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Abstract

Mechanical properties of the austenitic steel 316L (both solution annealed and cold worked) and the low activation
martensitic steel Optifer have been investigated by small punch tests. The samples, in the form of TEM disks, were
irradiated in the target of the spallation source SINQ to displacement doses of up to 11 dpa. Values for yield strength,
ductility and fracture energy as evaluated from punch tests are given.

© 2004 Published by Elsevier B.V.

1. Introduction

Miniaturized specimens are becoming very interest-
ing to assess mechanical properties of materials and are
important especially when there are volume constraints
limiting the dimension of test samples [1]. These limita-
tions are related to the small volume and to the high
irradiation gradient of a possible irradiation position in
a spallation target. Transmission electron microscopy
(TEM) discs, of 3 mm diameter, are good target speci-
mens since they are already widely used in irradiation
experiments and are usually available in numbers suffi-
cient to obtain good statistics. Small punch (SP) test
method on 3 mm discs has been applied to evaluate
ductility, fracture toughness, ductile-to-brittle transition
temperature (DBTT) and other mechanical properties of
unirradiated and irradiated materials [1,2]. Since the
deformation process experienced from samples during
SP tests is much more complex than in tensile tests, it is
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necessary to verify the validity of the available models
[3-8] to extract standard engineering data from the SP
test load displacement curve. The materials here used for
the SP tests are austenitic (316L) and martensitic (Op-
tifer) stainless steels irradiated within the Spallation
Target Irradiation Programme STIP-I [9,10]. During
irradiation a number of different samples have been
exposed to a proton beam of 530 MeV energy. The
protons contributed the main part of the displacement
damage, however, spallation neutrons (peak energy at
20 MeV) gave also a significant contribution. In the
present work, performed in the frame of the European
Spallation Source (ESS) target structural materials re-
search and development, SP tests were carried out in the
Hot Cells of Forschungszentrum Jiilich (Germany) and
show how yield strength, ductility and fracture energy
depend on the irradiation dose.

2. Experiment

Three materials have been investigated: a solution
annealed (SA) and a 20% cold worked (CW) austenitic
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316L stainless steel and Optifer, a low activation
martensitic steel (LAMS). Their chemical composition
and their thermo-mechanical treatment are reported in
Table 1. The samples were prepared to final dimension,
3 mm diameter and 0.25 mm thickness before irradia-
tion, then stacked in rods and loaded in the SINQ
Spallation Target-3 at the Paul Scherrer Institute, Vil-
ligen, Switzerland. The specimens underwent irradia-
tion with 530 MeV protons (energy of impinging
protons diminished due to collisions to 330 MeV at the
last rod) and high neutron flux (most flux with energy
lower than 20 MeV and up to 300 MeV) producing
radiation damage up to 11 displacements per atom
(dpa) depending on the position within the SINQ tar-
get. The helium concentrations in irradiated samples
range from 100 to 600 appm and are reported in Table
2. The components were machined in the Forschungs-
zentrum workshop with strict tolerances. The pin tip
has a hemispherical head of 1 mm diameter, the hole in
the sample support is 1.5 mm diameter and the edges
have a 0.2 mm radius. The sample disc is locked with
an eccentric clamp. A commercial tensile test machine
applied the load to the tip. The force P was measured
with a 2 kN load cell, while a linear extensometer in
contact with the lower surface of the sample measured
the displacement 4. Data from these sensors were col-
lected and stored in a computer for subsequent pro-
cessing. A typical load-displacement curve is shown in
Fig. 5 of Ref. [6], where different deforming mecha-
nisms are active as the ball punch test proceeds: first
the elastic response of the whole plate, second the
plastic regime mainly due to bending region, third the
plastic regime mainly due to membrane stretching and
fourth the instability of the whole sample, which in-
cludes the peak load and yields to the failure of the
disk due to fracture. The experimental curves for all
the materials are shown in Fig. 1, where, for clarity, the
curves of CW 316L and Optifer have been shifted
upwards by 0.25 and 0.5 kN, respectively.

3. Data analysis

The load-displacement curve, P-d curve, obtained
from SP tests allows to evaluate standard engineering
properties, particularly yield strength, ductility and
fracture energy. The yield strength can be estimated by
the load Pa, being the point A defined as in Fig. 5 of Ref.
[6], i.e. the intersections of the linear extrapolation of the
elastic and plastic bending parts of the experimental
curves. The yield strength o, should be then related to
the load P, by the analytical equation for the elastic
response of a disc to central loading [11]
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Table 1

Chemical composition of investigated stainless steel in wt%

Ta

Si

Cu

Co

Mn

Mo

Cr

Fe

Elem.

0.002
0.065

0.073

0.0007
0.003

12.24 2.31 1.75 0.077 0.07 0.0009 0.019 0.35 0.02
0.55 0.04

17.17
9.48

Bal.

316104

0.985

0.0015

0.125

0.245

0.002

0.06

Bal.

Optiferd

From ISPRA, nominally solution annealed (SA).

®For CW samples: 20% cold working of SA 316L.

°From SAARSCHMIEDE GmbH, Heat No. 000735.

dSpecimen preparation: electrical discharge machining (EDM), polishing.
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Table 2
Irradiation dose (dpa) and He content (appm) in the irradiated
materials

Material Irradiation dose (dpa) He (appm)
SA 316 2 100
SA 316 4-5 200
SA 316 8 300
CW 316 4 150
Optifer 11 600
1.0
0.8 Wooe 8 oo,
& 0 SA316L- 0dpa
U ﬁa;; @ SA316L-2.8dpa
- :C‘AAA N2, s SA316L-28dpa
~ 06 A o % | @ SA316L-4.7dpa
z "N @ SA316L-4.9 dpa
% ‘&Pa&ﬁ 955’50 o SAB16L- 4.9 dpa
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S 0.4 | i L o CW316L -0 dpa
e CW316L - 4.2 dpa
o Optifer - 0 dpa
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Fig. 1. Load-displacement curves of SA 316L with radiation
dose from 0 to 8.2 dpa, CW 316L with irradiated dose 0 and 4.2
dpa and Optifer with irradiated dose 0 and 11 dpa.

where f, is the undeformed thickness. However, it has
been shown that a better agreement between P, and the
yield strength o, from tensile tests is obtained by
replacing 3/2n by an empirical factor «

P,
oy =0 (2)
tO

For different steels « is found to range between 0.36
and 0.41 [6-8,15]. It is assumed that o depends only
weakly on material properties or radiation damage and
is mainly a function of the test geometry.

The uncertainty on the yield strength due to the
thickness variation and on the P, determination is esti-
mated to be about 17%. Ductile samples experience,
before failure, a membrane stretching behavior. Under
this condition the strain field is known and fracture
stretching can be calculated and described as a function
of thickness of the sample at the crack edge. The fracture
equivalent strain can be defined by [3.4]:

t
€qf = In —, (3 )
to
where ¢ is the thickness at the crack edge and ¢, the
undeformed thickness.

2 mm

Fig. 2. Cross-section of a fractured SA 316L specimen irradi-
ated up to 4.9 dpa. The thickness at crack edge ¢ can be ob-
tained from this picture.

In order to measure the thickness at the crack edge,
broken samples were cut, pictures of the cross-sections
were recorded and the thickness of the crack edge was
directly measured. Fig. 2 shows the image of a SA 316L
sample irradiated at 4.9 dpa.

An empirical relation between the equivalent fracture
strain eqr and the displacement at fracture d is available;
however, access to dr is not feasible with the present
design of the test machine. A similar equation for dis-
placement at maximal load d* is evaluated and com-
pared with the direct measurement of the thickness at
the crack edge [6]

where f is a fitting parameter.
The fracture energy of the samples is derived by Eq.
(5) from the data stored during the SP test.

o=d*
J:/] Pds. (5)
0

0=0

4. Yield strength

P—d curves of unirradiated samples are used to esti-
mate the parameter « in Eq. (2) by comparison to yield
strength of unirradiated materials available in the liter-
ature for 316L both SA [12] and CW [13], and for Optifer
[14]. Scattering of results and uncertainties on reference
yield strength in the range of 17% yields o = 0.38 + 0.06,
consistent with the values found in the literature [6,15].
Yield strength values are shown in Fig. 3.

5. Equivalent fracture strain

In order to evaluate the equivalent fracture strain,
eqr» Eq. (3) has been applied using the pictures of cut
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Fig. 3. Yield strength derived for SA 316L, CW 316L and
Optifer as a function of radiation dose (dpa), using
o = 0.38 +0.06 in Eq. (2). Some tensile test data on irradiated
SA 316L are given for comparison [16].
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Fig. 4. Equivalent fracture strain of SA 316L, CW 316L and
Optifer as evaluated from the thickness measurement and cal-
culated from max displacement (Eq. (4)) with f = 0.254. For
comparison, the data obtained from Eq. (3) are also shown.
Note that for Optifer the measured and calculated values
coincide for 11 dpa, since only this point is available for ¢
measurement.

samples. An unirradiated Optifer sample picture is
useless since the sample crack edges are not distin-
guishable from the thinning shape of the plate. To
assess the validity of the empirical relation (Eq. (4)),
the parameter f has been optimized by fitting the
values calculated from Eq. (3). Good results are
obtained for 316L steel, both SA and CW, with
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Fig. 5. Fracture energy of SA 316L, CW 316L and Optifer as a
function of the equivalent fracture strain.

B =0.254 £ 0.004. For Optifer, the only direct evalua-
tion of ey is available for the 11 dpa sample and again
p =0.254 is found to be a good value by the fit pro-
cedure. Under this assumption, the equivalent fracture
strain ey for unirradiated Optifer is given through
regression from the 11 dpa sample and application of
Eq. (4). The values of the equivalent fracture strain eqr
are shown in Fig. 4, where a comparison of the data
obtained by using Egs. (3) and (4) shows consistency of
the two calculations.

6. Fracture energy

The energy to break the sample is calculated using
Eq. (5) and is shown as a function of dpa in Fig. 5. For
SA 316L the data show a rather large experimental
uncertainty. It is reasonable to state that, within the
experimental uncertainty of about 30%, the data do not
show a significant variation around the mean value of
0.15 J. On the other hand, CW 316L does not show a
significant change of the fracture energy, although we
have only one irradiated sample. Concerning Optifer,
the single irradiated sample at 11 dpa shows a large
reduction of about 50% of the fracture energy.

7. Conclusions

The SA 316L and Optifer steels show a large
dependence of the behavior on the irradiation dose in
the SP test, while CW 316L steel seems to be less sen-
sitive to irradiation.

Irradiation produces hardening: for 316L steel the
yield strength quickly rises at low doses until a first
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plateau is reached. The 8 dpa irradiation shows that a
further increase is possible and caused by a different
hardening mechanism. For Optifer only two points are
available, at 0 and at 11 dpa. Therefore it is not possible
to give more than a general trend for increasing yield
strength.

Fracture strain decreases for 316L steel with irradi-
ation, ey values for SA specimens range from 1.8 to 1.2
while CW specimens from 1.6 to 1.4.

It is interesting to notice that the values of the frac-
ture energies for irradiated 316L SA and CW samples do
not vary significantly with the radiation dose within the
experimental uncertainty. Concerning the Optifer steel,
although we have measured only the 0 and 11 dpa
samples, a large reduction of the fracture energy was
found, showing the weakness of this material under
irradiation. Moreover, Optifer data at 11 dpa are at the
limit of ductile fracture at ambient temperature. The
embrittlement of Optifer is evident at least at such a level
of irradiation damage.
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