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ABSTRACT

In a liquid metal fast breeder reactor large components such as dia

grid, core shielding and reactor vessel must endure the total plant

life, since they cannot be replaced economically. These permanent near

core structures are exposed to low total neutron fluences up to

1025 n.m~2 in the temperature range of about 650 K to 850 K.

The loading patterns of the components vary from static creep loads

to high cycle fatigue under normal conditions and high rate tensile

and creep deformations in emergency conditions.

For the SNR 300 the licensing authorities require the determination

of the lower boundaries of post-irradiccion mechanical properties for

DIN 1.4948 parent metal and welded joints. It has been established

that with decreasing strain rate the post-irradiation tensile ductility

decreases. A transition strain rate has been observed, above which

there is no effect of irradiation on ductility. The transition strain

rate increases with increasing temperature. Coarse grained heats show

lower ultimate tensile strength above 800 K than fine grained heats.

There is no significant effect of irradiation on load controlled high

cycle fatigue with frequencies of 1 Hz or higher. In low cycle fatigue

numbers of cycles to failure decrease with decreasing frequency. In-

creasing the test temperature reduces the number of cycles to failure

even more. The frequency effect is most evident at 823 K. Parent metal

has a better fatigue resistance than welded joints in unirradiated

and irradiated condition. Creep strength is reduced by irradiation due

to loss of ductility. It is shown that with increasing grain size the

rupture strength decreases. The ductility of welded joints after irra-

diation is low, in some cases as low as 0.5% creep strain.

After irradiation tensile, creep and fatigue fracture surfaces show

many more intergranular features than in the equivalent unirradiated

condition. The promotion of intergranular fracture by irradiation and

the consequent degradation of low strain rate mechanical properties is

explained by the presence of helium on grain boundaries. Several mea-

sures to increase the helium content threshold can be taken, such as

grain refinement, homogeneous boron distribution and promotion of helium

bubble initiation. In cases where helium embrittlement is encountered

life- reduction factors on unirradiated material properties must be ap-

plied.
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1. INTRODUCTION

For the safety analyses of the permanent primary components of the

SNR 300, a loop type liquid metal fast breeder jointly built by the

German-Dutch-Belgian consortium SBK in Kalkar, post-irradiation mecha-

nical properties are required [l]. Most near core structures, such as

dia grid, core shielding and reactor vessel are made of DIN 1.4948,

similar to AISI type 304 stainless steel. Quite a lot of post-irradia-

tion data of 304 in the relevant temperature range are available. Most

data are obtained after exposure to total neutron fluences over

102G n.m~2, whereas near core structures remain usually below 5 * 102lt

n.m~2 at the end of life. In literature the data on irradiated full

welded joints are limited.

The licensing authorities therefore considered the determination of

mechanical properties of both welded joints and parent metal in the

lower neutron fluence range essential. The programme, originally set

up in 1973 contains measurements of properties relevant to both normal

and emergency conditions. Thermal loading ability is investigated by

strain controlled low cycle fatigue, thermal striping by load controlled

high cycle fatigue. Static loading ability is checked by constant load

creep tests.

The capability for energy absorption of primary structures by a hypo-

thetical core disruptive accident is verified by constant rate tensile

tests. Also tensile tests are performed on material, which has been

exposed to fatigue or creep prior to tensile testing. The work on

fracture mechanics and toughness will be reported elsewhere.

Most of the work reported here has been presented at many different

occasions since the last IWGFR-meeting in 1977. This paper gives a

review of the main results on low dose irradiation effects obtained

since then. After an explanation of the problem, material and test

procedures, the dynamic high and low cycle fatigue results will be

summarized. Then from the static properties the tensile, creep and

creep rupture data will be reviewed. The main effect of prior creep

and fatigue on tensile data will be summarized. In the last section

an explanation for the observed phenomena will be given on the basis

of optic and electronmicroscopic work. The difference between service

conditions and post-irradiation test results will be discussed.
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2. THE SERVICE ENVIRONMENT

2.1. Mechanical loads and temperature

The operating temperatures near the SNR 300 core lie in the range

from 650 K (inlet) to 825 K (outlet), which is similar to present

designs such as Super Phenix [2] and CDFR [3]. The instrumentation

support temperature might rise locally to 870 K.

During normal operation the maximum static loads in the reactor

vessel are about 15 MPa and they might rise locally to 40 MPa. The

instrumentation support is subjected to a maximum stress of about

40 MPa. The grid plate supporting the core is stressed locally to

90 MPa but its temperature, 650 K, is out of the creep range.

Thermal cyclic stresses produce maximum cyclic strains of about 0.2%.

The number of cyclic reversals due to thermal striping effects at the

end of life might amount to 109 cycles.

In the hypothetical core disruptive accident the tensile strain rates

will probably not exceed 1 s"1, but temperatures in excess of 960 K

may occur.

2.2. Irradiation in service

Apart from the instrumentation support the effect of fast neutron

fluence on permanent core structures may be disregarded, because it

is far below 1 dpa. Parts of the dia grid are exposed to a maximum

of 10 dpa, which cannot be neglected.

Most of the near core components are exposed to thermal neutron flu-

ences in the range from 1023 to 7 * 1021* n.m~2. This means that from

the 10Boron isotope in the steel 5% to 95% has transmuted to helium.

The reactor vessel itself is so large that the top and bottom virtual-

ly show no boron burnup at all.
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3 . MECHANICAL TESTING

3.1. Material

The product forms, used for the SNR components are given in Table 1.

The plates A, B and K have been welded and their joints have been in-

vestigated under the code names D, E and L. Their chemical compo-

sitions are given in Table 2. It is clear that the heats have been

produced within narrow tolerances, with the exception of forging C,

which shows a large grain diameter.

Most of the work was performed on plate K and its weldment L. They

serve as a reference heat and reference weldment. The weldme.nt L as

tested contains the root weld, Fig. 1, whereas weldments D and E

contain intermediate weld beads.

3.2. Irradiations

All test specimens were irradiated in the HFR-Petten in high tempera-

ture rigs filled with sodium. The temperature in the rigs is controlled

by adjusting the gas mixture in a gap between the rig and its outer

containment. Further adjustment is accomplished by moving the rig

axially in the core relative to the flux peak [4], The irradiation

temperature is monitored with three K-type thermocouples for each

specimen. The thermal neutron fluence is determined with monitors

using the 59Co(n,Y)60Co reaction. The fast fluence is determined with

monitors using the 58Ni(n,p)58Fe reaction. The duration of the irra-

diation of rigs was chosen in accordance with the required maximum

fluence.

3.3. Mechanical testing

Tensile testing was performed on a servo-hydraulic machine using

a Woods metal device to obtain accurate alignment of the specimens.

The high temperature furnace showed a maximum gradient of 2.5 K and a

stability of 2 K. Stress strain curves are recorded on paper for the

lower strain rates. Testing rates are in the range from 3 * lO~7s-1

to 6 s"1.
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High rate testing requires a memory oscilloscope. Test temperatures

are in the range from room temperature to 1023 K. Most tests are

performed in accordance with ASTM Standard E-8.

All HCF-tests were performed under load control on a servo-hydraulic

machine using a sine wave. The total stress range varied from 150 MPa

to 200 MPa. The LCF-tests are performed under strain control using

a triangular wave form. Tne total strain ranges are in the interval

from 0.4% to 2%. Testing temperatures are in the range from room tem-

perature to 1023 K. Strain rates in this case vary from 10~6s~1 to

3 * 10~3s~1. For fatigue testing the thread ended hour-glass type is

used. The radius of the hour glass is large: 100 mm, making it almost

a cylindrical type. The specimens have ridges for strain gauge attach-

ment, Fig. 2. Surface roughness lies between 0.1 and 0.2 um after abra-

sive polishing.

Creep testing is carried out on shielded dead weight machines with

lever levelling devices and furnaces with three independently controlled

zones. Test stresses are in the range of 90 MPa to 300 MPa. Test tempe-

ratures are in the range from 723 K to 873 K. Creep testing is performed

in accordance with ASTM Standard E-139.
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10 mm
I 1

Weld root beads

in gage length.

Intermediate weld

beads in gage length.

Fig. 1. Location of Che weld beads in the weldment with respect to

the gage length of tens i le , creep and fatigue specimens.

Fig. 2. Dimensions of the low cycle fatigue specimen in mm.

7 7 9



4. DYNAMIC PROPERTIES

4.1. High cycle fatigue

In Fig. 3 the cyclic stress range has been plotted versus the number

of cycles to failure of heat K in unirradiated condition and irradiated

to a thermal fluence of about 2 * lO24 n.m~2 [5]. From the figure it

appears that there exists a fatigue limit of about 162 MPa and 152 MPa

for irradiated and unirradiated material respectively. The endurance

limit occurs at about 7 * 101* cycles at 823 K. These data are in rea-

sonably good agreement with data presented by Chow [6] for unirradiated

solution annealed Type 304 stainless steel. From our data it can be

concluded that low dose irradiation has little effect on the HCF-pro-

perties.

Comparisons of numbers of striations on fracture surfaces, Fig. 4, and

number of cycles to failure have shown that usually more than 80% of

high cycle fatigue life is consumed by initiation. Factors affecting

the duration of the initiation determine the fatigue life. Such factors

are:

- surface finish

- defects, especially in weldments

- residual stresses.

The HCF-data in the laboratory are produced by very smooth specimens.

Where welded joints are tested, care is taken to ensure that they are

sound. The relevance of such laboratory data for the high cycle fatigue

resistance of large components has therefore its limitations. Surface

finish, defects and residual stresses of structures weighing many Mg's

is, for economic production reasons, such that the presence of initia-

tion cracks must be postulated. Fatigue crack growth data and fracture

toughness values are thus essential for the design analyses.

4.2. Low cycle fatigue

Fig. 5 shows transmission electron micrographs of DIN 1.4948 in four

conditions, in the irradiated condition and three conditions after

irradiation to 5 * 102tf n.m~2 at a temperature of 323 K, 623 K and

723 K respectively. It is clear that at 723 K the displacement damage,
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in the form of loop type and "black-dot" damage, does not appear. At that

temperature this damage is instable and dissolves immediately.

As a result low cycle fatigue tests on material irradiated below 723 K

show a large amount of cyclic softening. At 823 K and higher test tem-

peratures the cyclic hardening of unirradiated and irradiated material

is quite comparable [7]. Also the number of cycles to failure, N,., is

hardly affected by irradiation up to 950 K. At 1023 K the reduction

factor due to irradiation Nc . /N,. . rapidly rises, Fig. 6.
f-unirr. f-irr. ' J ' e

These observations are valid for a strain rate of 3 * 10~3s~1.

Decreasing the strain rate at a given temperature and strain range re-

sults in a further decrease in the number of cycles of the irradiated

condition and the unirradiated condition, Fig. 7. The unirradiated ma-

terial fractures more intergranularly with decreasing strain rate. In

the irradiated condition the fracture surfaces at the lower strain

rates are completely intergranular. The Eckel [8] relationship douz

not account for a change in fracture mode. The predictive value of this

relationship is therefore limited. In unirradiated and irradiated mate-

rial about 20% of low cycle fatigue life is required for initiatiovi of

fatigue cracks. At the strain rates below 10~I+s~3 thj initiation occur;

earlier in life due to intergranular cracking.

In Fig. 8 the number of cycles to failure at 823 K of parent metal and

welded joints can be compared on the basis of total strain range. The

welded joints show about half the number of cycles to failure [9] of

parent metal. Cracks are initiated both on the outer surface of the

specimens and in the interior of the weld metal. Usually a small gas

cavity or fusion defect serves as starter crack. The fatigue fracture

propagates in the weld metal. Striation patterns are non existent or

highly irregular. In the wold metal a considerable amount of cold work

prior to testing has been observed by transmission electron microscopy.

This is one of the main reasons that in welded joints cyclic hardening

is hardly observed.
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5. STATIC PROPERTIES

5.1. Tensile properties

The main irradiation effect on tensile properties is a decrease in

ductility with decreasing strain rate and increasing temperature.

The data are summarized in Fig. 9 for an irradiation condition with

0.3 appm He. Saturation helium contents cause a shift of the trend

lines with about 10% to lower elongations [10]. The yield stress is

not affected by irradiation when irradiation and test temperature are

over 723 K. For the lower strain rates the ultimate tensile strength

is reduced, because of early fracture due to low ductility. In Fig.

10 this is illustrated with the tensile curves of the different con-

ditions of parent metal.

The ductility decreases after irradiation. The post-irradiation trans-

granular fracture character changes with decreasing strain rate into

intergranular fracture. In Fig. 11 the elongations measured in post-

irradiation tensile tests are plotted versus the percentage of the

fracture surfaces with an intergranular character. A systematic tran-

sition from completely ductile fractures for elongations over 40% to

fully intergranular fractures for ductilities below 20% is evident.

Welded joints show ductilities half those of parent metal in both

unirradiated and irradiated condition [11]. Weldments fracture in ti

weld metal except at strain rates below 10~5s~1. The fracture then

occurs in the heat affected zone. The trend for parent metal that the

transition strain rate above which no embrittlement is observed in-

creases with increasing temperature, is also observed for weldments.

Most of the tensile results described so far were obtained for parent

metal heat K and welded joint L. The decrease in post-irradiation duc-

tility with increasing temperature has been observed for all plates

and forgings [12]. For the three different weldments this trend was

not observed. It was observed that the ultimate tensile strength is

a function of the sum of carbon and nitrogen content divided by the

square root of the grain size, Fig. 12, in both unirradiated and irra-

diated condition at 823 K and 873 K. This observation is in accordance

with the data of Sikka [13] on unirradiated AISI Type 304.
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5.2. Creep and creep rupture

Four plates, two types of forgings and three welded joints -»re sub-

jected to post-irradiation creep exposure. All heat;» of parent û ?""1

show a decrease in creep strength due to loss of ductility. The re-

duction in creep strength is decreasing with increasing Larson Miller

parameter, which is exemplified in Fig. 13 for heat C. The heat-to-

heat variation in creep strength in unirradiated condition is equal

to that in irradiated condition. The variation expressed as standard

deviation of the mean creep strength is about 15%. The variation in

creep strength of parent metal can be correlated also with the sum of

carbon and nitrogen content divided by the square root of the grain

diameter.

The creep ductility is reduced, because of the irradiation promoted

intergranular cracking. The creep deformation pattern (until rupture)

is hardly affected by irradiation. For example the secondary strain

rate in reference and irradiated conditions are similar, Fig. 14.

The creep strengths of welded joints are considerably lower than

that of the plate they are connecting. Irradiation affects the welded

joints' ductility somewhat, but creep strength is hardly reduced.

Therefore post-irradiation creep strength of parent metal and welded

joints nearly coincide, Fig. 15. The ductility and reduction area

of welded joints is very limited after irradiation.

Since tensile strength and creep strength can be correlated to the

same structural parameter, they can be correlated directly with a

reasonable correlation factor. In this way the 10.000 hours creep

strength could be correlated to the ultimate tensile strength of the

particular heats of 823 K and 873 K.
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6. INTERACTIVE TESTING

6.1. Sequential creep-fatigue

The number of cycles to failure is decreasing with increasing prior

creep exposure [14]. In parent metal intergranular fracture occurs,

which increases the fatigue crack growth and thus reduces the fatigue

life. The root weld beads also show creep damage especially internal-

ly. In this case the number of cycles to failure is reduced by irra-

diation too.

Prior fatigue exposure improves the creep properties considerably due

to cyclic hardening. When macro fatigue cracks grow the creep proper-

ties rapidly deteriorate. After irradiation the creep extensions are

reduced with the same factor as in a single test.

6.2. The effect of fatigue and creep on tensile properties

Fatigue damage introduced prior to tensile testing shows its hardening

effect in the increase of the yield stress [10], The tensile elongation

is affected when the coalescence of micro fatigue cracks is in its final

stage or in the stage of macro crack growth, Fig. 16. For high rate ten-

sile testing the irradiation effect is limited. For low rate testing a

clear irradiation effect is shown, which has to be attributed to early

intergranular fracture assisted by the presence of helium on grain boun-

daries after irradiation.

In the case of creep damage prior to high rate tensile testing it has

been observed that the unirradiated and irradiated condition show simi-

lar behaviour with respect to tensile strength and ductility, Fig. 17.

This statement is valid for both parent metal and welded joints. The

ductility and ultimate tensile strength decrease gradually. Only after

80% of creep life has elapsed the strength and ductility rapidly de-

crease.
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7. DISCUSSION

7.S. Helium embrittlement

Several authors ([15],[16],[17]) have reported threshold helium con-

tents for tensile and creep embrittlement of stainless steel near half

the melting temperature in the range of 10"^ to 10~^ atomic ppm. The

heats of steel used for the present investigation contain at least 1

appm helium, which amply exceeds the threshold value. The helium from

the thermal 10B(n,a)7Li reaction will be the agent that weakens the

grain boundary strength, subsequently promoting intergranular fracture.

Most of the mechanisms explaining the effectiveness of helium, are

based on the theory of stress determined grain boundary bubble growth

([18], [19]) and coalescence. The ductility can be correlated with helium

content and strain rate to an acceptable level of accuracy. The theory

shows that lower strain rates reduce ductility due to the constraints

of the vrcancy sources. The bubble sizes at fracture predicted by theory,

however, have not been observed in specimens tested at even the lowest

rate. A wedge type crack model [15] does not entirely fit to the data,

but the trend of the data is such that the hypothesis that helium pro-

motes grain boundary cracking by reducing the surface energy is strongly

supported.

The results and theories do not provide complete remedies for helium em-

brittlement in austenitic stainless steel, but several measures can be

taken to increase the threshold helium content to a value only limited by

technical and economic feasibility. First of all the grain size of the

material should be as fine as possible. This may sound easy to achieve

for plate, but in the cases of heavy forgings and heat affected zones

this requirement is hard to fulfil. High boron contents should be avoided,

but even more effective is the control of its distribution. Rapid cooling

rates and small additions of for example Ti prevent boron segregation on

grain boundaries. Finally it is beneficial to promote helium bubble ini-

tiation, thereby preventing its growth to a fow large embrittling bubbles.

For coarse grained components containing boron, helium embrittlement seems

unavoidable in austenitic stainless steel. For the low rate loading ranges,
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be it static or dynamic, creep and cyclic life reduction factors

will have to be applied in design codes and guidelines. Also the

designer must be aware that in permanent core structures low duc-

tilities have to be anticipated after the threshold helium level

has been exceeded. For welded joints subjected to creep loads frac-

ture strains as low as 0.5% have been observed.

7.2. Service environment and testing condition

Static loads in the creep range will under normal conditions not be

above 40 MPa. The lowest test loads were about 90 MPa at the highest

service temperature 873 K. This higher creep temperature allows, with

the use of for example the Larson Miller parameter, extrapolation to

lower stress figures, but uncertainties still remain. Post-irradiation

creep test results of 10.000 hrs are available and compared to plant

life the extrapolation uncertainties are relatively large. Therefore

now post-irradiation creep tests are undertaken with expected maximum

time to rupture of 50.000 hrs.

The cyclic loading patterns in service are hard to predict and not

easy to obtain during operation. Still this is considered of great

importance. The use of constant amplitude and strain rate data might

give an oversimplification of reality which might not always lead to

conservatism. As stated in section 4.1 on high cycle fatigue,, the re-

levance for plant operation of data obtained on highly polished spe-

cimens is limited. The reliability in this area is better served with

data on defect specimens, though it is not an easy task to specify a

useful standard defect. At present a considerable part of the dynamic

testing is devoted to cyclic crack growth and toughness testing, but

also low rate cycle fatigue and fatigue frequency effects are inves-

tigated more thoroughly.

It is clear that the feared high rate deformations in the hypotheti-

cal core disruptive accident do not pose a serious problem in irra-

diated austenitic steel. On the contrary, results and physical con-

siderations on helium assisted crack growth suggest that high rate

loading is less harmful for permanent near core structures ductility

than low rate loading.
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In the HFR the irradiation transmutation product helium is generated

orders of magnitude faster than in LMFBR service. It is expected

that this difference in generation rate is not of importance for the

extent of helium embrittlement. The expected fluences are based on

shielding calculations with a limited accuracy. The absence of a he-

lium generation rate effect and the eventual bias of shielding calcu-

lations and therefore amounts of helium will have to be checked with

the results from post-irradiation tests of specimens taken from the

surveillance rigs of the SNR 300.

8. CONCLUSION

Low dose irradiation effects in permanent core structures of LMFBR1s

are limited to helium embrittlement mainly. The embrittlement is to

be encountered in both static and dynamic low rate mechanical loading.

Several measures to increase the helium content threshold can be taken

such as grain refinement, homogeneous boron distribution and promo-

tion of helium bubble initiation. In cases where helium embrittle-

ment is encountered life reduction factors on unirradiated material

properties must be applied. Additional work has to be performed in

the very low rate static and dynamic material properties in order to

validate extrapolations. The high rate deformations to be expected

in a hypothetical core disruptive accident are not influenced by low

dose irraditions. Parent metal mechanical properties are superior

compared to the welded joints. Especially the low welded joint duc-

tility has to be considered.
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Table 1

Product form, identification, thickness, grain size and ferrite con-

tent of six heats of DIN 1.4948 parent metal and three types of welded

joints.

Product
form

Plate

Forging

Welded
joint

Identification

B

F

K

C

H

D

E

L

Thickness
[mm]

50

40

40

20

500

120

50

40

20

Grain
diameter
[ym]

60

90

40

100

300

60

-

Ferrite
number
[%]

A
 A

 A
 

A

—
 

. 
1

< !

< !

4-6

5

3-0

Table 2

Chemical composition of the six heats of parent metal and the weld

metal in the three welded joints in weight percentages.

Parent

metal

Weld

metal

Heat

A

B

F

K

C

H

D

E

L

C

0.051

0.056

0.059

0.053

0.055

0.055

0.038

0.060

Cr

18.5

18.3

18.7

17.8

17.4

17.9

18.9

18.6

18.8

Ni

10.7

10.2

11.0

10.6

11.2

10.9

10.6

10.2

10.9

Mn

1.96

1.29

1.38

1 .82

1.57

1.58

1.40

1.24

1.30

Mo

0.037

0.01

0.01

0.065

0.04

0.057

0.088

0.02

0.01

P

0.024

0.006

0.020

0.014

0.010

0.017

0.023

0.013

0.011

s

0.006

0.013

0.026

0.031

0.018

0.016

0.011

0.014

Si N

0.73

0.48

0.50

0.44

0.44

0.41

0.59

0.46

0.58

0.059

0.073

0.047

0.041

0.035

0.041

0.044

0.052

B

0.0002

0.0003

0.0002

0.0014

0.0006

0.0038

0.0002

0.0002
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