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Abstract: The mechanical properties characterization of thin foils to be used as target in high intensity accelerator
requires non standards techniques. Previous studies, focused on foils after annealed, cold rolled and heat treatment
after rolled, in addition to foils at different thickness, have been carried out to estimate the sensitivity of the small
punch test (SPT) technique in foils. In this research we studied the degradation of the mechanical properties of
foils due to irradiation damage by high intensity proton beams. For this new study, two samples of SS316L foils
have 25 um thickness were exposed to proton bombardment at 3.6 MeV, and approximately 300 uA of current for
aperiod of 3 hours and 40 hours, separately. The SPT technique revealed that the un-irradiated specimens exhibited
the largest load and deformation before failure, rather than the irradiated foils. The electron microscopy
observations (SEM) revealed high cross slips and pseudo-cleavage density combined with multiple deformation
twinning after irradiation to high energy. The mechanical behavior can be explained by the microstructure. The
crack propagation path is in a zigzag fracture mode when multiple deformation twinning occurs close to the
stretched zone of the foil and failure. Changes of the SPT measurements were found and the degradation from
ductile to brittle crack mode is attributed to radiation damage effects.
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1. Introduction

The Soreq Applied Research Accelerator Facility (SARAF) is a multi-user and versatile particle accelerator
facility located at the Soreq Nuclear Research Center [1]. The beam operation on the thin-foil target is the subject
of interest in the present work.

Thin foils (25um) are used in cyclotron accelerators as a window for liquid and gas targets. Irradiation of
targets by proton or deuteron beams is carried out at various energies and occasionally at high currents and for long
time durations, up to a few hours. During such irradiation conditions, the foil might be damaged; its microstructure
and mechanical properties can be degraded and, therefore, the window life-time can be significantly reduced.

The changes in the foils mechanical properties due to proton irradiation requires the characterization of its
properties before and after the irradiation process in order to analyze the alloy’s ability to withstand the process.
The goals of the current stage of the research were to study the SS316L foil mechanical behavior in two different
conditions of irradiation.

Small Punch Test (SPT), Ball Punch Test (BPT), Disk Bend Test (DBT) [4], and Shear Punch Test are common
mechanical techniques for the characterization of small dimension or thin specimens [2—7]. These testing methods
are usually conducted on specimens that are too small to undergo standard tension tests. The SPT concept is based
on locking a thin sheet-like specimen between two dies and pushing a punch against it with a spherical cap, up until
failure. During the test, the load and the punch stroke are monitored simultaneously until the end-test criterion (e.g.,
maximal or failure load) is achieved. Many of the common standards, including the E-643 ASTM standard, are
valid for specimens whose thickness ranges from 200 to 2000 um [8]. In many research publications focusing on
mechanical characterization the specimen thickness is greater than 200 um [9-13].

Haroush et al. [14] have shown that for specimens having a thickness greater than 300 pum, classical plate
equations can be used to estimate the yield stress, while for thinner specimens yield stress estimation from SPT is a
very complex issue, since it is a function of the specimen thickness.

To correlate between yield stress and ultimate stress obtained by SPT to tensile test, Finite Element Analysis
(FEA) was applied using damage model as shown in [14]. To validate the FE model, the computed load
displacement curves obtained from the FE computation were compared to the experimental curves. Interrupted SPT
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experiments in which the experiment was terminated prior to specimen failure were conducted for the observation
of deformed but un-cracked specimens that were cut and examined under a microscope.

In the present study we report the SPT results, the energy to fracture and the fracture modes by SEM
observation of SS316L, 25 um foils that were exposed to proton bombardment at 3.6 MeV, 300uA for 3 and 40
hours irradiation in the SARAF. The results show mechanical properties degradation and ductile to brittle fracture
attributed to the radiation damage effects.

2. Materials and Methods

This study was carried out on foils of SS316L as targets. The foils following irradiation exhibited high
activation as shown by auto radiography of the foil in figure 1b. Because the high activation we had to wait 5 years
until the activation decreases and the foils return to the background level. Schematic apparatus for SPT is shown in
figure 2a [15].

The SARAF accelerator was operated at 250 and 310 pA, 3.6 MeV CW beam of 4 W/mm? heat flux on a thin
foil target of 25um. Beam operation was focused on the thin foil target as shown in the calculation of the temperature
in figure 1a. The main beam current limit was the foil surface maximum temperature that was limited to 500+50 °C.
This was achieved owing to the following two factors; development and improvement of the target design and
improvement of the beam diagnostics system and the tuning procedures. Pattern on the foil at the higher current is
due to the convection process in the cooling liquid NaK metal.

The temperature in the target region, the collected beam currents on the electrodes and neutron dose rates were
monitored during operation. The temperatures were monitored using thermocouples probes and an optical
pyrometer.

The small punch specimens were cut by scissors to W= L = 8 mm dimensions (figure 2a). The SPT was
conducted using the apparatus shown in figure 2a by clamping of the specimen between the dies under 600 N, pre
load up to 20 N and balance the stoke transducer (Instron COD), and finally pushing the ball into the specimen
under stroke control at a speed of 0.2 mm/min up to failure [14-15]. The end test criterion was the drop from the
maximal loads, this happening very sharply. The dimensions of the SPT apparatus are: the corner radius of the dies
in the internal cylinders (close to de samples) Rp = 0.2 mm; the ball diameter 2rp = 2.4 mm; the lower die internal
cylinder diameter, 2R.p = 3 mm and upper die cylinder diameter 2Ryp = 3.1 mm.

Following specimen failure, indicated by the load drop, the specimen shape, dimensions, and fracture mode
were characterized by scanning electron microscopy (SEM). In addition, Cross section metallography using SEM
reviled that considerable number of equiaxed grains presence across the thickness.

480°C .

159

Figure 1. (a) Simulated foil temperature during irradiation and (b) auto-radiography of the irradiated foil on
the target holder after irradiated.
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Figure 2. (a) Schematic apparatus for SPT, (b) typical curve of load vs. deflection; I—Elastic behavior, 11—
Plastic behavior (strain hardening), 111—Plastic membrane stretching, and IV—plastic instability.

3. Results

The SPT load & displacement curves are shown in Figures 3, for the un-irradiated foil; the irradiated foil at
3.6 MeV, 310 pA of protons during 3 hours (case 1), and the irradiate foil at 3.6 MeV, 250 pA of protons during 40
hours (case 2). Figure 4 shows respectively energy to fracture for each case. The displacement per atom (DPA) per

collision for the 3.6 MeV proton energy of approximately 8.5/Angstron is 0.044 for case 1 and 0.477 for case 2.
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Figure 3. Comparison of the Small Punch Test results presenting load vs. displacement of as received foil and the
irradiated foils in zone 1 as shown in figure la.

It can be seen in figure 2b that the curve obtained by SPT technique for each one of the foils condition, three
regions were apparent: I—elastic, Il—strain hardening, and I11—membrane stretching up to failure which indicates
plastic instability. When the failure occurs in the membranes the load dropped sharply. Cross section metallography
using SEM reviled that more than 10 equiaxed grains presence across the thickness.
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Figure 4. Energy to fracture: (a) for the as received foil - un-irradiated, 48 [J], (b) — 3.6 MeV, 310 um proton
during 3 hours, 39.85 [J], and (c) .6 MeV, 250 um proton during 40 hours, 19.85 [J].
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The maximal load for the SS316L un-irradiated foils with 25 um thickness achieved the highest value of 100
N as shown in figure 3. Figure 5a-c exhibits the fracture failure area close to the stretching zone of the un-irradiated
foil (5a) and for the low irradiated foil (5b - 3 hours). The characteristics of the rupture are consistent with the failure
of a membrane as shown in previous works [14-15]. In contrast, the foil that was exposed to 40 hours of radiation

(5¢), the rupture was started on the center top of the cap (none shown).

The irradiated foils figure 5 (b) and (c) shown dislocation channels intersecting the surface of the austenitic
stainless steel 316L attributed to the plastic strain and the irradiation. Furthermore, for the high irradiated sample in

figure 5c, the fracture was developed in the channels by a zig-zag fracture mode (see red circle).
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Figure 5. Zoom in on the stretched area close to the cross section fracture for the as received foil (a) - un-
irradiated foil, (b) — 3.6 MeV, 310 um proton during 3 hours, and (c) 3.6 MeV, 250 um proton during 40 hours.
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4. Discussion

Microstructure evolution during irradiation of a metal is controlled by the migration defect fractions of
vacancies and interstitials. Irradiated metals exhibit a loss of ductility and a loss of work hardening. The loss of
uniform ductility and the work hardening are due to the interaction between dislocations and the irradiated
microstructure. Dislocation loops resulting from vacancy and interstitial condensation are created from clusters of
defects and either shrink or grow depending on the flux of defects reaching the critical defect volume due to the
radiation. Once the critical defect volume has been reached, the critical size under irradiation, the dislocation loops
interacts with the network dislocation density. Deformation twinning or mechanical twinning is a localized
deformation mechanism caused by partial dislocations. The low stacking fault energy in FCC metals and the
deformation by twins contribute to the glide of Shockley partial dislocation on the same sign on successive {111}
planes. By high shear strain, the defects due to the radiations are cleared by glide of the partial dislocations. Koyama
et al. [16] report that the presences of hydrogen bring about quasi-cleavage fracture behavior in a single crystalline
type of SS316L that has FCC structure. The deformation induced plate like products along the two specific planes
in the <111> orientation with hydrogen charging. Some of the fracture edges are very similar to the fracture observed
in figure 5c. They report [16], that the plate like products along the two specific planes are identified as the
deformation twins along the two different {111} twinning plates. The study concluded that the obtained fracture
surface depend on the crystallographic orientation and the degree of degradation on the tensile properties in the
<111> tensile direction that is larger than the obtained in the <001> tensile orientation. They attribute this change
to the higher flow stress and the formation of martensite at the intersections of the deformation twins. In this study
the crack propagation path obtained is with a zigzag shape as observed in figure 5c¢. This effect is due to multiple
deformation twinning and smooth when only a small amount of deformation twins appear on a single {111}
twinning plane. We assume that in irradiated samples there are similar behavior as shown in figure 5b (zigzags in
the pre-crack stage) and in figure 5c (zigzags after the crack was created), attributed by the accumulation of
interstitials, vacancies and remained protons or hydrogen due to the irradiation damage that effects on the partial
dislocation glide and reduces the ductility of the metal. The electron microscopy observations (SEM) revealed high
cross slips and pseudo-cleavage density after irradiation to high energy.

Future research on TEM characterization should be done to define the deformation mechanism on two axes as
evolved in the SPT technique and to characterize the proper mechanism that leads to loss of ductility and a loss of
work hardening in the irradiated materials.

5. Conclusions

The changes in microstructure due to the expose of the SS316L under proton irradiation can explain the
major changes in the mechanical properties obtained by the SPT technique.

The irradiated samples show consistent degradation on the mechanical behavior in comparison to the non-
irradiated sample. Maximum load, ductility and work hardening range decrease by irradiation. The highest
degradation was observed in the foil exposed to 3.6 MeV, 250 um of proton during 40 hours.

The fractography shown dislocations and twins attributed by the accumulation of interstitials, vacancies and
remained protons due to the irradiation damage that effects on the partial dislocation glide and reduces the
ductility of the metal.
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