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In -pile AISI 316L Low Cycle Fatigue

Rudi Van Nieuwenhove and Frans Moons

STUDIECENTRUM VOOR KERNENERGIE - CENTRE D'ETUDE DE L'ENERGIE NUCLEAIRE
SCK'CEN MOL

ABSTRACT

Within the framework of the European fusion technology program, in - pile testing of the effect
of neutron irradiation on the fatigue life of the reference material AISI 316L was performed.
The overall program, carried out at the SCK'CEN in MOL, exists of two instrumented rigs for
low cycle fatigue testing which were consecutively loaded in the BR2 reactor during the periods
January - June (94) and August - December (94). In each experiment, two identical samples
were loaded by means of a pneumatically driven system. The samples were instrumented with
thermocouples, strain gages, Linear Variable Displacement Transducers (LVDT) and activation
monitors.
The conditions for these experiments were as follows:

Type of fatigue test load controlled, symmetric, uniaxial, triangular

wave shape,

Stress range =580 MPa

Sample shape hourglass, diameter 3.2 mm, radius 12.5 mm

Environment NaK (peritectic)

Temperature 250 °C

Maximum dpa value up to fracture 1.7

Two of the four samples were broken (one in each experiment) after having experienced 17419
respectively 11870 stress cycles.
These new data points confirm our earlier in pile fatigue test results, i.e. irradiation causes no
degradation of the fatigue life of AISI 316L steel, at least for the parameters corresponding to
these experiments.
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PSM 6.1 Final report

In-pileAISI316L
Low Cycle Fatigue

I. INTRODUCTION
In the framework of the European fusion technology program, several studies on the effect of
iiradiation on the fatigue behaviour of AISI 316L and AISI 316LN steel have been performed
a.o. [1] :

a) Post - irradiation fatigue tests :

1. irradiation at room temperature of AISI 316L steel to 0.3 dpa and post irradiation
fatigue tests at 75, 250 and 450 °C and strain ranges of 0.75,1 and 1.5 % [2].

2. irradiation of 316L, USA-PCA and Japanese PCA materials at 250 °C and doses up to
9.2 dpa, followed by post irradiation fatigue tests at 250 °C and strain ranges between
0.2 and 1 % [3].

3. irradiation of 316LN steel at 600, 700 and 800 K for doses between 3 and 4 dpa [4].
4. irradiation of 316LN steel at temperatures of 400 °C to 550 °C up to doses of 40 dpa

[5].

b) In -pile fatigue tests

irradiation of 316L at 250 °C in a NaK environment up to a dose of 0.4 dpa, at a stress
range of about 580 MPA (strain range « 1.8 %) [6].

All those tests, including the in - pile test revealed that irradiation has a negligible effect on the
fatigue life of AISI 316L for the range of parameters considered. For the in - pile fatigue test
campaign only two data points (obtained at the SCK>CEN at Mol) existed.

The objective of the present study was to perform two new in - pile fatigue experiments on
AISI 316L in the BR2 reactor (SCK'CEN) in order to confirm the results of the previous in -
pile experiment.



II. EXPERIMENTS

II. 1) EXPERIMENTAL SET-UP

II. 1.1. The BR2 Multipurpose Materials Testing Reactor.

The BR2 is a high flux material test reactor differing from comparable materials testing
reactors by its specific core array [7]. The core is composed of hexagonal beryllium blocks
with central channels. These channels form a twisted hyperboloidal bundle and hence are close
together at the midplane but more apart at the lower and upper ends where the channels
penetrate through the reactor pressure vessel heads. With this array, a high fuel density is
achieved in the middle part of the vessel (reactor core) while leaving enough space at the
extremities for easy access to the channel openings. The standard BR2 fuel element consists
of several concentric tubular shells (up to 6) of uranium-aluminium alloy cladded by
aluminium which provide a central channel for locating irradiation experiments. These fuel
element channels offer a particularly high fast (;> 0.1 MeV) neutron flux (up to 7 x 1014

n/cm2s). With an adequate core configuration, a peak thermal (s 0.5 eV) neutron flux of 1.
x 1015 n/cm2 s can be achieved in the central island of the BR2 core matrix.
The BR2 reactor is cooled by light water (pressure 1.26 MPa, inlet temperature 40 °C) flowing
downward in the beryllium matrix. The cooling water represents, together with the beryllium
blocks, the neutron moderator.
The fast to thermal neutron flux ratio depends on the irradiation channel location (see figure
1). From this figure, it is obvious that for obtaining an appreciable fast flux (corresponding
to energies larger than 0.1 MeV), while maintaining a sufficient thermal component for the
production of helium in the stainless steel samples '(caused by a two step nuclear reaction of
Ni contained in AISI 316L), the best irradiation conditions are found in the axis of a fuel
channel (case b in Figure 1).

II. 1.2. In - pile fatigue testing modules

Principle

Two servohydraulic fatigue testing systems, each containing 2 test samples were designed. A
schematic drawing of one in - pile fatigue testing system (containing two modules is shown
in figure 2. The test samples are mounted in a capsule filled with sodium - potassium (NaK)
peritectic (ca. 60 at. % Na) which is held at a constant pressure of typically 9.6 MPA. One
side of the sample is fixed while the other side is connected through a bellow to a chamber in
which the pressure is cycled typically between nearly zero and about 17 MPA. In this way

This simulates the He formation by 14 MeV neutrons in a fusion machine



the sample is cyclically stretched and compressed.
A schematic drawing of the load control circuit is shown in figure 3.
The load on the sample is calculated form the pressure difference over the bellow taking into
account its effective cross section. The geometric cross section as specified by the
manufacturer is 3.18 cm2.
The bellows (see photograph below) are rather rigid and they take up typically about 15 % of
the applied load. The procedure to correct for this (as described in [8]) leads to an uncertainty
of the actual applied stress to the sample of about 4 %. The correction procedure is
complicated by the fact that the bellows experience also friction with the surrounding tube
which often leads to a jump like movement.

FAFUMA 5

F 2025

SCK-CEN

SOpCEN F 2025

TOP 2A-O3-93 LOWER

Photographs of a section of the inner tube of the irradiation rig (top) in which the bellow
(close-up in bottom photograph), used to transmit the cyclic pressure load to the sample, is
visible



Temperature control

The heating of the sample is provided through the absorption of gamma rays produced by the
nuclear reactions in the reactor. As the outside of the irradiation rig is water cooled, it is
possible to regulate the temperature of the test samples by changing the thermal conductivity
between the coolant and the capsules in which the samples are loaded. In practice, this is
realised by varying the gas composition (ratio of helium to neon) in the outer double wall
structure of the rig (see also [8]). During the experiment this mixture is manually adapted
several times to compensate for changes in reactor operating conditions.

Sample deformation detection

The movement of the sample head was measured by means of a ceramic insulated Linear
Variable Displacement Transducer (LVDT) (Schaevitz type 251 XS - ZTR).
According to the design specifications this sensor is not capable to survive the neutron dose
(in the reactor core) required for this experiment. Therefore it was positioned outside the
reactor core and connected through a relatively long rod (= 65 cm) to the alignment piece of
the specimen head. The pressure variation (up to 200 bar) in the cyclic pressure region leads
to significant variations of the thermal conductivity of the gas, resulting in temperature
variations and hence in thermal dilatation of the LVDT measuring rod (connected to the core
of the LVDT). These temperature variations were indeed measured by a thermocouple located
in the region between sample and LVDT. To compensate for the thermal expansion of the
measuring rod [9], the LVDT holder was connected over four rods, having the same diameter
and made out of the same material as the measuring rod, as close as possible to the fatigue
sample (see figure 2). Because of technical constraints some part (=16 cm) could not be
compensated for. It can be estimated that this could result in an error of about 10 % in the
position measurement. Therefore it was not possible to obtain reliable information on strain -
and irradiation hardening in these experiments. The LVDT measurement was very successful
however in the detection of the fracture of the sample. Strain gages on the sample alignment
piece (see figure 2) were used as a redundant check in case the LVDT would fail.



II. 1.3. Fatigue sample

The material examined in this study is the so - called CEC AISI316L reference steel. The
chemical composition [10] of the main alloying elements is shown in the following table.

c
0.026

Ni

12.23

Cr

17.41

Mn

1.81

Cu

0.2

Mo

2.3

Si

0.45

Co

0.17

S

0.001

P

0.026

Ta

0.01

N

0.06

B (in ppm)

7

Hourglass shaped specimen with a diameter of 3.2 mm and a radius of 12.5 mm (see figure
4) were cut from the central layer of a 30 mm thick plate. In total four specimen were used
in the experiments. Each sample was equipped with two thermocouples and two activity
monitors which allow to determine the total dose accumulated during the experiment. A
photograph of an instrumented fatigue sample is shown below.

SCK-CEN F 2 0 2 5

TOP 2A-03-93

Photograph of a fatigue sample on which the thermocouples and radiation monitors are
mounted.



II. 1.4. Out of pile control circuits

The out of pile control circuits can be divided in three modules.

Module 1 consists of a cyclic pressure panel buffer volume and a two stage high pressure
compressor. This module is responsible for the pressure cycles at the LVDT side of the fatigue
samples.
Module 2 consists of a static pressure panel. This module is responsible for the static pressure
at the NaK side of the fatigue samples.
Module 3 consists of a gas mixing panel. This module is responsible for the temperature
control of the in-pile section and for the He pressure in the instrumentation head.

A more detailed description of these modules can be found in [8].

II. 1.5. Data acquisition

The hardware consists of an industrial PC which is connected over a 'driver card' and a parallel
bus to a number of input/output (I/O) cards. The I/O cards include one I/O card for logic level
inputs (32 channels) and two analog to digital converters (12 bit) each having 16 channels.
The 22 signals of the thermocouples, the strain gages, the displacement detectors, the pressure
sensors and the electrical contacts for the NaK detection (safety considerations) from the in-
pile section are connected over a signal conditioning unit and the control panels to the analog
input cards. The signals of the thermocouples are also independently registered and stored by
the MACSYM data acquisition of the BR2 reactor (used to supervise the different components
in the reactor). The 23 alarm signals coming from the Geiger Miiller counter, the pressure
sensors and the flow meter of the out -of- pile section are connected to the logic level input
card.
The software is a commercial packet which allows to carry out data acquisition and
supervision. It is a packet which allows to configure in a fast and simple way the data
acquisition as well as the operator control screens. The packet allows to see online data on the
screen, to print it, and to store it to a hard disk. For the present experiment, the data were
sampled at a rate of 1 Hz. Copies are made on tape. One irradiation experiment (= 4 reactor
cycles) requires a total of about 4 GByte (included are also summary status reports).
More details on the data acquisition system can be found in [11].



II.2. OPERATING CONDITIONS

Reactor conditions

Typical reactor conditions are

Reactor Nominal Power

Maximum thermal flux ( E ^ 0.5 eV)

Maximum epithermal flux (0.5 eV s E ^ 0.1 MeV)

Maximum fast flux (E z. 0.1 MeV)

50 - 60 MW

1.5-1.910'4n/cm2s

0.16-0.210 l4n/cm2s

2.2-2.7 1014n/cm2s

An overview of the reactor cycles for the exposure of the two experiments is shown in figures
5 a,b. The first rig was loaded consecutively in the channels D300, D120 and F254, while the
second rig was irradiated in channel F254.
The actual location of these channels in the beryllium matrix is shown in figure 6.
A summary of the total obtained fluences (from modelling calculations) for the two
experiments is shown in the following table.

Experiment

1

2

cumulative thermal
fluence
[1021n/cm2]

1.15 ± 0.1

0.81 ±0.1

cumulative fast fluence
(E* 0.1 MeV)
[1021n/cm2]

1.7±0.1

1.45 ±0.1

cumulative irradiation
time
[hour]

2008.17

1693.9

Fatigue testing parameters

type of test

shape of the load cycle

type of control

maximum load amplitude

temperature of the sample

material surrounding the sample

detection of fracture

uniaxial

triangular (see figure 7)

load controlled

2500 N

250 °C (see below)

NaK

LVDT and strain gage



The evolution of the sample temperatures over the whole irradiation period for the two
experiments is shown in figures 8 a,b. For sample 1 the average of the measurements of the
thermocouples TE3 and TE4 is indicated and for sample 2 the average of TE5 and TE6. The
position of these thermocouples is indicated in figure 2.
As can be seen from figures 8 a,b, the temperature control mechanism (see Section II. 1.2)
allowed to keep the sample temperature very close to the desired value of 250 °C during the
whole period over which the samples were fatigue tested.

II.3 RESULTS

The first rig was loaded in January 1994 and unloaded in June 1994 with a neutron damage of
2.4 dpa. The upper fatigue sample of this rig broke after 17419 symmetric stress cycles. The
neutron damage received up to fracture is estimated to be 1.7 dpa. The lower module
continued cycling without fracture up to the end of the irradiation period, attaining 20801
cycles in total.
The second rig was loaded in August 1994 and unloaded in December 1994 with a neutron
damage of 2 dpa. Also for this rig the upper sample broke, while the lower sample continued
cycling up to the end of the irradiation period. The fracture of the samples was successfully
detected by the Linear Variable Displacement Transducers (LVDT) (see figure 9). Note that
an increased strain range can be observed already about 6 cycles before the fracture of the
sample.

22 24 26 28 30

Photograph of a broken fatigue sample.
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The results for the two rigs are summarised in the table below.

rig

1

2

Sample

1

2

1

2

Neutron damage
(dpa)

up to
fracture

—

1.7±0.1

—

1.3 ±0.1

total

2.35 ±0.1

2 ±0.1

Stress range
(MPa)

552 ± 29

580 ±30

544 ± 28

578 ± 27

Number of cycles

20801
(not broken)

17419

14839
(not broken)

11870

The dpa values in this table were calculated on the basis of the previously calculated [12]
relation between the fast fluence to AISI 316L at the given axial position. According to this
evaluation [12] the corresponding dpa value can be found by multiplying the fast fluence (in
units of 102 ln/cm2)by 1.4.

These four new data points are indicated in Fig. 10, together with the previous in-pile test
results [6] which were obtained at a dose of 0.4 dpa. Previous data obtained for identical
unirradiated samples (obtained in various environments such as air, vacuum or NaK) lie
between the solid lines in figure 10 . The relatively large uncertainty on the stress range values
is a consequence of the rigidity of the bellows from the cycling mechanism (see Section II. 1.2)
From figure 10 it can be concluded that the in-pile fatigue life of neutron irradiated (up to 1.7
dpa) AISI 316L material is at least as good as of the unirradiated material.

Conclusion

The in-pile fatigue behaviour of neutron irradiated (up to 1.7 dpa) AISI 316L steel is at least
as good as of the unirradiated material for the given parameters (temperature 250 °C, stress
range 580 MPa).
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III. SUGGESTIONS FOR FUTURE WORK

• Post irradiation examination of the unbroken samples would allow to determine to
what degree the samples were stretched or compressed into the plastic region during
the last phase of the experiments. This is essential for a correct interpretation of the
data shown in this report. Post irradiation fatigue testing of the unbroken specimen
could give information on the remaining cycles before fracture.

• A microstructural analysis of the broken samples would allow to obtain details on the
crack initiation and propagation leading to the fracture of these samples.

• Modelling of the temperature variations inside the modules due to the pressure
variations and the effect on the thermal expansion on the LVDT measuring rod, fixing
rods and the surrounding structure would allow to get a better indication of the actual
strain variations of the samples. In this way more detailed information on the yield
strength, cyclic - and irradiation hardening could be obtained.

Modern LVDT units are capable of sustaining several dpa's. Using such LVDT's would
allow to position them more closely to the fatigue sample and hence get better accuracy
in the strain measurement. It would also allow to load more fatigue samples into one
rig for in pile fatigue testing.

• Due to the evolution in material choice and first wall design of the future reactor
systems, a revaluation of the specific requirements and parameters for fatigue test
experiments could be ;-trformed. Based on this evaluation, new in - pile fatigue test
experiments could be prepared.

12
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Figure 1 : Typical neutron spectra in BR2
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Figure 8 a : Time evolution of the temperatures of the two samples in the first experiment.
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Figure 9 : Detection of the fracture of a sample by the LVDT. Note that a
change in the strain range becomes visible already ± 6 cycles before the
sample breaks.


