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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 for base

and weld metal. The specimens were isothermally stress relaxed in the

temperature interval 600 to 640°C from initial stresses corresponding to

specimen elongations of 0.25, 0.5 and 2.0%.

The stress relaxation results are excellently described by a constitut-

ive equation based on the Norton relationship. Creep strain data from

creep tests in the actual temperature interval were also consistent with

the same constitutive equation.

Computer experiments on a thick walled tube have demonstrated that the

time dependence of the maximum effective stresses can approximately be

described by uniaxial stress relaxation data. However, the reduction of

the corresponding hydrostatic stress is much slower if the initial hydro-

static stress is large compared to the initial effect-ive stress.

1 INTRODUCTION

The effect of stress relief heat treatments on thick steel plates where

multiaxial stresses can be present has not yet been fully clarified. A

multiaxial stress situation may involve a large hydrostatic component

which might result in a much slower stress relaxation than in the case

of an uniaxial stress situation. Studies of residual stresses in stress

relief heat treated. pressure vessel steel' plates with the thickness



of 170 mm (Gott, 1977) have indicated that stresses in the order of the

yield stress can be present after annealing.

In order to increase the understanding concerning reduction of stresses

in tnick walled components, the stress relaxation ar.d creep properties

of a pressure vessel steel plate A533B and its weld metal have been

determined in the interval 600°C to 640°C. The resulting constitutive

equations have then been used for computer experiments of triaxial stress

relaxation in a thick walled tube.

2 EXPERIMENTAL DETAILS

The largest internal stresses in a welded component are situated in the

vicinity of or inside the welds. Therefore both weld metal and parent

material of the pressure vessel steel A533B have been stress relaxation

tested. The variants are named A , A , B and B where A and B stand
p w p w

for specimens which have and have not respectively been stress relief

annealed prior to testing. The index p refers to £arent material and w

to weld metal. The chemical compositions are given in Table 1.

Table 1 Chemical composition (in per cent]

Si Ni Mo N

A 0 . 2 0 5 1 . 4 8 0 0 . 2 4 5 0 . 0 0 2 0 . 0 0 8 0 . 6 4 5 0 . 5 3 0 0 . 0 0 9
P

A 0 . 0 5 2 1 . 5 5 0 . 2 1 0 . 0 0 5 0 . 0 1 2 1 . 4 3 0 . 4 6 0 . 0 1 4
w

B 0 . 1 9 5 1 . 4 4 0 0 . 2 0 0 0 . 0 0 3 0 . 0 0 8 0 . 6 0 0 0 . 4 9 5 -
P

B 0.06 1.53 0.19 0.008 0.014 1.63 0.40 0.013
w

A: the weldment is stress relieved at 620°C/10h.

B: not stress relieved

Stress relaxation tests have been performed isothermally in an ADAMEL

TR-3 equipment at three temperatures in the temperature interval 600°C

to 640°C. The specimens were prestrained 0.25, 0.5 and 2.0% in order



to initiate the stress relaxation process. In one case, the creep

behaviour was determined as well, with the aim of finding out whether

creep strain data can be used to describe the stress relaxation process.

3 STRESS RELAXATION AND CREEP BEHAVIOUR

3.1 Uniaxial stress relaxation

As will be shown below the stress relaxation data can be described by

the Norton equation

e = K (1)

where e is the creep rate, a the applied stress, and K and n are

constants. During stress relaxation the total strain is kept constant

and this means that the elastic strain successively is converted into a

plastic strain if the temperature is high enough for creep to occur. The

conservation of the total strain gives

da
dt (2)

where E-, is the elastic modulus at the actual temperature. This equation

yields a linear relationship between the logarithms of the stress relaxa-

tion rate (-TTT) and the actual stress (a). To demonstrate the validity of

the Norton equation all the results fro-*! the stress relaxation measure-

ments have been plotted in this way. In Fig. 1 one example is given for

the weld metal A at 620°C. From this Figure it is evident that a change

in the magnitude of the total initial strain between 0.25 and 2.0% does

not influence the stress relaxation velocity. The same behaviour was

obtained for all variants with one exception at the lowest testing

temperature 600°C : at a total elongation of 0.25% the A material (weld
w

metal) showed a somewhat higher stress relaxation velocity. From the

resulting slopes the values of the Norton constant n were evaluated. The

values for the A material are given in Table 2. An average value of
VV

n=4.5±0.4 was obtained for the variants A , Bm and B . For the material
w p w

A n was found to be 3,8±0.2. The lower n-value of the latter variant
P

has not been possible to relate to any difference in composition, micro-

structure, or heat treatment.
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Fig. 1 Stress relaxation results for the weld metal A plotted as
Hrr

stress versus the stress relaxation rate (~;rr) in a double

logarithmic diagram. The line represents the stress relaxa-

tion according to (3).

TQ

600
596

599

622
621

622

631

632
635

0
{MPa)

106

171
279

113

163
212

98
117
204

n

4 . 3 4

4 . 3 8

4 . 5 4

4 . 2 4

4 . 4 4

4 . 5 2

4 . 6 4

4 .66

5 .00

Table 2 Values of the initial

stress a and the Norton exponent

n, evaluated from the stress re-

laxation experiments of material

w

Average value 4.5±0.2



The fact that the stress relaxation experiments were performed at three

different temperatures, made it possible to evaluate the activation

energies (0) for the process in the actual temperature interval. 0 de-

scribes the temperature dependence of the constant K. The activation

energies were measured at three stress levels and resulted in a value

of 0=460+40 kJ'mole" for the variants A , B and B and Q=340±30 kJ«mole~1

w p w

for A . If (2) is integrated the time dependence of the stress during

relaxation is obtained by

460000, ,MO -3.5, (3)
3.5 3.5 tJ iU u Ö Ä H l RT

for the variants A , B and B . In Fig. 1 a line representing this

equation at 620°C is inserted. It can be seen that it excellently

satisfies the experimental results. In the same manner, an expression

for the variant A can be deduced.
P

It has been shown before that uniaxial stress relaxation results like

those reported above can describe the reduction of the internal stresses

in weldments of a carbon steel with good agreement (Otterberg, 1977).

The internal stresses in the weldments was measured with the X-ray dif-

fraction technique and compared with uniaxial stress relaxation results

from weld metal and parent material.

3.2 Usage of creep data to describe the stress relaxation in the

temperature interval 600 to 640°C

The results from the stress relaxation measurements have shown that the

size of the initial stress does not affect the stress relaxation velocity

as long as the total strain is varied between 0.25 and 2.0% (see Fig.l).

This fact indicates that creep strain data can be used to predict the

stress relaxation behaviour in the actual temperature interval.

In this investigation a few creep tests of the variant B have been

performed at two temperatures and the secondary creep rate was used to

describe the stress relaxation behaviour. In Fig. 2 these results are

shown (dots) and compared to (3) (lines). As can be seen the creep

strain data agree well with the stress relaxation results. This shows

that it is possible in this case to use creep strain data to predict

the stress relaxation behaviour.
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Comparison between stress relaxation and creep strain data of

material at 601 and 636 C. The stress is plotted as a function
P da

of the stress reduction rate (~:rr) in a double logarithmic diagram for

uniaxial stress relaxation according to (3)(the lines) and for data

converted from creep tests (dots). No significant difference between the

test methods is found and this indicates that it is possible to use creep

strain data in order to predict the stress relaxation behaviour in the

temperature interval 600-640°C.

3.3 Constitutive equations for creep and stress relaxation

If it is assumed that the creep rate in a multiaxial case is controlled

by the effective stress a as is conventionally done, constitutive

equations can be derived from the uniaxial expression (2).

n.-l _ 0,

WT (4)

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

ij ' °n/3 (5)

o., is the stress tensor, &.. the Kronecker delta, and o the effective
lj ij e
stress



The constants A^, n^ and Q. take the following values for the materials

A , B and B :w p w

A1 = 3.22-10
11 |MPa~3'5' s~1 |

nt = 4'5

0-j = 460 |kjpmole" | and for the material A

A2 = 1.72-10
6 |MPa"2*8- s"1|

N2 = 3.8

Q2 = 340 |kJ'mole~
1|

As discussed above the validity of (4)has been demonstrated both for

uniaxial creep and uniaxial stress relaxation.

4 COMPUTER EXPERIMENTS ON THICK WALLED TUBE

4.1 Introduction of residual stresses

To study stress relaxation under multiaxial stress states a thick walled

tube has been considered. The tube is assumed to have cylindrical symmetry

with an inner radius of 1 and an outer radius of 9 (arbitrary units). The

dependence of the stresses and strains in the axial direction (z-direction)

is furthermore assumed to vanish. The tube is constrained in the axial

direction and hence the total strain e is constant. This geometry yields

stress and strain components which only depend on the radial coordinate r.

To simulate the residual stresses an elastic stress field is introduced

by letting material around a certain radius experience a dilatation.

In the computer programme the tube is divided into cylindrical rings along

the radial direction in which the stresses and strains are assumed to vary

linearly. This division is not sufficiently fine to enable a representation

of a smooth stress peak. Fortunately this deficiency in the programme

has been found to have little effeot on the results. The boundary conditions

at the inside and the outside of the tube have been chosen in the following

. way. Either the boundaries have been assumed to be free or fully con-

strained.It has[turned out that these two boundary conditions do not give

very different' initial stress distributions. An example of an initial

;n in Fig. 3. Around r=3 a peaked distribution of
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dilatation corresponding to a local -

increase in temperature has been

introduced. The resulting type of

stress peak distribution is supposed

to simulate those occuring around

individual weld runs (cf.e.g. Gott,

1978). The maximum magnitude of the

effective stress o is about the
e

yield stress at room temperature.

Fig.3 Effective stress a and
° e

hydrostatic stress au versus the
n

radial coordinate in a thick walled

tube, in the initial state and

after heat treatment 20h at 620°C.

-400-

4.2 Stress relaxation

The stress relaxation occuring during stress relief heat treatment is

assumed in the programme to take place by creep with a rate given by

(4). The initial instant plastic deformation is not considered expli-

citly; however, within a period of time which is very much shorter than

that used for stress relieving the effective stress is reduced below

the yield stress at temperature due to the high creep rate at high

stresses.

In addition to the initial distribution (t»o) the effective stress aB

and hydrostatic stress a,, are given in Fig. 3 as function of radius

after 20h stress relief heat treatment. The peak in the effective stress

distribution has vanished after this time, and the variation of the

effective stress across the tuoe is small. For the hydrostatic component

the stress peak has been considerably reduced in height after 20h



but is still present. It is evident from Fig.3 and similar results from

other computations that the stress levels at the initial peak position

yield a good estimate of the maximum residual stresses in the tube. Since

the maximum stress level is of particular technological importance the

relaxation at the stress peak will be analysed.

As an example the relaxation at the peak position (r=3) in Fig. 3 will

be considered. The temperature chosen is 620 C which is typical for

commercial stress relief heat treatment of grade AB33B. The magnitude

of the radial, tangential, and axial stress component o , o Q,a at the

peak position are given as a function of time in Fig.4. In addition the

hydrostatic stress oH(=a../3) and the effective stress o are presented,

a and ofl are about equal in magnitude

similar. The radial stress component o

a and ofl are about equal in magnitude and their time dependences are

s smaller than oa and a and
tf z

has a slower time dependence. The relaxation rate or a., is intermediate
between that of o and 0 , The time dependence of o is faster than that

of the individual components a , afl, and a ,

1000

TIME [h*]

' " I ' '
! 5 LO 20

• ' i 1 1 I ' m 1 • '• • ', , , , ' , ,

COMPUTER EXPT.
MODEL

10'

1000

10'
TIME [f]

Fig. 4 Stress components at the peak position versus time at 620 C. The

following components are shown: radial stress 0 , tangential stress o*,

axial stress 0 , effective stress a , and hydrostatic stress 0... The
Z c 1 1 1 *

stress ratios ou(t)/au(o'
n n

and 0 [t)/a> (0 ) a re a l s o p r e s e n t e d ,



Although the initial hydrostatic stress is quite high (=405 MPaj all

the components have been reduced to values below BOFlPa after 5-20h which

is a typical time for stress relieving of the pressure vessel steel

A533B. As can be seen from the stress ratios o,,(t)/0H(o) and o (t)/o (o)

in Fig.4 the relative relaxation of a (t) is faster than that of oH(t).

Similar computations have been made for a number of different initial

stress states. A comparison of these computations shows that the

effective stress ratio o (t)/o (o) depends only to a small extent on
e e J

the initial stresses. In the next section an explanation will be proposed

for this behaviour. The hydrostatic stress ratio o.,( t )/o,.(o) on the

other hand is influenced by the stress state. This dependence will also

be discussed in the next section. Changing the boundary conditions

at the tube walls from o =o (free boundaries) to e =o (fully constrained
r r

boundaries) neither affects the effective stress ratio nor the hydro-

static stress ratio very much.
5 MODEL FOR WJLTIAXIAL STRESS RELAXATION

To generalize the results from the computer experiments, a model for

stress relaxation under multiaxial stresses is proposed. The first

consideration is to find an equation which describes the relaxation

of the effective stress o (t). Such an equation is derived in the

Appendix (A.6). The influence of multiaxial stresses is taken into

account by the parameter A(A.7). A is equal to unity in the uniaxial

case and varied between 0.8 and 1.2 in the computer experiments. Since

A enters the time dependence of o (t) as the (n-l):s root of A the in-

fluence of the multiaxial »tresses on a (t) is comparatively small. In

the observed interval for ;•. and using n=4.5 a (t) can be affected by

up to 5%.

The next consideration is the time dependence of the hydrostatic stress

oH(t). It can be expected that °"H(t) end o (t) are related to each

other. Since it has been found that both o., and a versus time yield
ti B

straight lines in a logarithmic diagram (cf. Fig.4), the relation

given in (A.4) has been proposed. The constant $ is assumed to be

controlled by the initial ratio between the hydrostatic stress and

the effective stress au(o)/o (o). A small value for this ratio can be
n e

expected to yield a relaxation for o,, which is about tie same as for

a (£zl). For large values of the ratio the relaxation of a,, is slow
B n

(5^0)»Taking the value of £ from the various co iputer experiments and
comparing it to the ratio aH(o)/o (o) as in Fig. 5 show that the
constant £ can accurately be described by the relation (A.8).
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Fig.5 The constant E, in (A.4) versus the ratio a../o at t = o.
hl e

has

been evaluated from various computer experiments. The full drawn line

represents (A.8).

Using (A.4) and (A.6) - (A.8) the time dependence of o and a,, has been
6 ri

derived for the position of the stress peak in the thick walled tube

considered in section 4. These results are illustrated in Fig.4. As can

be seen the results of the computer experiments are satisfactorily re-

produced by the model. Similar findings have been obtained for other

initial stress states. If it is assumed that the stress deviators have

the same relative time dependence as the effective stress, cf. (/\.'Z).

the relaxation of the individual stress components a ,, afi, and o ân

also be accurately described.

6 RELEVANCE OF THE RESULTS TO STRESS RELIEF HEAT

TREATMENT OF THICK WALLED COMPONENTS

From the model in the previous section it was found that the relaxation

of the effective stress o is not influenced very much by the presence



of multiaxial stresses which might be present in a thick walled component

Hence the relaxation of the effective stress can be estimated from uni-

axial data.

The hydrostatic stress component o,, is on the other hand strongly

influenced by initial stress state. For |a,,(o)/a (o)| >0.5 at a local
n B

stress maximum the relaxation of aH is considerably slower than can be

expected from uniaxial data (cf. Fig.5). The rate of relaxation can,

however, easily be derived with the aid of (A.4) and (A.8). This is

possible since the time dependence seems to be controlled by the local

stress state.

For the nuclear pressure vessel steel A533B the results in Fig.4

demonstrate that as long as |aH(o)/o (o)|<l at the residual stress

maximum the remaining stresses after a commercial stress relief heat

treatment for 5-20h at 620°C are below 100 MPa, i.e. a substantial

reduction of the residual stresses has occurred.

ACKNOWLEDGEMENTS

Financial support and permission to publish from the Swedish Nuclear

Power Inspectorate (SKI) is gratefully acknowledged. Valuable discussions

with Karen Gott are appreciated.

REFERENCES

GOTT, K 1977 Proc. Int. Conf. Residual Stresses in Welded

Construction and their Effects.

The Welding Institute, London, p. 259

UUYETTE, M. 19b9 CRASH - a Computer Programme for the Analysis

of Creep and Plasticity in Fuel Pin Sheats,

KFK-1050.

ODQUIST, F.K.G. 1966 Mathematical Theory of Creep and Creep Rupture

Clarendon Press, Oxford.

OTTERBERG, R. 1977 Swedish Institute for Metals Research, Stockholm,

Report No. IM-1189 (in Swedish).



APPENDIX Simplified model for stress relaxation under

multiaxial conditions

In the present appendix it is attempted to derive a model which can be

used to estimate the magnitude of residual stresses during heat treat-

ment. It will be assumed that the component is constrained in one

principal stress direction which is called the z-dirction. For actual

weldments this condition is usually fulfilled along the welded joint.

The total strain is assumed to be given as the sum of the elastic

strain and creep strain. Since the component is constrained in the z-

direction the total strain rate z vanishes. Using conventional

expressions for the elastic strain rate and (4) for the creep strain

rate, the condition e =o yields

where v is Poisson's ratio and S the stress deviator in the z-direc-

tion. The stress relaxation of the stress deviator is assumed to be

proportional to that of the effective stress

(A.2)

Similar equations are assumed to apply for the stress deviators in

the other two principal stress directions. Inserting (A.2) and applying

(5) give

= - •s' K o (A . 3)

From Fig. 4 it is evident that the stress ratios o^ (t )/o(|( o) and

o (t)/a (o) can approximately be described by straight lines in the

double logarithmic diagram. This is consistent to the following

empirical equation

« f f. 1 r
(A.4)

This relation has been found to be satisfied in a satisfactory way also

in the other computer experiments which have been performed. The second

term is much smaller than the first one and can hence be handled approxi'

mately. From (A.4) the following relation can be deduced



H

a (t J
ti

14

(A.5)

where the last equality is strictly valid only at short times. Inserting

(A.5) into (A.3) and integrating yields

cro(t) = | (aG(o))"
(n"1) • X(n-1)KETtr

1/(n~1) (A.6)

where

X = | (A.7)

(A.6) representents a generalization of the corresponding equation for

relaxation under uniaxial stresses (A-1) to multiaxial conditions.

(A.6) in combination with (5), (A.2), and (A.4) gives the desired rela-

tions for the time dependence of the stress components during relaxation.

The constant

relaxation of a and au.e H

determines according to (A.4) the relationship between

It is assumed that the magnitude of £ is

controlled by the initial stress state. In fact it can be fjxpected that

£ ~1 when a u is small compared to a (o) and that £ ~o when o (o) is muchn e e

smaller than a,,(o). To find more precise information, the £ values

obtained from the computer experiments have been plotted versus ou{o)/o [a),

see Fig. 5. It is evident that the magnitude of £, is controlled by the

ratio a, (o)/a (o). The full drawn line represents the expression

a (o) 2
C - 1/{0.8f5 + 1.3 t / )) } (A.8)

e

which gives a satisfactory description of the E, values.
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