with oscillation

Number of
weld beads

1 TIG + 10 MMA

Electrode
diameter
(mm)

1

1

1

1
2

1
1

1
2

TIG

TIG

TIG

TIG
OHT

TIG
OHT

TIG
OHT

+ 6 MMA

+ 10 MMA

+ 18 MMA

+ 11 MMA +
(MMA)

+ 11 MMA +
(MMA)

+ 11 MMA +
(MMA)

4 and 5

3.25, 4
and 5

2.5

3.25 and 4

3.25, 4
and 5

4

1 TIG + 10 MMA +
1 OHT (MMA)



Table 4. Data from manual metal arc welding trials.

Weld
no.

1

2

3

4

Bead
no.

1
2-3
4-5
6-7
8

9-10

1
2
3
4
5
6

1
2-3
4
5
6
7
8
9
10

1
2-3
4-6
7-9
10-12
13-15
16-8

Electrode
diameter

(mm)

2.5
3.25
4
4
4
4

2.5
4
5
4
4
4

2.5
3.25
3.25
3.25
3.25
4
4
5
5

2.5
2.5
2.5
2.5
2.5
2.5
2.5

Current

vA)

75
112
138
138
138
138

75
142
182
142
142
142

75
109
110
110
110
143
1.43
182
182

75
75
75
75
75
75
75

Voltage

(V)

23
24
25
25
25
25

23
25
26
25
25
25

23
24
24
24
?4
25
25
26
26

23
23
23
23
23
23
23

Travel
Speed
(mm/s)

K 84
1.88
1.80
1.88
1.95
2.00

1.84
1.58
1.57
1.34
1.38
1.35

1.84
1.83
1.46
1.36
^.40
1.93
1.74
1.81
2.32

1.80
1.86
1.93
1.97
2.02
2.07
2.11

Preheat
temperature

(•C)

20
200
200
200
200
200

20
185
195
240
240
240

20
200
220
220
210
215
195

200
200-280
200-280
200-280
200-280
200-280
200-280

Heat input

(J/mm)

1070
1440
1380
1330
1300

1070
1350
1450
820

1390
1530
1950
1530

700
680
660
640
620
610



Table 4. Cont'd

Weld
no.

5

6

7

8

Bead
no.

1
2-3
4-7
8-9
10-11
OHT1
OHT2

1
2-3
4-7
8-9
10
11

OHT1

1
2-3
4
5

6-8
9

10-11
OHT1
OHT2

1
2-3
4-5
6-7
8-9
10

OHT1

Electrode
diameter

(mm)

2.5
3.25
3.25
4
4
4
4

2.5
3.25
3.25
4
5
5
4

2.5
3.25
4
4
4
4
4
4
4

2.5
3.25
4
4
4
4
4

Current

(A)

75
110
110
142
150
150
150

75
110
110
142
203
203
152

75
112
110
117
139
139
138
139
140

75
110
138
138
138
138
148

Voltage

(V)

23
24
24
25
25
25
25

23
24
25
25
26
27
25

23
24
25
25
25
25
25
25
25

23
24
25
25
25
25
25

Travel
Speed
(mm/s)

1.84
2.40
2.50
2.80
2.92
4.06
3.3

1.84
2.40
2.50
1.83
3.27
3.63
2.3

1.84
1.92
1.87
1.87
A. 54
2.03
2.31
3.44
4.47

1.84
1.88
1.80
1.88
1.97
2.01
1.65

Preheat
temperature

(°C)

20
200

190

232

200

180

195

20
200
220

240

202

20
206

195

Heat input

(J/mm)

820
790
950
960
670
850

820
790
1450
1210
1130

1050
1100
117C
1030
1270
1140
690
610

1050
1440
1370
1320
1290



Table 5. Conditions of 1/2 Charpy-V Impact testing

Designation Test condition Grain Distance to

size the outer

diameter

(um) (ran)

6EM Base metal 15

1VMÄW Columnar VM, high heat input, as welded

1VMTOHT Columnar VM, high neat input, post weld

heat treated

0.5

0.5

2WMAW Columnar VM, oscillation of electrode,

as welded

2VMPWHT Columnar VM, oscillation of electrode,

post weld heat treated

4VMAW WM, low heat Input mixture of columnar

and equiaxed microstructure, as welded

7VMÄW Re r. 1 VM, as welded 10

3HAZAW Coarse grained HAZ, high heat input, 150

as welced

0.5

3HAZFWHT Coarse grained HAZ, high heat input, 150

post weld heat treated

0.5

4HAZAW HAZ low neat input fixture of coarse and 10-65

refined microstructure, as welded

5HAZAW Refined HAZ, as welded

8HAZAW Partially refined HAZ, as welded

10-50

20-100

7

9



Table 6. Impact transition temperature (ITT) and upper shelf energy (USE) In

base metal and different conditions of weld metal and heat affected

zone.

Series Microstructure 1/2 Charpy-V 1/2 Charpy-V

ITT USE

(J)

EH Base metal -30 65

1WMAW Coarse columnar weld metal

1VMVHT Coarse columnar weld metal, FWHT -67

2VMAW Coarse columnar weld metal

2WMPWHT Coarse columnar weld metal, PWHT

4WMAW Columnar and refined weld metal

7WMAW Refined weld metal

3HAZAW Coarse grained HAZ

3HAZPWHT Coarse grained HAZ, PWHT

4HAZAW Mixture of coarse and refined HAZ -47

5HAZAW Refined HAZ

8HAZAW Partially refined HAZ

-60

-67

-40

-39

-56

-66

-10

-31

-47

-41 (-66)

-41

53

77

47

77

65

59

48

82

65

57

70



Table 7. Temperature range of impact energy increase to the

upper shelf level.

Series Start temperature

of increase in

impact energy

Temperature where

the upper shelf

level is reached

Difference

BM
1WMAW

1WMPWHT

2WMAW

2WMPWHT

4WMAW

7WMAW

3HAZAW

3HAZPWHT

4HAZAW

5HAZAW

8HAZAW

-50
-95

-75

-90

-50

-85

-95

-75

-45

-80

-7b (-95)

-80

20
20

-25

10

15

15

5

30

70

150

10 (5)

35

70
115

50

100

65

100

100

105

115

230

85 (100)

115



— •

f\
L

2T

6

£s
t

«—

/ 20

Fig. 1. Groove geometry for the welded j oints.
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Fig. 2.

Macrograph and an illustration of a cross section

of weld 2. welded with oscillation of the elect-

rodes. The magnification is 2.5X. The grain size

in the HAZ through the wall section at a constant

distance of 0.5 nun from the fusion line is pre-

sented to the left of the illustration. Both sides

of the weldment are measured.
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Fig. 3.

Macrograph and an illustration of a cross section

of weld 3, welded with successively increasing

heat input. The magnification is 2.5X. The grain

size in the HAZ through the wall section at a con-

stant distance of 0.5 mm from the fusion line is

presented to the left of the illustration. Both

sides of the weldment are measured.
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Fig. 4.

Macrograph and an illustration of a cross section

of weld 4, welded with low heat input. The magni-

fication is 2.5X. The grain size in the HAZ

through the wall section at a constant distance of

0.5 nun from the fusion line is presented to the

left of the illustration. Both sides of the weld-

ment are measured.
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Fig. 5.

Macrograph and an illustration of a cross section

of weld 6, welded with successively increasing

heat input and completed with an overlay heat

treatment. The magnification is 2.5X. The grain

size in the HAZ through the wall section at a

constant distance of 0.5 mm from the fusion line

is presented to the left of the illustration. Both

sides of the weldment are measured.
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Fig. 6.

Macrograph and an illustration of a cross section

of weld 7, welded conventionally and completed

-1th an overlay heat treatment. The magnification

. ? *».. 5X. The grain size in the HAZ through the

ŵ-.. . action at a constant distance of 0.5 mm from

the t«. \.n line is presented to the left of the

illustra. ix-n. Both sides of the weldment are

measured.



a) Magnification 50X.
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b) Magnification 200X.

Pig. 7. Columnar weld metal in weld 2. The microstructure

is bainitic with grain boundary ferrite.



Fig. 8.

Pig. 9.

Pig. 10.

Coarse grained HAZ close to the fusion line. Weld

7, as welded condition. Magnification 400X.

Refined HAZ close to the fusion line. Weld 7, as

welded condition. Magnification 400X.

Partially refined HAZ close to the fusion line.

The microstructure is a mixture of ferrite and

bainite. Weld 7, as welded condition. Magnific-

ation 400X.



a)

b)

Pig. 11. Partially refined HAZ close to the fusion line at
the top of a section of weld 7. Precipitation of
fine grained bainite in prior austenite grain
boundaries and coarsened carbides in the micro-
structure without refinement. The microstructure
as a result of overlay heat treatment. As welded
condition. Magnification 400X. The amount of
refinement and carbide coarsening is larger in a)
than in b).



Pig. 12.

Pig. 13.

a) Magnification 100X.

b) Magnification 400X.

Weld metal in PWHT condition. The microstructure
consists of coarsened bainite.

Coarse grained HAZ in PWHT condition. The micro-
structure consists of bainite which is sphero-
dized. Carbides are precipitated in the grain
boundaries. Magnification 400X.
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Pig. 15. Impact energy vs. temperature for columnar weld

metal (1WMAW), columnnr weld metal with oscill-

ation of the electrode (2WMAW) and coarse grained

HAZ (3HAZAW) in as welded condition.



80

70-

60-

EN
ER

C
MP

AC
T

50

40

30

20

10

1/2 Charpy-V
- 1 Cr 0.5 Mo

-

- -4

\A
i

•
18 J

8HAZAW

7WMAW

5HAZAW

i i

-100 -50 0 50
TEMPERATURE \X\

100 150

Fig. 16. Impact energy vs. temperature for refined weld

metal (7WMAW). refined HAZ (SKAZAW) and partially

refined HAZ (8HAZAW) in as welded condition.



80

70

60

1/2 Charpy-V
1 Cr 0.5 Mo 4WMAW

-100 0 50
TEMPERATURE CC]

100 150

Fig. 17. Impact energy vs. temperature for low heat input

weld metal (4WMAW) and HAZ (4HAZAW) in as welded

condition.
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Fig. 28. Illustration of a groove which is machined in a

completed weld. Then the groove is filled with

electrodes of a relatively small gauge, shown on

the left hand side of the weld.



Part 3. Creep properties of 1 Cr 0,5 Mo
steel welded joints with controlled
microstrudures in the heat affected
zone (HAZ).
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AP3TRACT

Determination of creep properties on Manual Metal Arc (MMA),
welded joints of thick walled pipe of lCr0.5Mo (DIN 13CrMo4
4) steel has been carried out at 550*C in the stress range
90- 250 MPa. Different welding parameters were applied on the
joints in order to control the microstructures in the heat
afffected zone (HAZ) and the weld metal. Parent metal, weld
metal and cross-welds were creep tested with combinations of
microstructures such as refined and coarse grained HAZs and
weld metals in both as-welded (AW) and post weld heat treated
(PHWT) conditions. Metallographical investigation of grain
sises, rupture position and creep cavitation development on
ruptured samples was also performed.

For cross welds in the AW condition refinement improved the
creep properties. After PWHT the creep ductility was signi-
ficantly increased at the same as a considerable reduction of
life was observed. At lower stresses the effects of refine-
ment and especially PWHT were less pronounced. Beneficial
influence of refinement in inhibiting the formation of creep
cavitation was apparent regardless stress level in both AW
and PWHT conditions.
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1. INTRODUCTION

The life of components of low alloy steels which are used in

power generating plants at temperatures above 500*C. is

generally limited by creep. Creep cracking preferentially

appears at weak zones [1. 2, 3]. Final failure is the result

of nucleation, growth and coalescence of intergranular cavi-

ties [41. Weldments, in which microstructures and stress

distributions are complex, are frequently found to be the

weak links in a structure. Therefore, it is essential to be

able to understand the creep behaviour of weldments in order

to avoid premature and brittle failure.

The heat affected zone (HAZ), can be divided into a number of

sub-zones: coarse grained part (CGP), fine grained part (PGP)

and intercritical part (ICP). By control of the welding para-

meters such as heat input into the weld, heat flow through

the joint, preheat temperature, weld bead overlap and the

succession of bead deposits, unfavourable microstructures

such as coarse grained HAZ can be refined. In this way stress

relief cracking during post weld heat treatment (PWHT) can be

avoided [5].

In order to minimize the residual stresses and to stabilize

microstructure post weld heat treatment (PWHT) is commonly

required for heavy section weldments by the design codes. In

addition to stress relief cracking, both beneficial and de-

trimental effects derived from PWHT have been reported [6, 7,

8]. Commercially, the costs for PWHT cannot be neglected,

especially for installation welds which cannot be heat treat-

ed in furnace.

From safe operation and economic point of view, it is import-

ant to understand the influence of various microstructural

factors at elevated temperature application. The purpose of

the present investigation is to determine creep properties of
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weldments of a lCrO.SMo steel which are welded in different

ways resulting in different microstructures (9].

In particular the influence of refinement of the microstruct-

ure as a result of controlled multipass welding is analysed.

The development of creep damage for different microstructures

and test conditions and its relationship to the creep .life is

also emphasized in the present investigation.



- 3 -

2. MATERIAL

The lCr0.5Mo (DIN 13CrMo4 4) material used was in the form of

hot rolled seamless pipes of 219.1 mm outside diameter with a

wall thickness of 20 mm. The material was delivered in a

normalized and tempered condition. The chemical composition

and the mechanical properties of the pipe are given in

Tables 1 and 2 respectively. The German code DIN 17115 for

13CrMo4 4, which is satisfied, is also included. The parent

metal consists of a mixture of ferrite and bainite and the

grain size is about 15 um.

The welding was carried out using ESAB OK 76.18 electrodes

with gauge sizes of 2.5-5 mm. Chemical composition of the

weld metal is also included in Table 1.
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3. EXPERIMENTAL

3.1 Welding procedure

The multipass welding was carried out by Stockholm Energi

using a tungsten inert gas (TIG) welding procedure for the

root bead followed by a manual metal arc (MMA) procedure to

complete the weld. The groove geometry double angle V with

root faces, was used (see Ref. 9). The preheat temperature

was approximately 200*C. Creep testing was performed on diff-

erent microstructures from five welded joints, numbered 1, 2,

3, 4 and 6. Illustrations and photographs of cross-sections

of the weldments are also given in Ref. 9.

An example of measured welding parameters for each bead of

weldment 3 is given in Table 3. Data for the other welds are

found in Ref. 9. The welding was carried out with the tube

mounted on a rotor where the travel speed can be preset. The

current and the voltage were measured. The gross heat input

is calculated from measured data by using the relationship

Q = i-V-v-» (1)

where Q is the heat input in J/iran, I the current in ampere, V

the voltage in volt and v the travel speed in mm/s.

3.2 Post weld heat treatment (PWHT)

Weldments 2, 3 and 6 were cut into two halves of which one

was post weld heat treated. The PWHT was performed in a

chamber furnace at 700*C ±10*C for 2 hours. The heating velo-

city froir 400 *C to 700»C was 80#C/h. The cooling velocity

from 700#C to 400*C was 30'C/h.
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3.3 Hardness measurements

Vickers hardenss with a load of 0.5 kgf (HV 0.5) across sec-

tions of the weldments were Measured at the positions where

the creep test specimens were taken. In addition hardness

profiles across the wall in the centre of the weld Metal were

Measured with a load of 30 kgf (HV 30). The impression inter-

val was 0.25 MR in the HAZ and 1 mm in the weld metal.

3.4 Creep testing

3.4.1 Description and designation of test series

Ten series of creep test specimens were machined from the

weldnents including parent metal (PM). three series of weld

metal (WH) and six cross weld (CW) series. Location of speci-

mens in the weldments is schematically illustrated in Pig. 1.

The parent metal series, designated 6 AP, is in as-delivered

condition. The weld metal series include one series with

microstructure produced by low welding heat input, series

4 AW, and two series with high heat input in as-welded and

post weld heat treated conditions. These series are design-

ated 6 AW and 6 PW. respectively.

The qrain size and microstructure in the as-welded condition

were documented before machining the specimens. The cross

weld specimens were machined at positions where the HAZ

microstructures were coarse, refined and partially refined

respectively. In addition one series was taken from the weld

fabricated of numerous low heat input weld beads in which the

area of each microstructure was small. Thus, a mixture of

coarse and refined microstructures was expected in the samp-

les. Typical microstructures in the HAZ close to the fusion

line are shown in Pig. 2.

In addition, two series which comprise the refined and the
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coarse grained HAZ were post weld heat treated. Table 4 gives

the designation of all test series. Detailed information for

each series is given in Table 5. The parent metal and the

cross weld samples were machined longitudinally from the pipe

whereas the weld metal samples were circumferentially ori-

ented, as shown in Pig. 1.

3.4.2 Test programme

Single specimen, uniaxial constant load creep testing machin-

es were used. Cylindrical specimens with 4 mm gauge diameter

and 40 mm gauge length were creep tested. The testing temper-

ature was 550'C and the stress range was from 90 MPa to

225 MPa for post weld heat treated series and from 110 MPa to

250 MPa for the as-welded ones. With reference to ISO data

[10], the rupture time at the lowest stress is estimated to

be approximately 20,000 and 10,000 h for PWHT and AW series,

respectively.

3.5 Metallography

3.5.1 Specimen preparation

After failure all specimens were metallographically inspected

along a section parallel to the specimen axis. Specimens were

ground with up to 600 mesh silicon carbide papers. Then elec-

tropolishing technique was used in order to expose creep

cavitation as much as possible. Afterwards, mechanical

polishing and ultrasonical cleaning were performed before

etching in 2% Nital solvent.

3.5.2 Procedure for inspection

Metallographical specimens were evaluated with the aid of a

light optical microscope (LOM) at a magnification of

• iij times or lower. The amount of creep damage in the samples
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was determined according to the creep damage ratings In

Table 4 In Ref. 3. At the HAZ the weldment was divided and

denoted as shown In Fig. 1. In cross weld samples all these

parts were damage rated separately.



- 8 -

4. RESULTS

4.1 Hardness

Hardness profiles of all cross weld series 1) from the weld

metal to the parent metal through HAZ and 2) of all welds

from outer surface to inner surface in the centre of the weld

metal are presented in Figs 3 and 4 respectively. For series

in the AW condition the highest values were found in the HAZ,

see Fig. 3.

The HAZ hardness for cross welds with full or partial refine-

ment was lower than that of the one without refinement. This

effect was pronounced especially in the fine grained HAZ at

about 1-3 mm away from the fusion boundary. The hardness

values in the HAZ for PWHT series, represented by filled

marks in Fig. 3, were obviously reduced to the level close to

that of the parent metal. Differences between refined and

coarse grained HAZ were insignificant. Also in the weld metal

there was a reduction of the hardness. The hardness values in

the centre of the weld metal varied little from the outer to

the inner surface. The highest values were observed in weld 4

in which the lowest weld heat input was applied, see Fig. 4.

4.2 Creep testing

Ten sets of specimens including one with parent metal, three

with weld metal and six cross weld series were creep tested

at 550"C. The results are given in Table 6 where ISO data for

parent metal is incorporated for comparison. Log stress vs.

rupture time (tR) is plotted in Fig. 5. Elongation and re-

duction of area vs. rupture time are shown in Figs 6 and 7

respectively. In Fig. 8 the relationship between minimum

creep rate and log stress is presented. Bach figure is sub-

divided in two parts where (a) and (b) show results for the

weld metal and the cross weld series respectively. Results
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for the parent metal are shown in both (a) and (b).

The rupture times for as-welded coarse columnar WM (series

6 AW) were longer than for the fine columnar WM (series

4 AW). The results for the parent metal (6 AP) are similar to

those of 4 AW, see Fig. 5(a). In comparison to ISO data the

as-welded WMs and the parent metal showed longer life at

higher stresses but this difference became smaller with decr-

easing stress. For instance, the ratio of parent metal to ISO

data rupture time decreased from 3.65 at 250 NPa to 1.05 at

110 HPa. PWHT resulted in a considerable reduction of the

rupture times. The difference in life between AW and PWHT

weld metals decreased with decreasing stress.

In Fig. 5(b) it can be seen that there was a dependence of

maximum grain size in the HAZ on rupture time for cross weld

series in AW condition. The high input cross weld with a HAZ

grain size of 150 um, series 3 ACW, showed the shortest rup-

ture times. Longer rupture times were in turn observed for

low heat input cross weld (series 4 ACW, d = 65 urn), partial-

ly refined (series 1 ACW) and refined cross weld (series

2 ACW), where the grain size was 20 urn. This sequence did not

appear strictly at all stresses for the three latter series

above. The difference in rupture time between the series with

the coarsest and the finest HAZ grain size was reduced with

lower stress. At 110 MPa the rupture time for the coarsest

HAZ was about 25% shorter than for the more fine grained

structures. In comparison to ISO data the as-welded cross

weld series showed longer rupture times at higher stresses

whereas the reverse relationship appeared at lower ones.

PWHT resulted in a considerable reduction of the rupture time

at higher stresses, see Fig. 5(b). The difference in life

between corresponding series in AW and PWHT conditions became

less pronounced with decreasing stress. At 110 MPa, the rup-

ture times for the coarse grained cross welds in the AW cor-
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dition (3 ACW) and the PWHT condition (3 PCW) were nearly the

same. Comparing maximum HAZ grain sizes the coarse grained

cross weld series (3 PCW) showed longer rupture times than

the refined one (2 PCW) at all stresses which was the reverse

relationship compared to the results of the AW conditions.

The creep ductility for coarse columnar WM was generally

lower chan for fine columnar WM, see Pigs 6(a) and 7(a).

Underlined marks for series 4 AW refer to a sample tested at

225 MPa, in which a portion of longitudinally oriented HAZ

appeared. PWHT improved the weld metal ductility, especially

the elongation.

Cross welds in AW condition showed lower ductilities than

those of parent and weld metals, see Figs 6(b) and 7(b).

Among AW cross welds a sequence of decreasing HAZ grain size

can be arranged in analogy to the results of time to rupture.

Series 3 ACW with the coarsest HAZ grain size showed the

lowest elongation with values of 1-2.5%, Fig. 6(b). Also the

reduction of area was lowest for this series except for the

value corresponding to the lowest stress. Low heat input and

partially refined HAZ cross weld series with similar grain

sizes also showed a similar variation in creep ductility

which was in general better than for the series 3 ACW. Fully

refined cross weld series 2 ACW, resulted in the highest

creep ductility with elongation and reduction of area values

up to 6.6 and 34%, respectively. The samples with the two

longest rupture times in this series however showed relative-

ly low ductility. The HAZ in these samples consisted of re-

fined microstructure but also portions without refinement

with a grain size of 70 um. Generally, the differences be-

tween AW cross welds tend to become smaller with longer rup-

ture time.

By means of PWHT, significant enhancement of the ductility

was obtained for both refined and coarse grained HAZs at
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higher stresses, see Figs 6(b) and 7(b). There was a signifi-

cant decrease in both elongation and reduction of area with

longer rupture time. At the longest rupture time the values

of elongation for PWHT series were comparable to the ones in

the AW condition. For example, the elongation for the refined

series (2 PCW) at 225 and 90 MPa was 21.9 and 4.9% respect-

ively. The ductility was in general higher for the refined

cross weld series than for the coarse grained one.

Coarse columnar as-welded WH exhibited lower minimum creep

rate at all stresses in comparison to fine columnar WM and

parent metal, see Fig. 8(a). The creep rate for coarse

columnar PWHT weld metal was higher than the AW condition by

two orders of magnitude at 225 MPa and one at 110 MPa. The

creep rate results for cross welds in AW condition were quite

similar to those of the parent metal, see Fig. 8(b). There

were small variations between the cross welds at all stress-

es. No obvious correlations between maximum HAZ grain size

and creep rate could be observed. Like the behaviour of weld

metal, the values of creep rate were dramatically increased

by PWHT. This effect was more distinct for refined HAZ.

The stress dependence of the creep rates is larger for PWHT

than the AW series. The tested material can be assumed to

obey a power law, é = Ao11, where A and n are constants. The

value of n can be determined from Fig. 8. For cross welds and

weld metals in AW condition n-values between 3.4 and 3.9 then

are obtained. For the PWHT series the corresponding values

are n = 7.0-7.3.
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4.3 Metallographic inspection

All creep ruptured samples were metallographically investig-

ated. The rupture position was examined for the cross welds.

The amount of creep cavitation and cracking was evaluated and

rated as described in Refs 3 and 11. In cross welds, parent

metal, weld metal and HAZ were rated separately. HAZ was

divided into different parts as shown in Fig. 1.

For homogeneous microstructures the rupture mode was trans-

granular in the weld metals and intergranular in the parent

metal independent of stress, see Figs 9 and 10. Obvious neck-

ing and strong deformation adjacent to the rupture were ob-

served on both types of materials at all stresses. Close to

the rupture the damage was dominated by cavities to a small

extent in the weld metal (Fig. 9), and by deformed micro-

cracks and cavities to a large extent in the parent metal

(Fig. 10(a)). In as-welded coarse columnar WM (6 AW) and the

parent metal, cavities and microcracks were distributed over

the whole gauge length (Fig. 10(b)), whereas the damage was

only concentrated to the rupture in as-welded fine columnar

WM (4 AW) and post weld heat treated WM (6 PW). The orientat-

ed damage was perpendicular to the stress axis. In the parent

metal the cracking preferably appeared at ferrite-ferrite

grain boundaries with a length of one or two grain facets,

see Fig. 10(b).

The rupture position of each cross weld sample is given in

Table 6. In AW condition all ruptures occurred in the HAZ,

mostly close to the fusion line (HAZ-WM) or in the intercri-

tical part (HAZ-PM), which was the dominating rupture posi-

tion at the lowest stress. At higher stresses failure always

took place in the HAZ close to fusion line (HAZ-WM) for

series 3 ACW, whereas the HAZ-WM and HAZ-PM positions changed

for the other AW series. In PWHT condition the ruptures

occurred in the intercritical HAZ except at the highest



- 13 -

stress where the parent metal was the rupture position.

Results of metallographical studies are given in Table 7.
Amount of deformation, type of damage, damage rating and
rupture mode are summarized for each cross weld series. De-
formation adjacent to fracture was small for all AW series.
Microcracks and cavities to a small or medium extent were
frequently observed, see Figs 11 and 12. Damage distribution
over different microstructures was heterogeneous. No damage
was found in the weld metal and in the parent metal remote
from the HAZ. In the intercritical part of the HAZ and adja-
cent parent metal part (HAZ-PM) microcracks and cavities were
observed for all series at all stresses, see Pigs 11(a) and
13. The extent of damage increased slightly with increasing
rupture time. In the fine grained HAZ separate cavities to a
medium extent, see Fig. 11(b). were dominant for all series
except 3 ACW where only few cavities were visible at longer
rupture times.

For series with refined and partially refined HAZs, series
2 ACW and 1 ACW respectively, no damage was detectable in the
HAZ close to the fusion line (HAZ-WH). This was also true for
cases where the rupture took place in this zone. For speci-
mens tested at the two lowest stresses in series 2 ACW micro-
cracks to a small extent were observed. These cracks occurred
in an unrefined microstructure with a grain size of approx-
imately 70 um which was present in a small part of these two
specimens, see Fig. 14(a). For microstructure being refined
in this region no damage was visible, see Fig. 14(b). Regard-
less of stresses and rupture position microcracks to small
and medium extents were predominant in the coarse grained HAZ
in series 4 ACW and 3 ACW, see Figs 12 and IS. The length of
the microcrack is usually smaller, or equal to a grain facet.
Apart from the rupture position, all the damage in the
various microstructures appears to be intergranular. At the
rupture a mixture of trans- and intergranular crack pro-
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pagation was observed at higher stiesses and intergranular

only at lower ones.

The damage in the PWHT series was quite similar to the

observations in the corresponding AW series, see the damage

rating in Table 7. Typical appearance of cavities and micro-

cracks in HAZ microstructures is shown in Pigs 16 and 17. The

deformation close to the rupture position was stronger for

the PWHT than for the AW series, especially for 2 PCW. This

effect can also be seen on the reduction of area values.

Pig. 7(b).
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S. DISCUSSION

5.1 Lifetime assessment

The difference in rupture time between AW and PWHT series

became smaller with decreasing stress, see Fig. 5. For examp-

le, the ratios of the rupture time between series 3 ACW and

3 PCW were reduced from 2.4 at 225 MPa to 1.1 at 110 MPa.

Obviously rupture time curves for AW and PWHT series which

correspond to each other tend to converge at lower stresses.

There are a number of relationships established in order to

predict long term behaviour from short time tests. A review

of them is given in Ref. 12 and one of these is considered in

the present report [13). This is a parametric extrapolation

method based on the assumption that a plot of log (stress)

versus log (rupture time) will be straight. The basic form of

the tine-stress parameter can be written as

tR = A-o"
v (2)

where tR is the rupture time expressed in hours,

o is the applied stress expressed in MPa,

A and v are microstructure dependent constants.

Fitting Eq. 2 to the creep test data, using the least squares

method, gives values for the constants A and v. Together with

predicted lifetimes from Eg. 2, the resulting equations for

each series including ISO data are given in Table 8.

Linear correlations were found. All the correlations between

tR vs. o had correlation coefficients higher than those cor-

responding to a 98% level of significance. The slopes, which

corresponded to v in Eq. 2, of the uniformed microstructure

were around 4 and close to that of the ISO data, 4.85 c.f.

Table 6. For cross welds in the AW condition the v-values
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varied between 3 and 4. The largest and lowest v-values were

observed for the coarse HAZ without refinement and refined

cross welds respectively. This indicates that the increase of

the rupture time for the coarse grained cross weld is larger

than that of the refined cross weld as stress is decreased.

The largest v-values were observed for the PWHT series, which

thus result in the largest increment of the rupture times as

stress decreases.

Estimated rupture times at a stress of 80 MPa using Eg. (2)

are listed in Table 8. The parent metal and the weld metals

without PWHT coincided with the ISO data in testing and ex-

trapolating stress range. For cross weld series with PWHT an

apparent restoration of lifetime was obtained at 80 NPa, at

which the failure times for series 2 PCW and 3 PCW were long-

er than those for series 2 ACW and 3 ACW, although the fail-

ure times for cross-welds at the tested stresses were con-

siderably lower than of the ISO data.

Rupture curves are typically convex upwards, c.f. Fig. 5.

Hence, the use of Eg. (2) for extrapolation purposes is like-

ly to overestimate rupture times. Also for the present re-

sults a linear correlation of rupture data should only be

used for short time extrapolation. However, the linear cor-

relation seems to be useful for interpolation of data in the

present case.

5.2 The effects of grain size in the AW condition

Microstructural constituents of a weldment in the parent

metal, in the weld metal and in the HAZ can have different

creep and other mechanical properties. The coarse grained HAZ

is often considered as the weakest point due to higher stress

concentration, low ductility, propensity to cavitation and

stress relief cracking [5, 6, 14, 15]. It is therefore essen-

tial to determine the extent to which coarse grained HAZ
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affects the high temperature performance of weldments.

From the present weld trials different grain sizes were ac-

quired both in the weld metal and in the HAZ, see Table 3.

For the weld metals the hardness measurements were essential-

ly the same for a mixture of small columnar and refined mic-

rostructure (weld 4) and a mixture of large columnar and re-

fined microstructure (weld 6), as shown in Fig. 4. This

yields an indication of similar ultimate stress for both weld

metals [15] . The results of rupture time and ductility for

the two weld metals were similar. The coarse columnar micro-

structure (6 AW) showed somewhat longer lifetime than that of

fine columnar microstructure (4 AW) at all stresses, see

Fig. 5, whereas the ductility in general was somewhat lower.

Figs 6(a) and 7(a). The low ductility for the specimen of

series 4 AW tested at 225 NPa (tR = 603 h) was due to

erroneous presence of coarse grained HAZ in a portion of the

gauge. Series 6 AW also showed lower values of minimum creep

rate at tested stresses in comparison to series 4 AW, see

Fig. 8(a).

In compliance with the results discussed above, it seems that

the importance of control of columnar grain size in weld

metal is small. In service exposed components, however, cavi-

tation and creep cracking is frequently concentrated to areas

of coarse columnar weld metal [3, 6, 11].

So-called transverse weld metal cracking can lead to leakage

and brittle fracture during long term service [16, 17, 18].

In the present investigation series 6 AW showed an increased

population of cavitation as time to failure increased, while

4 AW showed a cavitation-free microstructure after rupture at

all stresses. Thus, control of the welding procedure in order

to minimize areas of columnar weld metals is of great import-

ance. The influence of some welding techniques on the amount

of columnar weld metal is described in Ref. 9.
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The effect of grain size in the HAZ on creep properties was

•ore pronounced than that in the weld metal. The shortest

rupture time and the lowest ductilities were associated with

cross welds without refinement where the grain size in the

grain growth part of the HAZ was 150 um (series 3 ACW), see

Figs 5-9. With refinement of the coarse grained HAZ (series

2 ACW), an obvious improvement of creep properties was ob-

served, although the difference of rupture time between

series 2 ACW and 3 ACW decreases with decreasing stress. The

elongation at the two lowest stresses in series 2 ACW was

smaller than at higher stresses by a factor of 2, Pig. 6.

This can be due to small portions without refinement close to

the fusion line observed in these two specimens. In these

areas grain sizes up to 70 pm were measured. The rupture also

took part in the HAZ close to the fusion line whereas the

intercritical HAZ was the rupture position for all other

cross weld series at the lowest stress.

5.3 Creep damage and rupture position

High damage ratings were frequently observed in cross welds

tested at higher stresses in both AW and PWHT conditions. The

amount of creep damage tends to increase at lower stresses.

The damage was concentrated to intercritical and coarse

grained HAZ without refinement at both higher and lower

stresses. For AW series the rupture predominantly took part

in the HAZ close to the fusion line at higher stresses and in

the intercritical HAZ at lower ones. The transition to rup-

ture in the intercritical HAZ seemed to occur at lower

stresses for cross welds without refinement than for refined

ones. For the PWHT series the rupture took part in the parent

metal at the highest stress and predominantly in the inter-

critical HAZ at other levels.

Cross weld creep testing resulting in failure in the inter-

critical HAZ at low stresses and in coarse grained HAZ, weld
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metal or parent metal at higher stresses has been reported

previously [7. 19]. The appearance of damage at the lowest

stress levels in the present study was quite similar to typ-

ical observations in plants, see Fig. 13. In service-exposed

components damage is frequently found in the intercritical

HAZ. so-called type-IV cracking. Type-IV cracking is predo-

minant in cases where failure is due to external bending

forces which can result in stresses similar to the ones in a

long-term isothermal creep test [20].

The creep damage rating of HAZs ii Table 7 refers to the one

in the cross weld sample in which the largest amount of

damage occurred. In most cases damage appeared in both HAZs

of a sample. Somewhat higher amounts were observed in the HAZ

where the rupture took place. In some cases, however, higher

damage ratings occurred in the HAZ without rupture. Rating of

creep damage is often used as a tool for life assessment in

plant components [21]. The present results support experience

from plant components that failure can be quickly developed

from an area where high damage ratings such as microcracks

occur.

5.4 Creep rupture strength in the HAZ

The fine grained HAZ is associated with relatively high creep

ductility and low creep strength [22]. For cross welds a

large amount of the creep deformation thus can be expected to

appear in that zone. Refinement resulted in smaller improve-

ments of the creep ductility in comparison to the influence

of PWHT, Figs 6(b) and 7(b). The effect of refinement was

concentrated to the HAZ whereas PWHT affected the entire

w»ldment. In weldments without refinement grain growth, which

is associated with low ductility, was observed to appear over

approximately half the HAZ. After refinement this part con-

sisted of a microstructure similar to the fine grained HAZ.
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Thus, a close relationship between the enlargement of the

fine grained HAZ and trio increase in cre3p ductility can be

expected and was also verified by the present results.

The effect of refinement can be illustrated by a simple model

describing the cr. <*p strength of the HAZ which has been used

previously, e.g. by Steen et. al. [23]. The weldment is

modelled as consisting of three constituents: weld metal

(WM), heat affected zone (HAZ), and parent metal (PM). In

Fig. 18 an illustration of a cross weld specimen and symbols

defined for the model are given. Using these symbols, the

total axial strain across the joint can be expressed as

e -w+eH-h+ep-p
£ = ^ • avPV(l

No interactions are assumed to occur between the strain

accumulations in the different zones. Differentiation with

respect to time of Eg. (3) yields

(4)

The stress is assumed to be constant over the gauge, o =
_cw

o- = o w = Oj,. A weldment under a nominal strain rate e thus

has different deformation rates in different zones. The model

predicts an inhomogeneous strain rate distribution which is

idealized as shown in Fig. 18. To illustrate the HAZ creep

strength in the present study by this model the minimum creep

rates and the stresses for the present creep tests are tälten

into account. The local strain rate in the weld metal and in

the HAZ is assumed related to that in the parent metal as

(6)
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Combination of (5) and (6) with Eq. (4) yields:

*<*/** = *cw = l-a-P+aV**H <7>

The parameters a and jJ were determined for the present CW-

test series by measurements in optical microscope. For cross

welds where grain growth occurred in the HAZ, that part was

added to the measure of the weld metal. Only fine grained and

intercritical HAZ were accounted as the measure of the HAZ.

The ratios é_ /eD = • and é /éD = « at a given stress were

determined from the minimum creep rates of cross welds,

parent metal and pure weld metal. Hence, *H can be calculated

from Eq. (7).

In Table 9 values of a, p, * and *„ are given for series
CW n

1 ACW, 3 ACW and 4 ACW. From the table it can be seen that

the calculated HAZ strain rate was higher than the nominal

cross weld specimen strain rate. This difference was quite

small at the two highest stresses in series 1 ACW. At lower

stresses and for series 3 ACW and 4 ACW the ratio *H/*CW

(éH/é ) was 3-5 except for series 3 ACW at 225 MPa where it

was about 1.5. The minimum creep rate correlated fairly well

to the time to rupture according to the Monkman-Grant rela-

tionship, é • tR =
 CM_G where CM_G is a constant, for the

present results, c.f. Table 6. Thus, the calculated HAZ

strain rate predicts significantly shorter times to rupture

than the present results of cross welds. This indicates that

there is a beneficial interaction between the different zones

in a cross weld, whereby the creep strength of the weldment

is higher than that of its weakest part, that is the HAZ

[23].

Values of *H were in general higher for the series without

refinement, 3 ACW and 4 ACW than for the partially refined

one, 1 CW. Thus, longer rupture times for refined welaments

are indicated. A correlation between *„ values and rupture
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data of different series is complicated by different a and (1

values for different series and by different rupture posi-

tions .

The influence of refinement can be demonstrated by the

assumption that series 3 ACW and 4 ACW were fully refined. In

such a case the whole HAZ consists of fine grained HAZ and

according to the definition of the measure of the width of

the weld metal, w becomes somewhat smaller. New values of a

and p, denoted a* and fl* in Table 9, were then calculated.

Again, Eg. (7) was used resulting in slower HAZ strain rates,

given by ** in Table 9.

The reduction of the HAZ strain rate, !~(**H/$ )< is predict-
H

ed to be about 35% at all stresses for both series. Conse-

quently, a similar increase in creep strength can be suggest-

ed relating to the Monkman-Grant relationship. This can be

compared to the refined cross welds (1 ACW and 2 ACW) for

which the rupture time at 110 MPa was about 30% longer than

the cross weld without refinement (3 ACW), Fig. 5.

Series 2 ACW, 2 PCW and 3 PCW were not analysed by this

model. For series 2 ACW there is no comparable pure weld

metal test series (1 ACW and 3 ACW were compared to 6 AW all

of them equally welded [9] and 4 ACW was compared to 4 AW).

For series 2 PCW and 3 PCW no comparisons to pure parent

metal in PWHT condition is available. In addition the pure

weld metal series 6 PW, equally welded as weld 3, showed

significantly higher creep rates than series 3 CW. This might

be due to the PWHT where the temperature for weld 6 was 20"C

higher than for weld 3.

5,5 The effects of post weld heat treatment (PWHT)

PWHT is usually required by the design codes for heavy sec-



- 23 -

tion components with weldments exposed at elevated temper-

ature. In addition to stress relaxation microstructural

changes during PWHT are characterized by carbide precipit-

ation, spheroidization, coalescence and modification of the

carbide composition by transfer of transition elements. In

Refs 6 and 24 carbide reactions during PWHT and service are

described.

PWHT was carried out for the weld metal with coarse columnar

grains (series 6 PW) and cross welds with fine (series 2 PCW)

and coarse (series 3 PCW) grained HAZ. Holding time and

temperature during the PWHT were 2 hours and 700*C respect-

ively. These parameters yield a value of PL_M of 19756. PL_M

is the Larson-Miller time-temperature parameter; PL_M =

T(20 + log t_), wl»ere T is temperature in K and tR the rup-

ture time in hours. Assuming that the consequence of PWHT at

short-term high-temperature is equal to that of long-term

creep at 550°C, exposure for 10,000 hours is needed to meet

the Pr „ value of 19756. This amount of time (10,000 hours)

is thus long enough to result in considerable changes in

microstrueture.

In accordance with a previous study [25] PWHT considerably

reduced the hardness in the HAZ and slightly in the weld

metal, see Fig. 3. The variation in hardness between the

coarse and the fine grained cross welds in AW condition dis-

appeared after PWHT and the hardness distribution over the

weldments became relatively uniform.

For cross welds in the PWHT condition the creep ductility was

relatively high at higher stresses. The deformation occurred

over the whole gauge which is consistent with the observation

of uniform hardness and that the deformation can be con-

trolled by plastic flow or dislocation creep. There was a

decrease in ductility towards lower stresses, especially for
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the elongation. Fig. 6. At the lowest stress the elongation

was of the same order as for the as-welded cross welds. Pro-

bably, there is a transition in deformation mechanism over

the investigated stress range where diffusion and cavitation

processes play a larger role at lower stresses. At the lowest

stress the influence of these processes seems to be concen-

trated to the HAZ in which most of the deformation takes

place. The smaller effect of PWHT on creep life and ductility

for long-term creep in cross welds can be associated with the

predominant rupture position, that is the intercritical HAZ

for both AW and PWHT. Thus, a small influence of PWHT in this

zone can be suggested. Consequently, the effect of PWHT on

long-term creep of the weldment as a whole is small.

5.6 Practical consequences of use of weldments with

controlled microstructures

Pull refinement or a large reduction of coarse grained HAZ

and weld metal microstructures has been shown to -)e pract-

icable for MMA-welded joints of thick walled pipes [9]. Re-

fined microstructures showed improved impact properties simi-

lar to the influence of PWHT [9]. Thus, it can be interesting

to replace PWHT by controlled welding resulting in refine-

ment. Pirst, the risk of stress relief cracking is avoided

without PWHT. Then, both creep strength and ductility were

improved by refinement in AW-condition. Comparing refined and

PWHT cross welds at the lowest stress tested, the time to

rupture was a factor 1.5 longer and the elongation of the

same order, Figs 5(o) and 6(b). Thus, comparing a convention-

al weldment in PWHT condition and a fully refined one in AW

condition there are in practice no investigated properties

which makes the conventional weldment preferable. For the

refined weldment, however, the improved cross weld creep

strength is of great importance since it is an improvement of

a critical part of a plant construction. Although this im-
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provement might be insignificant at nominal service stresses
the effect can be gained in cases where stresses are elevated
e.g. stress concentrations due to component design and system
stresses.
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6. CONCLUSIONS

Creep testing on MMA-welded joints of a thick walled pipe of

lCr0.5Mo steel has been carried out at 550*C. The influence

of controlled HAZ microstructures and PWHT on creep proper-

ties were studied. Development of creep cavitation on ruptur-

ed samples were metallographically investigated.

1. Time to rupture for parent metal and as-welded weld

metals coincides with ISO data. The influence of heat

input in the weld metal was small.

2. For cross welds in AW condition with refined or parti-

ally refined HAZs the time to rupture was similar to

the parent metal at higher stresses and shorter by a

factor of 2 at lower ones. The creep life for the re-

fined HAZ cross welds was approximately 30% longer than

for the coarse grained one at 110 MPa. This difference

was in general greater at higher stresses.

3. The creep strain rate in the HAZ was calculated using a

simple model. The model predicts 30-35% longer creep

life as a result of refinement of the investigated

cross welds.

4. Low creep ductility was observed for cross welds with-

out PWHT. The elongation varied between 1 and 7%. The

elongation was correlated to the width of the fine

grained and the intercritical HAZ in which a large

amount of the deformation took place. Refinement re-

sulted in an enlargement of fine grained HAZ and an

improvement of the elongation, both of about a factor

of two.

5. The effect of PWHT on ductility in cross welds was

large at high stresses. Elongation values up to 30%
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were measured. This effect decreased towards lower

stresses resulting in small differences at the lowest

one.

6. The times to rupture were significantly shorter as a

result of PWHT at higher stresses. This effect became

smaller with lower stress. Rupture curves of AW and

PWHT cross weld series tend to converge at longer times

to rupture.

7. Extensive creep cavitation and many microcracks were

found in the cross welds. The damage was concentrated

to coarse grained and intercritical HAZ whereas the

refined microstructure in general was damage-free. High

damage ratings were determined at all stress levels.

The amount of damage tended to increase with the time

to rupture.

8. The rupture position of all PWHT cross welds was in

the intercritical HAZ except at the highest stress at

which the rupture took place in the parent metal. For

AW cross welds there was a transition of the predomin-

ant rupture position from the HAZ close to the fusior.

line at higher stresses to the intercritical HAZ at

lower ones.

9. Present creep test and previous impact test results [9]

suggest that PWHT can be replaced by refinement of

thick walled lCrO.SMo tube welds. Such performance can

result in improved creep strength of the HAZ without

detoriated ductility and impact properties.
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Table 1. Chemical ccroositions (wt-%)

Parent metal

Weld metal

DIN 17175 0

C

0.15

0.039

.08-0.18 0.

SI

0.28

0.42

10-0.35 0

Mn

0.52

0.79

.40-1. 00

0

0

< 0

P

.014

.013

.035

0

0

< 0

S

.017

.009

.030 0

Cr

0.94

1.34

.70-1. 10 0

No

0.59

0.61

.40-0 .60



Table 2. Mechanical properties

Specimen

1

2

DIN 17175

Direction

Longitudinal

Testin,
temp.

20*C

20#C

Yield
stress
(MPa)

410

384

> 290

Tensile
stress
(MPa)

542

517

440-590

Elongation
(Lo - 5 d)

(%)

32

28

> 22



Table 3. HMA welding parameters for each bead of weldment 3

Weld
bead
number

1

2

3

4

5

6

7

8

9

10

Electrode
diameter

(mm)

2.5

3.25

3.25

3.25

3.25

3.25

4

4

5

5

Current

(A)

75

109

109

110

110

110

143

14.1

182

182

Voltage

(V)

23

24

24

24

24

24

25

25

26

26

Travel
speed
(mm/s)

1.80

1.83

1.83

1.46

1.36

2.40

1.93

1.75

1.82

2.33

Preheat
temp.
CO

200

200

2C0

200

200

220

210

170

170

170

Heat
n-I
(J/i

n = 1

960

1430

1430

l<?00

1930

1100

5850

2050

2610

2030

: input

ram)
n = 0.75

720

1070

1070-

1350

1450

820

1390

1530

1950

1530

arc efficiency



Table 4. Definitions and designation of test series

PM - parent metal

HAZ - heat affected zone

WM - weld metal

CW - cross weld

AW - as-welded

PWHT - post welded heat treatment

Example of designation of test series:

1 A CW

structure including CW, P(PM) or W(WM)

heat treatment including A(AW) or P(PWHT)

weld number: 1-6



Table 5. Parameters for creep test series

Designation

6 AP

4 AW

6 AW

6 PW

2 ACW

1 ACW

4 ACW

3 ACW

2 PCW

3 PCW

Number of

specimens

5

5

5

5

5

5

4

5

5

5

AW/PWHT

-

AW

AW

PWHT

AW

AW

AW

AW

PWHT

PWHT

Microstructure

PM (d = 15 urn)

Fine columnar and
refined WM

Coarse columnar and
refined WM

Coarse columnar and
refined WM

CW, Refined HAZ

CW, Partially re-
fined HAZ

CW, Coarse grained
HAZ

CW, Coarse grained
HAZ

CW, Refined HAZ

CW, Refined HAZ

Max. grain

size in HAZ

(Vim)

-

-

-

—

20

60

65

150

20

150

Distance to

the outside*

(mm)

-

7

-

9

10

7

3

9

3

Weld heat

input**

(J/mm)

-

640

1450

1450

-

1440

640

1950

-

1950

* Distance between the location in the weldment where the specimens were machined and the outside
of the weldment.

** Values for weld heat input corresponds to the bead where specimens were taken.



Table 6. Creep test results. T = 550*C 1 (5)

I Series ! Stress I ISO I Time to I Elong- I Reduction
I I (MPa) I data I rupture I ation I of area
I I I (h) I tR (h) I A,, {%) I Zv (%)

Minimum I
creep rate I
ém. (h-M I

CM-M-G
ISO data

6 AP

4 AW

250

225

185

145

110

250

225

185

145

110

112

317

1043

2957

9718

112

317

1043

2957

9718

409

563

1332

3365

10166

363

603

1235

3532

10822

12.6

17.7

20.8

7.9

13.6

19.7

5.6

39.1

10.6

21.1

36.0

41.2

47.2

50.4

32.7

67.4

23.8

82.5

58.0

70.0

8.14x10-»

4.79x10-»

1.09x10"s

3.48x10-»

2.03x10"»

3.29x10"»

2.32x10"»

9.57x10"»

4.35x10-»

1.36x10"»

3.65

1.78

1.28

1.14

1.05

3.24

1.90

1.18

1.19

1.11

0.033

0.027

0.015

0.012

0.021

0.012

0.014

0.012

0.015

0.015



Table 6. Creep test results. T = 550*C 2 (5)

I Series I Stress I ISO I Time to I Elong- I Reduction I Minimum I tr
(MPa) I data I rupture I ation I of area I creep rate I

CM_

I (h) I tp (h) I hK (%) I Zv (%) I £„ ISO data
M-G

6 AW

6 PW

250

225

185

145

110*

225

185

145

110

90*

112

317

1043

2957

9718

317

1043

2957

9718

18980

381

741

1649

3957

48

144

1228

5124

12.3

14.6

14.4

13.3

25.4

20.9

18.4

20.1

76.8
78.7

80.6

45.8

84.0

79.8

82.7

76.7

1.89x10"'

1.08x10-»

5.81x10"»

2.94x10-»

1.03x10-»

3.9äxlO-J

3.76xlO-«

4.17x10"»

1.09x10"»

4.09x10-'

3.40

2.34

1.58

1.34

0.15

0.14

0.42

0.53

0.007

0.008

0.010

0.012

0.190

0.054

0.051

0.056

'Samples in progress



Table 6. Creep test results. T = 550*C 3 (5)

Series

2 ACW

1 ACW

Stress
(MPa)

250

225

185

145

110

250

225

185

145

110

ISO
data
(h)

112
317

1043

2957

9718

112
317

1043

2957

9718

Time to
rupture
tR (h)

358

522

961

1562

5258

301

486

877

2276

5251

Elong-
ation
A K (%)

6.6

4.5

5.4

3.0

2.5

4.4

5.5

2.5

4.7

4.0

Reduction
of area
ZK {%)

34.0

10.4

24.8

9.8

15.0

6.5

25.3

9.5

26.0

28.4

Minimum
creep rate
ém. (h-M

6.91x10-»

2.15x10-»

1.52x10-»

4.63x10-»

2.51x10-»

5.24x10'»

3.10x10-»

1.55x10-»

5.15x10-»

3.11x10-»

*R
ISO data

3.20

1.65

0.92

0.53

0.54

2.68

1.53

0.84

0.77

0.54

CM-G

0.025

0.011

0.015

0.07

0.013

0.016

0.015

0.014

0.012

0.016

Rup-
ture
pos.

HAZ-PM

HAZ-WM

HAZ-PM

HAZ-WM+
HAZ

HAZ-WM

HAZ-PM

HAZ-WM

HAZ-PM

HAZ-PM



Table 6. Creep test results. T = 550*C 4 (5)

I Series I Stress I ISO I Time to I Elong- I Reduction I Minimum I t
I I (MPa) I data I rupture I ation I of area I creep rate I

CM-M~G

i i I (h) I tR (h) I AK {%) I Z K (%) ém,
ISO data

I R u p - I
I ture I
I pos. I

4 ACW

3 ACW

250

225

185

145

110

250

225

185

145

110

112
317

1043

2957

9718

112

317

1043

2957

9718

341

732

1679

5136

135

227

749

1301

3966

_

4.4

2.6

2.4

4.1

2.5

1.0

1.5

1.5

2.5

_

24.6

19.5

10.1

23.6

8.0

4.2

10.7

6.9

20.5

_

4.24x10"»

1.38x10-»

5.92x10-»

2.60x10"»

6.14x10-»

2.68x10"»

1.16x10-»

5.80x10"»

3.05x10-»

1.08

0.70

0.57

0.53

1.21

0.72

0.72

0.44

0.41

_

0.01S

0.010

0.010

0.013

0.008

0.006

0.009

0.008

0.012

-

HAZ-PM

HAZ

HAZ-WM

HAZ-PM

HAZ-WM

HAZ-WM

HAZ-WM

HAZ-WM

HAZ-PM



Table 6. Creep test results. T = 550*C 5 (5)

L Series I Stress I ISO I Time to I Elong- I Reduction I Minimum
I I (MPa) 1 data I rupture I ation I of area I creep rate

CM-G

1 I (h) I tR (h) I A K (%) I Z K (%) ISO data

Rup-
ture
pos.

2 PCW

3 PCW

225

185

145

110

90

225

185

145

110

90

317

1043

2957

9718

18980

317

1043

2957

9718

18980

33

150

683

2671

7126

66

312

988

3524

8521

32.3

29.5

24.6

11.8

4.9

17.6

12.9

10.3

5.4

6.0

82.0

78.0

77.4

58.0

50.0

79.4

24.4

51.1

30.5

29.0

5.44X10-3

4.82x10"*

9.44x10-»

1.99x10-»

4.95x10-"

1.57X10"3

1.57x10-'

2.73x10"»

6.78xlO-«

1.89x10-*

0.10

0.14

0.23

0.28

0.38

0.21

0.30

0.33

0.36

0.45

0.18

0.072

0.065

0.053

0.035

0.100

0.049

0.027

0.024

0.016

PM
HAZ-PM

HAZ-PM

HAZ-PM

HAZ-PM

PM
HAZ

HAZ-PM

HAZ-PM

HAZ-PM



Table 7. Results of metalloqraphic investigation on ruptured cross welds

Series

2 ACW

1 ACW

4 ACW

3 ACW

2 PCW

3 PCW

Deformation
close to
rupture

Small

-»-
_ I» _

Strong

Small

Damage close
to rupture

Microcracks
and cavities

- • • -

Microcracks

Microcracks
and cavities

Damage rating

PM

1

1

l

1

1

1

HAZ-PM

4b-4c

4c

4c-4d

4b-4c

4b-4c

4b-4d

HAZ

2b-2c

2b-2c

2b-2c

l-2b

2c-2d

2c-2d

HAZ-WM

1

1

4b-4c

4c

1

4c

WM

1

1

1

1
1

1

Crack propagation

Rupture

High stress:
Mix of trans - &
intergranular
Low stress:
Intergranular

_ » _

_ ii _

Intergranular

High stress:
Transgranular
Low stress:
Mix of trans- &
intergranular

High stress:
Mix of trans- &
intergranular
Low stress:
Intergranular

Away from
rupture

Inter-
granular

_ it _

— « —

_ M —



Table 8. Regression
Eq.

Designation

ISO Data

6

14

16
1

2

3

4

16

2

3

AP

AW

AW

ACW

ACW

ACW

ACW

PW

PCW

PCW

(2)
equations and

Regression Equation

igtR =

igtR =

igtR =

igtR =

igtR -

igtR =

igtR =

igtR =

igtR =

igtR =

igtR =

13.87 - 4.85

12.08 - 3.96

12.42 - 4.11

12.70 - 4.20

10.83 - 3.47

10.04 - 3.12

11.84 - 4.02

11.36 - 3.75

17.54 - 6.75

15.11 - 5.73

14.04 - 5.14

predicted lifetime using

lgo
lgo

lgo

lgo

lgo

lgo

lgo

lgo

lgo

lgo

lgo

Predicted lifetime
(xlO3 h) at 80 HPa

44
35

40

51

17

13

15

17

49

16

18



Table 9. Minimum creep strain rate ratios In the HAZ

I Series I Stress CW •* I 1 - 1

1 ACW

3 ACW

4 ACW

250
225
185
145
110

250
225
185
145
110

225
185
145
110

0.40

0.54

0.50

0.16

0.125

0.08

0.64
0.65
1.42
1.47
1.53

0.75
0.56
1.06
1.67
1.50
0.89
1.27
1.70
1.28

0.66
0.73
5.69
4.47
5.87

2.33
0.81
3.51
7.09
7.12
2.87
5.12
8.19
6.56

0.45

0.45

0.215

0.13

1.45
0.56
2.28
4.47
4.33

1.95
3.49
5.51
4.30

0.38
0.31
0.35
0.37
0.35
0.32
0.32
0.33
0.35



Parent
metal

HAZ Weld metal

1Cr 0.5 Mo pipe
0219/U2O mm

Weld metal specimen
Cross weld specimen

or or, Section of
pipe weld

WM-HAZ HAZ
W.M JHAZ-WMJ HAZ-PM

_ i n l | | l | , I t^ |
PM
I

Weld
metal

HAZ Parent
metal

Section OT
CW-
specimen

-H-Mt-

Fig. 1 Schematical drawing of position and direction of
creep specimens. The distance (CO) from the speci-
men to the outside of the wall section for differ-
ent series is given in Table 4. Division and de-
notation of parts of cross weld samples in which
creep damage was evaluated.



(c) coarse grained HAZ from series 4 ACW (d) COarse grained HAZ from series 3 ACW
(d = 65 vim) (d = 150 pm)

Fig. 2 Typical microstructures in the riAZ without PWHT
nrinr t-o rrosn fBBfino.
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. d - 1 5 0 )

-2 -a o a 2 3 4 s
DISTANCE from FUSION BOUNDRRV irrtn)

Fig. 3 Hardness profiles in the HAZ across the weldments
at the position where creep test specimens were
taken for all cross weld series.
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Fig. 4 Hardness profiles through the wall in the centre of
the weld metal for the creep tested weldments in AW
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LOG(STRESS) MP*
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1 .

3
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O
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6PW

DATA

(PM,
(WM,
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As-Del i
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AW,High
PWHT.Hi

vered,d=15)

Welding Heat

Welding Heat

K

Input)

Input)

gh Welding Heat I n p u t )
_) 1 • • f

ICrO. 5Mo STEEL, 55O*C

»>

1E-4-1 1E+-3

RUPTURE TIME (h)

rig. 5(a) Log stress vs rupture time for the parent and the
weld metals. ISO data (shown in told line) is
included for comparison. Tests on series 6 AW and
6 PW at 110 and 90 MPa respectively are still in
progress, indicated by arrows In the plot.
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,d = 60)\^

65)

150)

, d = 1 5 0 )

lCrO.SM© STEEL^ 550*C
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RUPTURE TIME (h)

Fig. 5{b) Log stress vs rupture time for cross welds. ISO
data and results for the parent metal are in-
cluded.
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Fig. 6(a) Elongation vs rupture time for parent and weld
metals.
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RUPTURE TIME (h)

1E+4 lE+5

Fig. 6(b) Elongation vs rupture time for cross welds and
parent metal.
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Fig. 7(a) Reduction of area vs rupture time for parent and
weld metals.
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Fig. 7(b) Reduction of area vs rupture time for cross welds
and parent metal.



MINIMUM CREEP RATE ( l / h )

1E-2

1E-3 -

1E-4 -

1E-5 - -

1E-6 - -

1E-7
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O 6AW (WM,AW,High Me ld ing Heat I n p u t )

• 6PW (WM.PWHT.High Welding Heat I n p u t )

1 . 9 2 . 1 2 . 3

LOG(STRESS) MPa

2.5

Pig. 8(a) Minimum creep rate (ém) vs log stress for parent
and weld metals.



MINIMUM CREEP RATE (l/h)
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lCr0.5Mo STEEL, 550*C

* 6AP (PM,As-Delivered, d=15)

• 2ACW (CW,AW,Refined HAZ,d=20)

a 1ACW (CW,AW,Partially Refined HAZ,d=60)

A 4ACW (CW,AW,Coarse Grained HAZ,d=65)

A 3ACW (CW,AW,Coarse Grained HAZ,d = 150)

• 2PCW (CW.PWHT, Refined HAZ,d=20)

• 3PCW (CW.PWHT, Coarse Grained HAZ,d=150)

1.9
—I 1 1 p — - i —

2.1 2.3

LOG(STRESS) MPa

2.5

Pig. 8(b) Minimum creep rate (ém) vs log stress for cross
welds and parent metal.



Fig. 9 Transgranular fracture and strong deformation in
fine columnar weld metal, 110 MPa at 550*C, t R =
10,822 h. 200X.

Fig. 10 Parent metal, 110 MPa at 550°C, t R = 10,166 h.
(a) Intergranular fracture. Large cavities in grain

boundaries. 200X.
(b) Material 7 nun away from the fracture. Cavities

and mlcrocracks in grain boundaries. 400X.



Fig. 11 Intergranular fracture in the HAZ close to PM (HAZ-
PM) in the AW condition from (a) series 1 ACW with
partially refined HAZ, 145 MPa at 550»C, t R =
2,276 h, 200X, and (b) series 2 ACW with refined
HAZ, 185 MPa at 550°C, tR = 961 h. Cavities to a
medium extent appears in the fine grain part of the
HAZ. 200X.



Fig. 12 Series 3 ACT*. Intergranular microcracks in the
coarse grain part of the HAZ close to fracture. AW
condition, 145 MPa at 550°C,
position: HAZ-WM. 200X.

t R = 1,301 h. Rupture

Fig. 13 Series 4 ACW, in the AW condition, 110 MPa at
550"C, tR = 5,136 h. Type-IV cracking in the inter-
critical HAZ (HAZ-PM). 50X.



Pig. 14

Pig. 15

Series 2 ACW with refined HAZ. AW condition,
110 MPa at 550-C, to = 5,258 h.
(a) Intergranular microcracks at the rupture which

initiated in a small area of coarse grained HAZ
without refinement (d = 70 u ) . The fusion line
is present to the right, indicated by arrows.
200X.

(b) Pine grained HAZ without damage. 400X.

f •—
Intergranular microcracks in the coarse grained
part of the HAZ. Series 3 ACW, AW condition,
110 MPa at 550'C, t R = 3,966 h. The rupture occurr-
ed in the intercritical HAZ (HAZ-PM). 200X.



Fig. 16 Series 2 PCW. PWHT condition, 90 MPa at 550'C, t g
7,126 h. Rupture occurred in the intercritical HAZ
(HAZ-PM).
(a) Microcracks *n the intercritical HAZ, 200X.
(b) Separate cavities in the fine grained HAZ,

200X.
(c) Refined HAZ at the fusion line. The weld metai

is to the »-ight of the arrows. 400X.



-s?

Fig. 17 Series ? PCW. PWHT condition. Intergranular micro-
cracks and strings of cavities in the coarse grain-
ed HAZ, 90 MPa at 550°C, tR = 8,521 h. Fracture
occurred in the intercritical HAZ (HAZ-PM). The
fusion line is to the left, indicated by arrows.
200X.



a = u>

p/2

PM

u,
h/2

WM

p/2

PM

-HAZ

Fig. 18 Symbols for a modelled cross weld creep test spe-
cimen and an idealized strain rate distribution.
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