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ABSTRACT

In Sweden it has been suggested that copper canisters are
used for containment of spent nuclear fuel. These canis-
ters will be subjected to temperatures ur to 100°C and
externs! pressures up to 15 MPa., Since the material is
pure (0OFHC) copper, creep properties must be considered
when the canisters are dimensioned. The canisters are
sealed by electron beam welding which will affect the

creep properties.,

Literature data for copper - especialiy welded joints -~
at the temperatures of interest is very scarce. Therefore
uniaxial creep tests of parent metal, weld metal, and
simulated HAZ structures have been performed at 110°C.
These tests revealed considerable differences in creep
deformation and rupture strength. The weld metal showed
creep rates and rupture times ten times higher and ten
times shorter, respectively, than those of the parent
metal. The simulated HAZ was equally stronger than the
parent metal. These differences were to some extent veri-
fied by results from creep tests of cross-weld specimens

which, however, showed even shorter rupture times.

Constitutive equations were derived from the uniaxia)

test results. To check the applicability of these equa-



tions to multiaxial conditions, & few internal pressure
creep tests of butt-welded tubes were performed.
Attempts were made to simulate their creep behaviour by
finite differences computer calculations in which the
constitutive equations were used. These calculations

failed due to too great differences in creen deformation

behaviour across the welded joint.
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1 INTRODUCTION

The Swedish Nuclear Fuel and Waste Management Co has
suggested a method for nuclear waste disposal where the
spent fuel elements after cooling for 40 years in storage
pools are placed in prefabricated canisters. The remai-
ning voids are filled with molted lead, after which a
tight-fitting 1id is electron beam welded on. The canis-
ters are prefabricated to external dimensions of 0.8 m in

diameter and 4.5 m in length with a wall thickness of

100 mm.

The encapsulated fuel is intended to be finally disposed
of by deposition in a repository at a depth of about

500 m in a selected granitic rock formation. The fuel
canisters are deposited in individual vertical holes
drilied in storage tunnels. In these deposition holes,
the canisters are surrounded by a buffer material consis-

ting of bentonite clay.

The spent nuclear fuel elements will still after 40 vyears
of cooling in the storage pools generate heat and thereby
subject the canisters to a temperature of 75-100°9C. The
surrounding bentonite will in time expand due to ground
water absorbtion and as a result expose the canisters to
an external pressure successively increasing up to 15

MPa.

This combination of temperature and external pressure is
sufficient to cause creep deformation of the canisters,
which will eventually change their shape to a slightly
hour-glass shaped form. At first, the deformation resis-
tance is low due to the inevitable casting porosity (2%)
in the lead surrounding the fuel elements. But when the
pores have sintered further deformation will result in a
compression of the lead. Thereby a back stress counter-
balancing the external pressure is built up 1in the 1lead

without much further deformation. The canisters are thus



off-loaded and their deformation ceases. It is however of
vital importance that the material can withstand the
local strains that occur during the 2% inner volume re-
duction. This aspect must be considered extra carefully
for weldments, for which creep ductility and also corro-
sion resistance normally are lower than for the parent

metal.

Thus the creep deformation behaviour and rupture strength
of OFHC copper and various parts of weldments therein
must be known for the final dimensioning of the canis-
ters. Since no data for weldments and very little data
for OFHC parent metal were found in the literature for
the temperature range of interest, the present project
"Investigation of creep properties in pure copper and
weldments in pure copper"” was initiated. The main purpose
of the project was to determine creep data and to express
them in equations readable to computer programs suitable

for dimensioning calculations.

Qualitative calculations of the creep deformation in
canisters have been performed with the FEM program ADINA
at ABB-ATOM (1). The aim of that analysis was to see if
the program was suitable for a more accurate analysis.
Therefore some simplifications were made: a constant
external pressure, a somewhat simplified canister geo-
metry, homogeneous material properties, i.e. no weld
present, and a constant creep rate through the whole
creep process. This simplified qualitative analysis show-
ed that this ‘program can be used for more accurate calcu-

lations if more realistic creep data and geometries are

used.

The analysis also indicated that the highest stresses
arise where the welded joint between the 1id and the

canister was suggested to be located.



2 EXPERIMENTAL
2.1 Material and welding procedure
2.1.1 Material

The material used in this project was OFHC copper, deli-
vered from Outokumpu in the form of square forged bars,

100 x 100 mm.
2.1.2 Welding

The welding of the copper was performed at the Welding
Institute, Cambridge, England, and is described in detail
in Ref. 2. The Welding Institute possesses the experience
and equipment for electron beam welding of heavy copper
sections. The technigue enables joints to be made through
a wall thickness of 100 mm in one pass. The resulting
joint is very narrow and it is difficult to distinguish

the weldment from the parent metal metallurgically.

The testing programme of this project included uniaxial
creep testing of all relevant structures in a welded
joint. But for an ordinary electron beam weldment the
narrowness of the joint makes it impossible to extract
the creep test specimens needed for each structure. The-
refore, welding was performed with a dispersed electron
beam for the manufacturing of cross-weld creep specimens
and internal pressure test tubes (see section 2.2.2). For
the all weld test specimens a multi-pass weld was neces-
sary. This procedure resulted in a wider weld metal zone

from which specimens were extracted longitudinally.

A metallurgical examination reported in Ref. 2 revealed
that the grains in the weld fusion zone had less angular
boundarier and fewer - if any - twins than the grains in
the forged parent metal. In the multi-pass welds there
was evidence of recrystallization and twinning grain

refinement caused by Teheating by subsequent weld passes.
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Another evidence of that was a sub-grain structure not

found in the single pass weld.

The HAZ structure was similar in both weld types - a
coarser structure than in the parent metal as a result of

grain growth and/or recrystallization during welding.

Micro Vickers hardness measurements across the welds
showed little difference, possibly a slightly higher
hardness in the weld metal (90-100) compared with the HAZ
and parent metal (80-95).

2.1.3 HAZ simulation

The wider welded joint obtained with the method described
in the previous section only enabled specimens to be
extracted from the all-weld metal, but not from the HAZ
zone. Therefore the HAZ structure was simulated by fur-
nace heat treatment of the parent metal. Several differ-
ent time - temperature combinations were tested in order
to obtain a structure resembling the real HAZ structure.

The best combination was found to be 800°C, 1h, air cool-

ing.
2.2 Testing procedure
2.2.1 Uniaxial tests

Specimens with 5 mm diameter and 50 mm gauge length were
used in all uniaxial tests. Four different structure
types were tested: parent metal, weld metal, simulated
HAZ, and cross-weld specimens. A1l types were tested at
110°C, but the parent metal was additionally tested at

two other temperatures, 75 and 145°C.

The uniaxial testing was carried out at the Swedish In-
stitute for Metals Research in single specimen constant
load creep testing machines. The elongation was measured

at intervals ranging from several times per hour down to



once a week depending on the stress, tested structure,

and present stage of creep.

A1l specimens except a few (which were discontinued) were
run until rupture. One test (parent metal, 75°C, 100 MPa)

is still running and has probably not reached the minimum

creep rate.

Since the cross-weld specimens were cut out with the
gauge length perpendicular to and across the single-pass
welded joint they consisted of several structures. The
elongations were followed separately for each structure,
Therefore the cross-weld specimens were off-loaded inter-
mittently and removed from the machine for measurement of
the elongation in each structure. To accurately distin-
guish the diffuse boundaries between the structures for
precise measuring of their respective elongation, small
Vickers microhardness indentations were made at each

boundary.
2.2.2 Internal pressure tests

Besides the above-mentioned uniaxial tests, four tests of
tubular specimens with circumferential welds under inter-
nal pressure were performed. The reason for this is two-
fold - it is of great interest to determine the multi-
axial creep behaviour of welded joints. Moreover, the
results were to be used to check the accuracy of computer
simulations of the behaviour, in which constitutive equa-
tions derived from the uniaxial Creep tests are used.

The specimens were 100 mm long and had an outer diameter
of 20 mm. Two specimens had a wall thickness of 2.85 mm
while the walls of the other two were 0.9 mm thick. The
specimens were not manufactured by butt welding two
tubes, since the Tow heat input required to join thin-
walled tubes would give weld and HAZ structures notably
different from that expected in the canisters. Instead,
specimens blanks were cut perpendicular to the single-

pass welded joint from which uniaxial cross-weld speci-



mens were taken. These blanks were then bored and turned
to the above-mentioned dimensions. The welds were situa-

ted at the middle of the tube length.

The internal pressure tests were carried out at AB Sand-
vik Steel in Sandviken. Filler rods allowing longitudinal
expansion and contraction were inserted in the tubes,
which were then sealed (by brazing), heated to 110°C in a
furnace, and pressurized with argon. The pressure levels
were chosen to give hoop stresses ranging from 80 to 120
MPa. The tests were interrupted intermittently for strain
measurements., The strain was measured as increase in
diameter at 14 locations along the tube. Rupture was

indicated by loss of argon pressure through small leaks.
3 CREEP TEST RESULTS

3.1 Uniaxial tests

The test results are presented in Table 1. Results for
all 110°C tests are plotted in Figs. 1-3 as stress vs.
rupture time, stress vs minimum creep rate, and ductility
(elongation and area reduction) vs. rupture time, respec-
tively. Figs. 4-6 are the corresponding figures for par-

ent material at 75, 110, and 145°C.

The straight lines in Figs. 2 and 5 represent the Norton

equation
e =8B . o, (1)
B and m values are given in Table 1.
In Fig. 1 the creep rupture strength decreases in the
order simulated HAZ, parent metal, weld metal, and final-

ly [and weakest] the cross-weld.

In comparison to the parent metal results the simulated



HAZ structure exhibits considerably longer rupture times
while the weld metal rupture times on the other hand are
about a factor ten shorter.

Fig. 2 shows the same ranking between the three struc-
tures when creep deformation strength is considered. The
difference between parent and weld metal is, however,

somewhat smaliler.

The results in Fig. 4 show that a 35 degrees +increase in
temperature leads to an decrease in rupture time with a

factor 20 or more - a factor increasing with decreasing

stress.

Fig.5 shows the same temperature dependence for the mini-
mum creep rate. In fact the creep rate difference between
75 and 110°C increases very rapidly with decreasing
stress.

In Fig. 7 the time variation of strain in the various
zones and the average strain of the highest stress cross-
weld specimen is exemplified. It is obvious that the
deformation is greatest in the weld metal. In fact rup-
ture occurs before the parent metal and the HAZ have
reached the minimum creep rate. Hence, the minimum creep

rate can only be evaluated for the weld metal and is

included in Fig. 2.

For cross-weld tests at lower stresses the deformation is
even more concentrated to the weld metal. This fact
resulted in too sparse strain measurement off-1oadings so
that accurate minimum creep rates could not be evaluated.
Since all cross-weld specimens ruptured in the weld metal
their rupture times which are included in Fig. 1 should
be compared with those of the homogeneous weld metal. The
cross-weld rupture times are obviously shorter; the

difference increasing rapidly with decreasing stress.

Another detail in Fig. 7 that must be commented is the
fact that the HAZ part of the specimen show a higher

strain than the parent metatl, contrary to what one would



expect judging from Fig. 2.

In Fig. 8 the 120 MPa, single structure creep curves for
parent and weld metals and simulated HAZ structure are
plotted in the same scale as in Fig. 7 to facilitate the
comparison. The HAZ creep deformation is very low while
the parent and weld metals shows approximately equal
primary creep deformation. In fact, at lower stresses
primary creep is faster in the parent metal than in the
weld metal. But on the other hand, onset of tertiary
creep occurs much earlier in the weld metal thus causing
the considerably higher minimum creep rates shown in

Tablie 1 and Fig. 2.

3.2 Internal pressure tests

Three of the four tested tubes have ruptured and the
fourth test is in progress. All specimens ruptured in the

weld metal with no specific preferential orientation.

Detaiied information on the tested tubes is given 1in
Table 2. The rupture times are plotted in Fig. 1 against
the maximum stress, i.e. the hoop stress.

In Figs. 9-12 the measured diametral strain distributions
at different times during testing and at rupture are
plotted. For all specimens rupture occurred in the welded
joint, close to the fusion boundary.

Figs. 10 and 11 indicate that for specimens 300-1 and 4
secondary creep rates (between 132 and 500h and between
100 and 267h, respectively) can be determined at least
for parent and weld metal. These va]ués are included in
Fig. 2, plotted against the effective stress (~0.87 times
the hoop stress) which usually controls the deformation

behaviour.



4 ANALYSIS OF UNIAXIAL DEFORMATION BEHAVIOUR

4.1 Creep properties

Besides the time and creep strain values recorded in all
tests, creep rate data were required for the determi-
nation of constitutive equations. For that reason, strain
was plotted against time for each test and curves were
manually faired to the data points. Creep rates were then

evaluated as tangents to those curves at various strains

and times.

In previous studies of the creep behaviour of welded
joints in steel, the creep deformation and rupture behav-
iour of internal pressure tested butt-welded tubes has
successfully been simulated (3-7). Therefore, the same
type of constitutive equations have been used in the
present analysis. They are described in detail in Appen-
dices A and B of Ref. (7), which are also included in

this report.

The computer program used was originally developed for
secondary creep only, thus requiring the constants B and

m in the Norton equation, Equation (1).

To account for primary or tertiary creep, strain depen-
dent constants were introduced - the most suitable

expression was:

: - 10(c+e.1ogs) .o (d+f-loge) (2)

i.e. equation (B4) in Appendix B where e is negative for
primary creep and positive for tertiary creep. Moreover,
in this investigation it was found that f could be set
equal to zero. c, e,and d values were determined with
regression analysis. These values which were used in the
computer calculations are listed in Table 3. The transi-

tion from primary to tertiary creep was found by equating
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the corresponding equations. This transition occurred at

a time dependent strain level.

In Fig. 13 experimental creep curves for parent metal

tested at 110°C are compared with curves calculated for

the values in Table 3.

In this Table c, e, and d values for parent metal at
three temperatures are given, but since these constants
were evaluated independently, there are no simple equa-
tions for rationalizing the temperature dependence. Of
course a suitable temperature dependent expression could
be postulated and a reanalysis for all parent data could
be performed - obviously with less good fit. This has
however not been done since this type of equation cannot

easily be used in ADINA calculations anyway.

In ADINA (8) creep deformation is expressed with one of

the following equations:

a a
£ = ao s g 1 T (3)
g .b
e = b, - ePi (172 (bs) *)
+ b, ePe’? L ¢ (4)
c c ¢
£ = CO e g 1 . (C2 e t + C3 et 4 4+ cs t 6)
C (5)

- e T+273.16
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The first two equations are isothermal and describe pri-
mary and primary + secondary creep, respectively. In
Equation (4), one of the constants b2 and b3 is redundant
and can be set equal to unity.

The same goes for c0 and c2 in Equation (5). This equa-
tion consists of three parts describing stress, time, and
temperature dependence. The time dependent part can be
used for entire creep curves provided 0 < C4 < 1 and c6 >
1 or vice versa. This separable time function makes Equa-
tion (5) impossible to use for the present data where

rupture times vary over several orders of magnitude.

The constants in Equations (3) and (4) have been evaluat-
ed with least square methods and are presented in Table
4. The corresponding creep curves are compared to experi-

mental curves for parent metal at 110°C in Fig. 14, c.f.

Fig. 13.

4.2 Tensile properties

In the computer program used for simulation of the creep
behaviour of the internal pressure tested tubes, only
elastic and creep deformation can be calculated. Thus the

plastic deformation on pressurization has to be estimated

separately.

The plastic deformation on loading has been determined
for the uniaxial creep test specimens. The results were

fitted to the following expression (4)

n
oy = (a/0,)". (6)
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At 110°C the values for o, (MPa)/n were 235/4.9, 185/8.1,

and 520/3.8 for parent metal, weld metal, and simulated

HAZ, respectively.

Following Ref. (4), the plastic strains on pressurization

can be evaluated as

m+1

eg = (0.78) "2« (o, /a,)" (7)

The calculated values are included in Table 2.
5 COMPUTER CALCULATIONS

A finite difference computer program was used for the
calculations (9). The program was initially developed for
calculation of creep deformation and buckling of axisym-
metric shells. However, previous experience (3-7) has
shown that it as a rule is excellent for calculations of
creep deformation under internal pressure. Only in one
case (7) no convergent solutions were achieved - an
effect of a too great difference in creep rate at a

fusion boundary.

Unfortunately this was also the case in the present cal-
culations where the creep deformation strength of the HAZ
was much higher than the parent and weld metal strength.
A few calculations were therefore performed with no HAZ
and with a somewhat (a factor ten) weaker HAZ. The
results of these calculations are presented in Figs.
16-18, where Fig. XXa shows results from calculations
with no HAZ and Fig. XXb shows the modified HAZ results.

A1l results presented were calculated for specimen number

4.
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Figs. 15a and b show the hoop stress profiles for one
half of the symmetric welded tube at various times. On
the x-axis in these figures, symbols are plotted at va-
rious locations. The time variation of hoop stress at
these positions 1is given 1in Figs. 16a and b where these
symbols are used. Figs. 17 and 18 show the corresponding
results for diametral strain and should be compared to
the experimental results in Figs. 9-12. The other calcu-
lated stresses and strains are of less importance. The
axial strain is almost constant in time and space and is
equal to 0.5 times the original hoop stress. The axial
strain is about an order of magnitude smaller than the
tangential strain. Bending moments and strains were neg-

ligibly small as were the transverse forces.

The stress redistributions illustrated in Figs. 16a and b
lead to an equalization of the creep rates in different
parts of the tubes. Besides the initial changes there is
another considerable change starting after 1000h in Fig.
16a and 2000h in Fig. 16b indicating the transition from
primary to tertiary creep in the weld metal. From Figs.
16a and b the location of and time to rupture can be
estimated by summing the creep damage at different posi-
tions over small time intervals. In both cases rupture

was predicted to occur in the weld metal after 950 and

2500 hours respectively.

Fig. 17 shows that except for the end effects the strain
is almost uniform across the HAZ-free tube until the
onset of weld metal tertiary creep, when this part starts
bulging. In the modified HAZ calculations, deformation in
the weld region is restrained by the HAZ but a bulging is

predicted when the tertiary creep stage 1is reached in the

weld metal.
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6 DISCUSSION

6.1 Welding procedure

One must bear in mind that the welding procedure applied
in this investigation deviates considerably from normail
procedure. Although the water cooling during welding was
efficient, the higher heat input required to produce the
wider welds and the multi-pass welding is likely to have
resulted in HAZ and weld metal creep properties different
from those of a normal weld. The magnitude of these dif-
ferences is difficult to estimate, but judging from the
pronounced microstructural differences it may be consi-

derable.

6.2 Uniaxial creep tests

The uniaxial creep strength difference between the three
structures tested is not unexpected. At least for various
steels the cast weld structure shows a lower creep
strength than the parent metal but as a rule equal or
higher ductility. The hardened HAZ structure, on the
other hand, has a higher strength but often lower ductdil-
ity.

Fig. 3 shows that the area reduction values for the weld
metal and the simulated HAZ are equal to those of the
parent metal. The elongation values are however somewhat
smaller. In spite of that, the ductility is high enough

to allow stress redistribution during multiaxial loading.

The values for the Norton exponent given in Table 1 are
rather high in comparison with the ordinary values for
dislocation creep (3-5) - especially for parent metal at
75°C. The reason for this deviation can be found in Ref.
10. The stress levels used in this investigation fall in
the region where transition from (low stress) power Tlaw
creep to the so called power law breakdown occurs, see
Fig. 19. This must be taken into account when data are

extrapolated to lower stresses.
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In Fig. 6 the 75 and 110°C tests show approximately the
same ductility. For the 1459C both the elongation and
area reduction values are lower with possibly a minimum
around 1000 hours. But since the canisters are not expec-
ted to reach such high temperatures this low ductility is
less important. However, Fig. 20 which is reproduced from
Ref. 11 shows that this minimum is connected with the
transition from transgranular to intergranular failure.
Therefore, a ductility minimum is also expected at lower
temperatures/lower stresses/longer times. This must be

studied further.

The behaviour of the cross-weld specimens 1is somewhat
puzzling. In the single structure tests the parent metal
primary creep rate was approximately equal to that of the
weld metal and much faster than that of the simulated HAZ
cf Fig. 8. But in almost all cross-weld specimens the
parent metal parts show the smallest creep deformation.
The reason for this behaviour is probably a combination
of a considerably weaker weld metal and the fact that the

HAZ part of the specimens contains some weld metal.

A1l ruptures occurred in the weld metal part with much
shorter rupture times than in the all weld specimens.

This reduction in life can be given several explanations:

* different weld methods were used for the two specimen
types. Possibly the recrystallization during multi-pass
welding can have resulted in a more creep resistant

structure.

* the localization of creep deformation to the small weld
metal part of the specimens will lead to stress concen-

trations and accelerated creep.

* the creep strength may be lower in the transversal than

in the longitudinal direction. This is serious since
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the calculations in Ref. 1 show that the highest stres
ses on the welded joint will be in the transversal

direction.

6.3 Internal pressure tests

The use of two wall thicknesses in the tested tubes is
not deliberate but a result of a misunderstanding and the
tubes being manufactured at two occasions. It is impos-
sible to determine from the present results if the
difference in thickness has had any influence on the

deformation and rupture behaviour.

The uniaxially tested cross-weld specimens all ruptured
in the weakest zone - the weld material. But in multi-
axial tests (or in uniaxial tests where the different
zones are loaded in parallel, not in series) rupture does
not necessarily occur in the zone with the lowest creep
strength. For the previously studied steels rupture was
often predicted to occur in the strongest zone - the HAZ.
Due to its high deformation resistance, stress peaks were
built up in that area and caused rupture as a result of

insufficient rupture strength and/or ductility.

In the present investigation all tubes ruptured 1in the
weld metal implying that the differences in strength were
too large to be overcome by the stress redistribution. In
fact, the rupture times coincide with those of the cross-
weld specimens, c.f. Fig. 1. The creep rates for parent
and weld metal included in Fig. 2 are considerably higher
than for the corresponding uniaxial tests, and would be
so - at least for the parent metal - even if plotted
against maximum stress. To some extent this is caused by
the initial plastic deformation on pressurization which
results in an increase in diameter and a decrease in wall
thickness and thereby in stresses higher than the nominal

ones. Moreover it is likely that the evaluated parent
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metal creep rates are not minimum values, c.f. Fig. 13.
The difference between internal pressure weld metal and
all weld specimen creep rates is in agreement with the
difference in rupture time and reflects the above-men-

tioned difference between single- and multi-pass weld-

ments.

The asymmetric strain distribution - especially in Fig.
11 - is established already on pressurization. During the
initial creep stages creep rates are fairly constant -
perhaps somewhat higher in the more deformed parts where

creep acceleration also is more prohounced.

6.4 Creep curve analysis

One major difference between the present copper creep
curves and those analysed previously (3-7) for different
steel types is that in the present curves the primary
creep stage 1is much more pronounced, c.f. Fig. 13. Actu-
ally, in many cases the tertiary stage, if present, was

too short to be recorded properily.

The fact that most tests were carried out in the boundary
between power law creep and power law break-down made it
difficult to get a perfect fit to the equations in sec-
tion 4.1. Fig. 13 shows that Equation (2) gives a satis-
factory agreement between experimental and calculated
curves. The ADINA equations ((3)-(5)), if applicable at
all, give a poorer fit - especially at longer times, see
Fig. 14. But for the calculations the primary creep stage
is of greatest interest. In this region Equation (3)
gives the best fit to experimental data, and should thus

be preferred.

6.5 Computer calculations

Since no solutions were obtained with actual HAZ creep

data, the solutions for no and for a weak HAZ must be

analyzed and extrapolated to actual behaviour.
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The stress redistribution behaviour most clearly shown in
Figs. 15a and b would be even more pronounced for actual
data. The weld metal would be even more off-loaded which
would lead to a more delayed onset of tertiary creep and
rupture. The HAZ stress peak would be higher, possibly
shifting rupture location to that area. Fig. 17 indicates
that this stress redistribution would lead to even less

creep deformation in the weld/HAZ part.

Comparisons with experimental results, Figs. 9-12, show
this to be true in one case - Fig.12. But in Figs. 9 and
10 there is a weld metal bulge already in the first
measurements. This is probably caused by an earlier onset
of tertiary creep - a result of more plastic deformation
on loading than predicted, c.f. section 4.2 and Table 2.
In fact, one specimen (400-1, similar to specimen 400-2)
ruptured (leaked) on pressurization. For this specimen
diametral strain between 4.5% (parent metal) and 3.4%
(weld metal/HAZ) were measured, c.f. 1.4 and 0.2% respec-

tively in Table 2.

This extensive plastic deformation can to some extent
explain the short rupture times. Another possible expla-
nation is the same as for the difference between all weld
and cross-weld specimens, i.e. specimen orientation or

weld procedure.
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7 CONCLUSIONS

This investigation has shown that there exist consider-
able differences in creep deformation and rupture
strength between different zones in an electron beanm
welded joint in OFHC copper, the weld metal being weakest
and the HAZ being strongest. This effect can to some

extent be the result of a non-normal welding procedure.

The above mentioned differences resulted in a concentra-
tion of the deformation in cross-weild specimen to the
weld metal. In internal pressure tested tubes stress
redistribution resulted in an equal or even greater de-
formation in the parent metal. The HAZ showed the smal-
lest deformation but was subjected to the highest stres-

ses, according to calculations.

Since the creep testing was performed at, or slightly
above, the expected service temperature the stress levels
had to be rather high in order to get reasonable rupture
times. Unfortunately the stress ranges used were on the
boundary between power law creep and power law break-
down. Therefore, extrapolations to the expected service

stress levels are somewhat uncertain.

The uniaxial creep ductility was in almost all cases
sufficiently high to allow stress redistributing defor-
mations under multiaxial loads. For parent material at
the highest temperature and hence lowest stress a ducti-
1ity minimum was found. This indicates that the presence
of a Tow ductility stress/time region cannot be ruled out

for lower temperatures.

Weld metal creep behaviour was different in all weld and
cross-weld specimens. There are several possible expla-

nations for this behaviour.

One type of constitutive equations, previously used in

calculations of creep behaviour of internally pressuriz-
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ed, welded steel tubes, gave a satisfactory fit to
experimental data. The fit for equations to be used

in planned FEM calculations were Jless satisfactory but
acceptable in the primary creep region. Loading strains
for uniaxial creep tests were used to estimate the strain
on loading in internal pressure creep tested welded

tubes. These strains were underestimated.

Finite difference calculations of the creep behaviour of
these tubes failed due to too great differences in creep
behaviour between HAZ and parent metal. Calculations with
no and with a considerably weaker HAZ gave results that

could be extrapolated to qualitatively predict the actual

behaviour of the tubes.

8 FUTURE WORK

Although this investigation has given many valuable

results, some problems have to be studied further.

* to enable extrapolations to low stress levels where
power law or even dislocation creep 1is dominant, a few
creep test series has to be performed at higher tem-
peratures. This will also shed some light on the pos-

sible presence of ductility minima.

* in order to find the reason for the difference between
all weld and cross-weld specimens, attempts will be
made to extract all weld specimens from the single pass
weldment. Results from creep testing of these specimens
would make it possible to decide if the difference is a

result of different specimen orientation or different

welding procedure.

* the prediction of plastic deformation on loading must

be improved.
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* a constitutive creep equation, suitable for ADINA cal-

culations and describing entire creep curves accurately

should be developed.

* in the present investigation non-normal welding proce-
dures were applied, which probably led to increased
differences in tensile and creep properties across the
welded joint. Therefore, welds should be manufactured
with optimized procedures and creep tested. For the
resulting narrow joints only cross-weld and internal

(or preferably external) pressure tests are possible.
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Table 3 Eguation (2) constants determined in the

analjveis of uniaxial creen curves

| )
| !
Structure ' Creep c e : d
Temperature stage % f
| |
PM Primary  |-41.278| -2.55 | 15.45
750¢ 'Tertiary |-20.683! 3.0 | 8.976
j | |
N3 ‘Primary  |-46.008! -3.3 | 17.74
1100¢C Tertiary |-21.479' 2.5 | 9.710
| |
PM Primary  {-40.153 -2.3 | 16.05
1450¢C Tertiary | -5.475) 2.3 |  2.2908]
| ! i % ! |
LM lerimary  l-42.338] -2.3 | 16.67 |
1100¢C éTertiary 10 5011 1.5 | 4 o3o§
|
Isim, WAz  |Primary  |-63.475! -2.183 | 26.124 |
E11oac [Tertiary —23.600% 1.965 | 10.04 ;




Table 4 Equations (3) and (4) constants determined

in the analysis of uniaxial creen curves

Structure PM PM PM WM Sim. HAZ
Temperature; 75°C 110°C {14500 110°C 110°C '
Constant !
a, ! -9.640 14.74 -12.29 -12.14  |-19.90
i i
! ! ? ?
a. 3.5671 6.095 | 4,988 | 4.837 | §.266
| ] i
| ? i
a, .2094 2533 .3254 L2417 L.3114
| | |
? i ] |
I | | |
§ ! ! !
! | ! ! |
! ! ? ! ? !
b, | 1.31.107% {5.07-107% | 5.20.107% [3.36+107¢ | 1.51.107% |
i i i i | i ‘
? | 5 | | f
b, .0392 1.0125 .00984 l.0332 | .0358
i i z 3 ]
i i | i i i |
b, 1.90.10722!4.64.1072%| 2,97.10722/9.80.-1072¢! 4.60.107 22
|
‘ i
b, 1 | | 1 1 | 1
| |
?
b, 9.28 9.55 | 13.46 11.04 9.46
b, 1.40.10719{1,11.10711] 2.14.1071°2.56.1072%/8.83.10713
b, .0713 124 124 .134 127
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APPENDIX A. CONSTITUTIVE EQUATIONS DESCRIBING ENTIRE CREEP
CURVES.

In the computer simulations of the creep behaviour of the
welded tubes a program, developed for calculation of creep
deformation and buckling of arbitrary axisymmetric shells,
Ref: A1, has been used. In this program the creep behaviour is
characterized by the coefficients B and n in the Norton

expression
€=B+qg" (A1)

These coefficients have been determined from uniaxial creep

test results for different structures in the welded joint.

In the analyses for a cold-worked AISI 316 stainless steel

the coefficients were thus varied along the tube. In the ‘
first calculations, Ref. A2, only secondary creep rates wereﬁse
i.e. B and n were not dependent on strain or time. These
calculations resulted in excellent predictions of time to

and location of rupture but the deformation was considerably

underestimated.

In refined calculations, Ref. A3, primary creep was accounted fc
by the introduction of time dependent coefficients B and n.
These calculations gave good descriptions of the deformation
behaviour without loss of accuracy in the predictions of

where and when rupture was to occur. However, the consti-
tutive equation used to represent the uniaxial creep behaviour
was only successful in describing the primary and to some
extent the Secondary creep stages (see Ref. A3, Fig. 2). In
the AISI 316 calculations this fact was regarded as less
important since tertiary creep was practically non-existent

in the cold-worked material.

But in more ductile materials, as in this investigation,



tertiary creep is more important and can even be the dominating
stage of the creep life. Therefore a different constitutive
equation in which tertiary creep is accounted for has had

to be developed. Due to the limitations imposed by the use

of the Norton equation in the computer program, a single
equation cannot be used to describe an entire creep curve.

Thus, at least two sets of Norton coefficients are required.

As pointed out in Ref. A3 somewhat better results should be
achieved if a strain dependent - instead of time dependent -
creep rate was applied in the calculations. Since good
correlations between creep strain and creep rate were found
for tertiary creep of low alloy steels, Ref A4; similar
evaluations, extended to include primary creep, were per-
formed for the uniaxial creep test results for thé structures

tested in this investigation.

In Fig. A1 a typical plot of log (creep rate) against creep
strain is shown. It is obvious that two straight lines can
be fitted to the data for every test. The corresponding
equation is:

log € =a+b » ¢, (A2)

where b is negative for primary and positive for tertiary
creep. (Of course an intermediate secondary creep region
with constant creep rate can be included, but as a rule this

region is rather small and has hence been disregarded.)

The results from tests at different stresses can be summarized
in one equation by the introduction of stress dependent

coefficients a and b in Eq. (A2):

log € = ¢ + delogo + (e + f- log o)-eg, (A3)

with different c, d, e, and f values for primary and tertiary

creep.



These four constants for each creep stage and structure
are determined simultaneocusly by regression analysis. In
a few cases this has led to less satisfactory fit to the
results of a single test - especially for the tertiary

stage where the scatter can be considerable.

Eqg. (A3) can be rewritten as:

log e =c + e s e+ (d+ f se)elogo
: . 10(0 + eeg), Gld # feoe) (A4)
i.e. the Norton equatioh (A1), with strain dependent coeffi-

cient.

Besides the different sets of four constants (c, d, e, and f),
the "point” of transition from primary to tertiary creep has

to be known by the computer, and is determined in the following

way:
Eg. (A3) is simplified to:
* D .e
e = (C e p P (AS)
. Dt-s
and € = C, » e , (AB)
where C = 10(0 + d log o)
and D = 1n10 « (e+felogo),

and the subscripts p and t denote primary and tertiary creep

respectively. (Dp is negative and Dt positive.)

Eq. (A5) represent a strain rate which decreases with in-
creasing strain while the Eq. (A6) strain rate increases.
The primary - tertiary transition occurs for the strain, €’
where the strain rates are equal. Egs. (A5) and (AB) yield:

€, = (lnCp - lnCtJ/(Dt-Dp) (A7)
The minimum creep rate, éo’ is

D -eo Dt-eo
p (AB)



Integration of Eq. (A5) yields

I - . . .

€ = 5 In (1 Cp Dp t), (AS)
P

which is the equation for the primary part of the creep

curve.

Egs. (A8) and (A8) give

t = - — 1 (e P o9y, (A10)

i.e. the primary - tertiary transition time.

Egs. (A7) and (Al0) show a very complicated, stress dependent
relationship between €, and to' In practice, however, it
was found that the rather complicated Egqs. (A7) and (A10)
could be replaced by one of the following simple time depen-

dent expressions for €,

e, = E; v+ Fy o log t ' (A11a)
F2 o t

€, = E2 « 10 (A11b)

e, = Eg / (1 + F3/t) , (A11¢e)

These expressions must be determined individually for the
different structures since the relative amount of primary

creep varies from structure to structure.

Finally, a mathematical expression for the tertiary creep

stage can be derived from Eq. (AB).

€ = - 1"-} 1— Peteo -C,_*D,_ s(t-t ) (A12)
4 Dt ’n e. t t =]

€, and to are determined in Eqgs. (A7)} and (A10) respectively.

Contrary to many mathematical models for tertiary creep,
Eq. (A12) yields a finite rupture time, tR’ i.e. the time
for which e in Eq. (A12) reaches infinity.



t =t +e © %/ (..D,) (A13)

For comparison between experimental results and the results
of the above-mentioned analysis regarding entire creep curves
(Egqs. (A9) and (A12) ), minimum creep rates (Eq. (A8) J, or
rupture times (Eg. (A13) ), the reader is referred to the

main report.
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APPENDIX B. MODIFICATIONS OF THE CONSTITUTIVE EQUATIONS IN
APPENDIX A

For some structures a different strain rate/stréin relation—
ship was valid than that used in Appendix A. Therefore
some of the equations in Appendix A had to be changed.
These equations are listed below with the same number

as in Appendix A but with the A exchanged for an B.

log £ = a+b- log ¢ (B2)
log £ = c+d+log o + (e + f-logo)-+ log ¢ (B3)
¢ _yqlcrerloge)  (d+f-loge) (B4)
E.: = C EDp (B5)
p P
3 _ . Dt
€ 7 Ct € (B6)
c = 10lctdrlogo)
P
D =e + f - logo
P g

- 1/{Dy -D_) .
€5 (Cp/Ct) p (B7)
i =c_ -ePp=c -clt (B8)
o P o t o

e = (Cp+(1-Dp) - g1/ (1=Dp) (B9)



_ o
ts = T (7-p.) (B10)
b
(1-D,) -
e = (e, °© +ct(1—Dt)<t—tO>)”“ D) (B12)

Ct is, although small, always positive. Dt is equivalent

to b in Equation (B2) and hence positive for tertiary

creep. Provided D >1 a finite rupture time can be

t
determined:

- _. (1-D.) . (71—
tp = t, "gg tt/ Cy (1-D,) (B13)
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