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Abstract;

A brief description of work in hand at AB Atomenergi concerning

the effects of neutron irradiation on structural materials is given.

Some recent data is listed for the following pressure vessel steels

2103/R3 as used in the Ågesta reactor, SIS 142103, NO345, Fortiweld

and weld metal OK 54 P. Zircaloy-2 has been studied regarding the

combined effects of neutron irradiation and hydrogen content on

tensile properties. The difficulties associated with determination

of neutron dose and the correlation of damage with dose and neutron

energy spectrum are discussed.
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Swedish studies on irradiation effect in structural materials

by M Grounes & H P Myers

The irradiation effects studies described here are carried out by

AB Atomenergi (the Atomic Energy Company of Sweden), a company

in which a majority of the shares is held by the state, private and

municipal interests holding the remainder. About 1.500 persons are

employed of which some 20% are university graduates. The activities

of the company are financed by the state, the total grant between 1947

and 1962 amounting to around 0 145 million. For the financial year

1962-63 funds totalling ^25 million were granted.

The first industrial prototype reactor, a combined power and heat

reactor station is being built at Agesta and will go critical by the end

of this year. The reactor will initially have a thermal output of 65 MW;

10 MW electricity and 55 MW heat. A detailed project study is being

made on the first full-scale electricity plant at Marviken. The station

is planned for operation by 1967. Both these reactors use natural

uranium oxide, are heavy water moderated and cooled and housed

in steel pi-essure vessels. The pressure vessel temperatures will

be 220 C for Ågesta and 260 C for Marviken. The neutron doses

received during the reactors ' lifetimes are estimated to be about
IQ T

2x10 n/cm (>1 MeV).

Besides various reactors for physical research etc. the company

operates the materials testing reactor R2 in Studsvik. R2 is a 30 MW

tank-in-pool reactor similar to the ORR.

Ferritic steels

Most of our efforts have been concentrated on ferritic pressure vessel

steels. Tensile and impact specimens of the following steels have been

irradiated:
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Steel 2103/R3, än aluminium-killed carbon-manganese steel which is

a modified version of the Swedish standard steel SIS 142103. Specimens

were made from a normalized 65 mm thick plate, clad with 5 mm

austenitic stainless steel on one side. This plate was excess material

from the fabrication of the pressure vessel for the Agesta reactor

station. Specimens were taken from the surface and from the centre

of the plate. Material from the surface of the plate was also strain

aged by pulling rods machined from the plate to 10% elongation and

then heating them 1 hr at 250 C.

Steel SIS 142103, an aluminium-killed carbon-manganese steel made

according to Swedish standards. Specimens were made from normalized

bars with 19 mm diameter. This material has been irradiated because

of its extremely low transition temperature.

NO345, a quenched and tempered manganese-molybdenum low-alloy

steel. A 35 mm thick plate from an early heat of this steel was used.

Fortiweld, a normalized and tempered molybdenum-bor on low-alloy

steel. A 65 mm thick plate from an early heat of this steel was used.

OK 54 P, an un-alloyed basic weld metal prepared according to the

older recommendation of IIW with electrodes of 4 mm diameter. The

analysis of these materials is shown in the following table.



2103/EU

SIS 142103

NO345

Fortiweld

OK 54 P

C

0.15

0.13

0.16

0.12

0.06

Si

0.41

0.32

0.28

0.38

0.56

Mn

1.59

1.63

1.52

0.68

0,99

c

P

0.014

0.015

0.010

0.023

0.015

om p o s

S

0.012

0.020

0.008

0.011

0.020

si t ion

Cr |

0.02
i

0.09 j

i
0.17

0.07

0.05

To

Xi

0.01

0.10

0.16

0,04

0.07

Mo

0.05

0.05

0.27

0.45

Cu

0.05

0.18

0.08

0.12

0.18

X

0.006

0.008

0.010

0.007

0.011

Al

0,034

0,025

B

i

0.0030
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We have used normal Charpy V notch specimens, and special miniature

impact specimens with dimensions 3 l/3x 3 1/3x27.5 mm, a 45 notch

with 0.11 mm notch radius (1-3),

The first irradiations were made in the French graphite moderated

reactor Gl in Marcoule. The results from the first experiments have

been published elsewhere (4.5); the irradiation temperature was

160-195 C and the neutron dose 2,5x10 n/cra (>1 MeV). The specimens
18 ?

from the second experiment (neutron dose about 5x10 n/cm ) have not
yet been tested. A third irradiation to a smaller dose is planned.

The impact results obtained so far are summarized in the following table»

Material

2103/R3,
surface

2103/&3,
centre

2103/^.3,
surface, aged

SIS 142103

NO345

Fortiweld

OK 54 P

Transition temperature

Charpy V-notch specimens

Before i r r .

-95

-95

- 5 0

-155 +15

-95

0

-65

After i r r .

-50

-50

0

- 9 0

-

-

-15

Increase

45

45

50

65 +15

-

-

50

Miniature specimens

Increase I

40

45

55

65 ±15

25

45

45

Increase II

60

50

75

105 ±15

20

40

50

l) Increase 1

" II

values at 1 kgm/cm energy

" " half maximum energy

A series of 5 irradiations at 40 C have been made in the Danish light

water moderated reactor DR2 in Risö» the neutron doses being between

2x10 and 2x10 n/cm (> 1 MeV). More than 1.500 specimens were
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irradiated, and these are now being tested.

A series of 4 irradiations at a carefully controlled temperature of

230 C are in progress in the Danish heavy water moderated reactor

DR3 in Risö, these experiments will be the first ones performed at

the actual pressure vessel operating temperature. A further series

of irradiations at about 80 C are in progress in our own R2 reactor.

The main part of the program will consist of irradiations to varying

neutron doses. Unfortunately it is not easy to obtain the neutron doses

we an; interested in under well defined conditions, one day's irradiation
13 ? 18 2

in a neutron flux of 5x10 n/cra , s (.-' 1 MeV") gives the dose 4x10 n/cm

(•> L MeV) which is about twice the dose the reactor vessels are expected

to receive during their lifetime» We are also planning some irradiations

in order to investigate dose rate effects. The variations in dose rate

will be obtained by varying the reactor's power. We also intend to

investigate the effects of various neutron spectra and irradiation

temperatures.

Three special questions in connection with the pressure vessel steels

contemplated for the Marviken reactor have been investigated namely

the effects of very low initial transition temperature, of strain ageing

and of a low boron content.

The very fine-grained steel SIS 142103 was irradiated in order to investi-

gate whether a steel with an extremely low initial transition temperature

would give larger irradiation-induced changes. Unfortunately, the transi-

tion temperature of the unirradiatcd material was so low that it was

difficult to measure. The change in this material might to be 20-30 C

larger (han in most of the other materials, however, it should be noted

that the other materials do not show any significant variation in radiation

induced changes with initial transition temperature (e.g. Fortiweld has
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the highest initial transition temperature but does not change less than

other steels).

For reactor design purposes, as well as for estimating the allowable

service life of a reactor pressure vessel, it is essential to have

reliable data on the increases in transition temperature due to both

irradiation and normal ageing, in the absence of irradiation the latter

phenomenon may cause a significant increase in transition temperature

and the question arises whether the effects of irradiation and ageing are

additive or whether the increase due to irradiation can be considered to

include any deleterious effects arising from ageing. In strain-aged steel

2103/R.3 the change in transition temperature was nearly the same as in

normalized plate. In this particular case effects due to neutron irradiation

and those due to*ageing must be considered as additive.

The eventual effect of a low boron content which might be deleterious

due to the B (n, a )Li reaction has been widely discussed. Calculations

by Myers (6) show that the Fortiweld steel should not be more susceptible

to radiation damage than other steels. The test results obtained agree

with this conclusion since the increase in transition temperature was

about the same in Fortiweld as in most other steels. Still another test

will be made by simultaneous irradiation of material from three laboratory

melted heats containing natural boron, B and B respectively.

Irradiation monitoring programmes are planned for the power reactors.

For the Ågesta reactor we obtained a large amount of excess material

from the actual melts and even plates used in the pressure vessel.

Tensile and impact specimens of all materials used in the vessel,

including welds and heat affected zones will be irradiated inside the

vessel in channels in the outer side of the thermal shield. One set of

specimens of each material will be withdrawn and tested each year

during the reactor's lifetime. The total programme consists of more

than 3.500 specimens.
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Austenitic steels

Our work on austenitic steels has so far been concentrated on monitoring
o o

programmes in the Agesta and R2 reactors. In the Agesta reactor the

thermal shields are made of an 18-9-lype auslenitic stainless steel.

Tensile specimens from this steel and from weld metals and heat-

affected zones will be included in the monitoring programmes

mentioned above. In the R2 reactor we have a high temperature pressurised

water loop operating, the thimble is made of stainless steel type AISI 347

of US origin. Tensile specimens made from the thimble arc irradiated

in the reactor core and will be withdrawn at various intervals. The use

of strain hardened austenitic stainless steels might be an attractive

method to increase the yield strength of materials for pressurised

components. We shall irradiate tensile specimens of an 18-8-steel

after various amounts of strain.

Zirconium alloys

The effects of neutron dose and hydrogen content on the tensile properties

of Zircaioy-2 have been investigated in a series of irradiations in the

Danish reactor DR2. Zircaloy-2 specimens in the form of 15 mm rods

from Imperial Chemical Industries Ltd were loaded with various amounts

of hydrogen in a high temperature water autoclave or in a Sieverts

apparatus. The original hydrogen content was about 15 ppm, the maximum

content induced about 200 ppm. So far only results from room temperature

tests are available. As the neutron dose and/or the hydrogen content are

increased a yield point develops. Zircaloy irradiations in R2 at 60 C and

270 C are planned, the latter will be performed in the high temperature

water loop.

Aluminium alloys

We have no particular interest in aluminium alloys; however, the pressure

vessel of the R2 reactor is made of aluminium and we will have a small

monitoring programme similar to the ones mentioned above.



Neutron dosimetry

Since the neutron environments in the power reactor pressure vessels

where the steel is to be used and the material testing reactors used

for irradiation experiments are intirely different we have tried to

measure the dose and spectrum as carefully as possible. The thermal

doses have been measured with cobalt. For the fast doses we used

the following reactions (7).

C32, ,_32S (n, p)P

...58/ \« 58Ni (n, p)Co

- 63, ,„ 60
Cu (n,a)Lo
^.46, Xa 46
Ti (n, p)Sc

Half life

T 1/2

14 d

72 d

5.4 y

85 d

*
Cross section

<r

mb

62

105

0.54

15

Effective threshold
energy

eff
MeV

3.2

3 . 4 ± 0 .2

6 . 7 + 0 .2

6 . 0 ± 0 . 2

The fission c*°ctrum cross section for Cu and Ti are normalized against

the value 105 mb for Ni. Hughes definition o*. the effective threshold

energy has been used with the values normalized against E , , = 3.2 MeV

and 8.1 MeV for the reactions S (nsp)P and Al (n,a)Na respectively.

Data from the monitors and the cross section value used give the total

cr is the cross section for the reaction expected in a fission spectrum:

values given are based on measurements with fission spectra.
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fission neutron dose assuming Ihe neutron spectrum has the same form

as the fission spectrum according Lo Cranberg el al (4). This dose value

is independent of the threshold energy.

In order to get the neutron dose with energy above 1 MoV one must, make

some assumptions regarding the neutron spectrum. For the irradiations

in GI we used a calculated spectrum (5).

The following symbols are used:

Q) _£- = total fission neutron dose

q> (£) = total neutron dose in Gl with energy > E

G? {£./ - neutron dose per unit energy in Gl at energy E

(|) (E) = neutron dose per unit energy in fission spectrum at
energy E

If the spectrum above the energy E f f in Gl and a fission spectrum arc;

similar, then

oO 00

C (j)(E)dE
J e

For Ni we find

(>1 MeV) = 0.159 • 7.83 • (|> = 1 . 2 5 (J)

Significance of effects

In order to make sensible use of irradiation effects data one has to

make a decision on the maximum permissible changes in the properties

in question. Even if the irradiation temperatures, neutron fluxes,
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neutron doses and neutron spectra were known in both the materials

testing reactor and the power reactor's pressure vessel one still has

the problem of how to correlate results obtained in different neutron

environments. We are trying to investigate some of these problems

experimentally. The effects of varying the neutron spectrum are

probably the most difficult ones to investigate since a change in

neutron spectrum is usually followed by changes in most of the

other variables. Rossin (8) used a cascade model to compare the

influence of different spectra. In order to investigate the effects of

variations in this "damage model" we also assumed another model

where only the number and not the size of the defect clusters is

important. Calculations made in order to compare the spectra in

R2 and in Marviken ' s pressure vessel showed a variation with a

factor larger than 4 when we switched between the damage models (9).

Since a factor 4 in permissible pressure vessel lifetime is far too

much there seems to be much work that remains to be done before

reliable calculations in this field can be made.
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