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ABSTRACT

In order to predict the stress reduction during stress

relief heat treatment in welded joints of the pressure

vessel steel A533B, uniaxial stress relaxation as well

as creep tests have been performed. The specimens were

isothermally stress relaxed between 600 and 640 C from

initial stresses corresponding to specimen elongations

of C,25, 0,5 and 2,0%.

; tress relaxation results are excellently described

j Norton relationship. The magnitude of the initial

s*r< ss has been found to affect the stress relaxation

i , the beginning of the tests, but at times longer

- ran one hour the effect is very small. Creep strain

.ata frcm creep tests in the actual temperature

nterval was converted to describe stress relaxation

.ehaviour as well.

he results will be used in a forthcoming study to

predict the multiaxial stress reduction in thick

weldments of A533B.
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1 INTRODUCTION

The effect of stress relief heat treatment on the

reduction of the residual stresses in thick plates

where multiaxial stressas are present has not yet been

fully clarified. This is a problem especially conserning

nuclear pressure vessels where welded heavy components

are used. Measurements of the residual stresses around

a weld from a light water reactor pressure vessel has

been studied at Studsvik Energiteknik (1). The specimen

was stress relief annealed for 5 hours at 62Q°C and the

three-dimensional distribution of stresses was examined

at different levels through the thickness. This study

shows that high stresses close to the yield stress can be

present inside the weld after the stress relief h3at

treatment. The reason is propably that multiaxial

stresses are present in thick components, which relax

much slower than stresses in thinner components.

In a previous study the stress reduction during stress

relief annealing has been investigated for different

steel grades and alloys (2). Uniaxial stress relaxation

measurements under isothermal conditions were performed.

The results were compared with the reduction of stresses

in 12 rrm thick welded joints, due to stress relief annealing. The

stresses was measured by the X-ray diffraction technique. It was shown

that the reduction of stresses through stress relief cinealing

could well be calculated from stress relaxation tests.

To calculate the reduction of multiaxial stresses in

heavy welded joints, uniaxial stress relaxation and creep

data are needed. The purpose of the present investigation

is to determine constitutive equations for these proper-

ties. Stress relaxation and creep behaviour are measured

in the temperature interval 600-640°C for weld metal and.

parent material of the pressure vessel steel A533B.



EXPERIMENTAL DETAILS

2.1 Materials

The largest internal stresses in a pressure vessel are

formed during welding and situated in the vicinity of

and inside the welds. For this reason both parent

material and weld metal from two submerged are welded

specimens of A533B are investigated. It would have been

desirable to examine also the heat affected zone (HAZ)

but with the technique used to measure the stress

relaxation behaviour it is not possible to produce test

specimens with gauge lengths long enough to obatin

reliable results. The parent material and the weld metal

from a welded joint with a plate thickness of 60 mm

which was stress-relief annealed for 10 hours at 620 C

before testing will be refered to as Ap and Aw

respectively. Bp and Bw refer to parent material and

weld meta] of a full scale weld (thickness * 170 mm)

which has not been post-weld heat-treated prior to creep

and stress relaxation tests. In table 1 the chemical

composition for the four variants are given.

2.2 Experimental techniques

Both the stress relaxation and the creep tests were per-

formed in an ADAMEL TR-3 equipment. This machine permits

isothermal stress relaxation and creep tests between room

temperature and 1000°C and stress levels up to 400 MPa

can bo used. The specimens used have diameter of 4 mm

and the gauge lengths are 32 and 100 mm for the weld and

the parent material respectively. The specimens from the

weld were taken such that the axis of tension were per-

pendicular to the welding direction, which means that each

specimen from the weld contains several runs along its

gauge length. The root runs were avoided in the specimen



fabrication.

The stress relaxation tests were performed from three

different strain levels namely 0,25%, 0,5% and 2%

total elongation in order to clarify the effect of

the initial stress o (or plastic strain) on stress

relaxation behaviour. The loading rate was approximately

0,3 MPa.s-1 Three temperature levels from BOO C to

640 C have been examined.

In order to study the possibility of using creep strain

results for the calculation of the stress relaxation

behaviour, a few creep tests have been performed in the

temperature range of stress relief annealing.



RESULTS AND DISCUSSION

3.1 o-e data at 600 to 640 C

When applying the load in the stress relaxation test,

it is possible to register the stress as a function of

the strain. The loading rate is approximately constant

(0,3 PIP a s ) resulting in an increased strain rate

at very low strains to
—fi —

during loading from ~5*10 s
-4 -1~2*10 s at strains of about 2\. The o-e curves have

been recorded in all cases where the total elongation

of the specimen were 2\. In Fig.1 the curves are shown

in the temperature interval from 600 to 640 C. The flow

stresses at a total strain of 2% have been found to vary

from 175 to 280 MPa with about 30 MPa higher values for

the weld metals than for the parent materials. The flow

stresses from the weld metals seem to scatter more than

the other casts, probably due to the mixture of different

structures in multi run welds. (The welds contain

equiaxed as well as elongated crystals and annealed

areas as well as not heat affected areas).

The stress values mentioned above are valid in the actual

temperature interval, where the elastic modulus is about
2

150.000 N/mm . If it is supposed that the elastic strains

causing the internal stresses are constant during the

cooling down to room temperature after heat treatment,

the internal stresses will increase with a factor of

-1,4 due to the increased value of the elastic modulus

when the temperature is lowered (E »210000 N/mm at room

temperature). This means in the uniaxial case that

acording to Fig. 1 no stresses above 1,4x280MPa2400 MPa

can exist at room temperature if the compontent has

been heat treated at 600°C.



3.2 Uniaxial stress relaxation at BOO to 640 C

An example of a stress relaxation curve is shown in

Fig.2. During the first 5-15 minutes the load will

increase with a constant loading rate until a desired

total strain level is reached. From this moment the

length of the test specimen is kept constant and, if

the temperature is high enough, the material begins

to creep causing a reduction of the stress level; the

stress relaxation has begun.

A common relation used to describe the creep rate at

low stress levels is the Norton relationship

££ = A
dt M (1)

where A and n are constants independent of the tempera-

ture. The definition of stress relaxation is that the

total elongation ( E . . ) is constant

'tot e , + e , = constant (2)

where e •• and e , are the plastic and elastic strains

respectively. The equation can also be written

dt dT " '7'^
(3)

where E_ is the elastic modulus at the actual tempera-

ture. The stress relaxation rate can now be deduced

from (1) and (3)

HZ = - ET . A .a
1

dt '
(4)



All the stress relaxation results havf. been plotted as

stress Co) against the stress relaxation velocity

I- -T?-) in a double logarithmic diagram to enable an

evaluation of the constants n and A. The Figs 3-6

describe the stress relaxation tests performed in this

investigation, and it is clear from the figures that

the results fit well to the Norton relationship

The value of n as well as the initial stress o from
o

each test are evaluated and given in table 2. The

average values and standard deviations of n obtained

for each material are n(A ) = 3,8±0,2, n(A )=4,5±0,2»
p w

n(B ) = 4,7±0,3 and n(Bw)= 4,3+0,7. From the results

it is clear that the n-value for the stress relieved

parent material (A ) clearly deviates from the three

other variants.
In the Figs 3-6 it is clear that irrespectively of

which total strain is chosen in the interval 0,25 to

2,0%, the stress relaxation velocity (- -rr) is the

same. There is just one exeption for the Aw material,

where the lowest applied stress caused somewhat higher

stress relaxation velocity at 600°C than with total

strains of 0,5 and 2,0%, see Fig.4.

In order to calculate the activation energy for the

stress relaxation process, three different tempera-

tures from 600 to 640°C have been investigated for the

four variants. From the Figs. 3-5 the logarithm of

the rate of stress reduction U og (--rr))is evaluated at

three different stress levels. It is plotted against

the inverse of the temperature in Fig.7. The slopes

give the activation energies at the three stress levels

for each material. Due to the large scatter, no evalua-

tion of the activation energy has been made for the B

variant. From the three other variants the activationw

energies are estimated to 01A ) - 340±30kJ-Mole-1



Q(A )=450±40k3-Molew '1 and Q(B

Comparing Fig.6 with the Figs. 4 and 5 indicates that

the activation energy of B is probably close to those

of A w and B p.

Because of the rather small differences of the values

of n and 0 respectively between the materials A , B
J w p

and B they can all be described by the same expression,w -1With n=4,5 and Q=460kJ»Mole and with the elastic
2modulus ET=150000 N/mm in the actual temperature

interval,the constant A in the Norton relationship can

be evaluated, and we get for A , B and B
w p w

da
dt (5)

The corresponding expression for the A material is

3,86-1011o3'8.expC-34°°20-) (6)

The stress in these expressions is assumed to be in

u'nit of MPa. From the two expressions we can see that

the first eqn. is less dependent of both the temperature

and the actual stress level during the stress relaxation.

The influence of the initial stresses [o ) on the stress

level during the stress relaxation can be evaluated if

the two expressions are integrated. Supposing that the

stress relaxation starts at t =0 with an initial stress
oaQ we get for Bp and

.3,!
L ) [MPa"

3'5J I?)

and for A

[MPa"2'8] (8)



The expressions are graphically illustrated in Fig.8

and 9 to make it easy to compajJ the effects of diffe-

rent initial stresses on the stress levels at tempera-

tures between 600 and 640°C. Generally the initial

stresses influence the remaining stresses in the be-

ginning of the stress relaxation period but not at

all after about 1 hour,if the initial stresses are

between 100 and 300MPa. It is also clear from Figs 6

and 9 that the remaining stresses are lower for the

A material than the three other variants, an effect
P
that is stronger at low temperatures.

According to earlier comparisons between isothermal

stress relaxation and stress reduction due to stress

relief heat treatment in 12 mm thick welded joints (2),

expressions estimated in this way well describe the

reduction of the internal stress level in welded joints

of thin plates during stress relief annealing. During

cooling after the heat treatment the elastic modulus

will grow from -150000 N/mm to -210000 N/mm at room

temperature. This effect causes as discussed above

concerning the flow stresses a rise of the remaining

stresses with a factor of 21/15 • 1,4.

3.3 Usage of creep data to describe the stress

relaxation in the temperature interval' 600

to 640°C

Creep strain data have been found in literature for the

material A533B in the temperature interval 454 to 510°C

at stresses from 200 to 450 MPa (3). The secondary creep

rate fit well to an exponential relationship like

é-B'exp(ga)'exp(- J^J ) where B and 0 are constants nearly

independent of the temperature. The value of $ is 0,05.

The temperature depend nee of the creep rate could be

described by an activ ion energy 0 of about 440kJ«Mole



An exponential expression like the one mentioned above

is often valid for creep at high stress levels. At lower

stresses the Norton relationship is the usual one to

describe the secondary creep rate. For example, a

quenched and tempersd steel with the same compostion as

A533B but without nickel tested in the temperature in-

terval 500 to 550°C at stresses from 130 to 300 MPa (4)

follows the Norton law with the exponent n=4,5. (This

steel will creep a little slower than A533B because of

the lower nickel content). The literature data above

(3,4) have given almost the same values of n and Q as

given in the equation describing the stress relaxation

(-T?) for the A , B and B materials. However if creepdt w p w
strain data are to be used to describe stress relaxation

behaviour with any accuracy, the creep test have to be

performed in the same temperature interval and at the

same stress levels as the converted stress relaxation

curves are thought to describe.

In this investigation creep tests of the B material

have been performed at temperatures between 600 and

640 C. The secondary creep rate was converted with

eqn. 3 to describe stress relaxation behaviour. In

Fig. 10 the results from the creep tests are compared

with the actual stress relaxation behaviour of the

same material at the same temperatures. The conclusion

is that the creep data can be used to describe the

stress relaxation behaviour quite satisfactorily.

3.4 Constitutive equation for creep and stress

relaxation

If it is assumed that the creep rate in a multiaxial

case is controlled by the effective stress o as is

conventionally done, constitutive equations can be

derived from the uniaxial expressions (5) and (6).
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Dl *°e .. m C9)

e., is creep strain tensor, S.. the stress deviator

a., is the stress tensor, 6.. the kronecker delta» and
c the effective stress

(10)

the constants D., n,, and 0-. take the following values
for the materials A , B , and B .

n1 • 4,5

Q1 • 460 [kJ/mole]

and for the material A
P

D2 - 2 ,57 '10 6 [MPa"3'5s~1J

n 2 - 3 , 8

Q2 - 340 [kJ/mole]

As discussed above the validity of eq.(9) has been de-
monstrated both for uniaxial creep and uniaxial stress
relaxation.
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CONCLUSIONS

1. The uniaxial stress relaxation of parent material

and welds of the pressure vessel steel A533B

between 600 and 640 C can be described by a

Norton relationship.

2. The magnitude of the initial stress caused by

the elongation of the specimen, initiating the

stress relaxation tests, affects the remaining

stress level only in the beginning of the stress

relaxation tests.

3. In the actual temperature interval it has been

fo.nd that creep strain data can be used to

describe the uniaxial stress relaxation behaviour.

4. A constitutive equation for the multiaxial case

has been proposed (eq.9). This equation is be-

lieved to describe both creep and stress relaxa-

tion of components.
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Table 1 Chemical composition (in per cent)

AP
X

A x

B P
X X

n x x

C

0,205

0,052

0,195

0,06

Mn

1,480

1,55

1,440

1,53

Si

0,245

0,21

0,200

0,19

S

0,002

0,005

0,003

0,008

P

0,008

0,012

0,008

0,014

Ni

0,645

1,43

0,600

1,63

Mo

0,530

0,46

0,495

0,40

N

0,

0,

-

0,

009

014

013

x the weldment is stress relieved at 620°C/10h

xx not stress relieved



Table 2 Values of the initial stress a and the Norton

exponent n, evaluated from the stress relaxation

experiments

Mat. A

T

(°C)

603

606

601

619

620

619

632

632

632

ao
(MPa)

120

160

234

98

142

190

106

117

177

Average value 3

n

3,98

3,98

3,96

3,92

3,68

3,81

3,50

3,66

3,70

,8+0,2

Mat. A
w

T

600

598

599

622

621

622

631

632

635

°o
(MPa)

106

171

279

113

163

212

98

.117

204

n

4,34

4,38

4,54

4,24

4,44

4,52

4,64

4,66

5,00

Average value 4,5±0,2

Mat. B Mat. B
w

T

(°C)

600

600

601

618

619

619

637

638

636

(MPa)

154

201

236

133

170

207

103

137

175

n

5,02

4,94

5,20

4,46

4,50

4,62

4,54

4,50

4,37

Average value 4,7±0,3

T

601

600

601

620

619

618

637

637

636

°o
(MPa)

100

274

123

173

209

81

130

197

n

5,78

3,22

4,22

4,60

3,76

4,12

4,28

4,09

4,24

Average value 4,3±0,2



s
100

UJ
at

300

200

100

n

-

7 Bp

— eorc

— 6M-C

i

-

7 -
i i

2 0 1

S T R A I N [7.]

Fig 1 Stress-strain curves at 600 to 640 C. Constant loading

rate - 0,3MPa's .A and Aw are parent material and

weld metal respectively from a stress relief annealed

welded joint. B and B are parent material and weld

metal from a joint that has not been heat treated prior

to testing.



constant elongation

2 A 5 6

TIME [h]

8

Fig 2 A stress relaxation curve for the parent material B .

The specimen was loaded to a total elongation of 0,25%.

Temperature 618°C.
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A plotted as stress versus the stress relaxation rate
da~ -rr) in a double logarithmic diagram.
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Fig 4 The st^nss relaxation results for the we?d metal Aw

plotted as stress versus the stress relaxation rate

(- -rf) in a double logarithmic diagram.
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Fig 5 The stress relaxation results for the parent material

B plotted as stress versus the stress relaxation rate

(- TIT-) in a double logarithmic diagram.
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Fig 7 Evaluation of the activatign energies for the materials

denoted A A and Bw
The logarithm of the stress

P P do

relaxation rate (log - ^ | ) . is plotted against the inverse

of the temperature (1/T) at three different stress

levels. The slopes give the activation energies

OCA )*340±30k3-P\ole~'],
P -1

OCA )=450±40k3'lvlole and
w

OCB )=460±30kJ'Mole-1
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Fig 8 A graphical illustration of the constitutive equation

describing the stress relaxation at BOO to 640°C for

the variants A

stresses.
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B and Bw at three different initial
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Fig 9 A graphical illustration of the constitutive equation

describing the stress relaxation at 600 to 640°C for

Ap at three different initial stresses.
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Fig 10 Comparison between stress relaxation and creep strain

data of the B material at 601 and 636°C. The stress

is plotted as a function of the stress reduction rate

(- -få) in a double logarithmic diagram for uniaxial

stress relaxation (the lines) and for creep tests

(the dots).
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