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ABSTRACT

Uniaxial creep of the 316L austenitic steel is studied in static oxygen-controlled lead-bismuth eutectic
(LBE) with an oxygen content of 10-6 wt. % decreasing to 10~ wt. % and in air at 450-550 °C. Dissolution
of the steel components (nickel, iron and chromium) in liquid metal with a following formation of a
depletion zone and ingress of liquid metal inwards a depleted zone are observed in all LBE-experiments.
At 500 and 550 °C, the 316L austeinitic steel ruptured much earlier in LBE than in air, while at 450 °C
the specimens were still in-tact after long-term testing in LBE (7,178 h) and air (5,783 h). Dissolution of
the steel in LBE at 550 and 500 °C is detected to localize close to the failure and unaffected steel surface
close to the screw head of the cylindrical creep specimens where creep rate is comparatively low, while
at 450 °C, a surface of the whole LBE-specimen is dissolved in liquid metal during a long-term LBE-test.
Reference air-specimens show an insignificant surface oxidation at 450-550 °C and creep rate at least
one order lower than for the LBE-specimens. Liquid metal embrittlement effect was not observed in 316L

tested in LBE.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

The development of Generation IV nuclear reactors and acceler-
ated driven systems (ADS) waked an interest in the compatibility
of stainless steels with heavy liquid metal (HLM) under static me-
chanical load [1,2]. HLMs are represented by lead or lead-bismuth
eutectic (LBE) which are foreseen to be used as a coolant and/or
spallation target while austenitic steels are considered as a main
candidate vessel (316L). However, LBE is corrosive medium espe-
cially for austenitic steels, since these steels contain highly soluble
element like nickel, while chromium and iron have a lower solu-
bility limit [1]. Dissolution of austenite-stabilizers such as Ni and
Mn will cause the phase transformation [3-12]. Dissolution of the
steel components in LBE can be delayed if a steel surface will be
covered with a stable protective oxide layer. Formation of oxides
with the steel elements like Fe, Cr, and Ni takes place under suf-
ficient oxygen supply to the steel surface. But, an oxidation of the
steel has to be optimal, so that, on the one hand, the surface is
protected from the corrosive medium, and, on the other hand, the
steel does not oxidize too fast, so that the construction remains
mechanical properties of an original material, for instance creep-
to-rupture characteristics. During creep testing, oxides form under
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stress applied to the tensile specimen. Therefore, it is to expect an
oxide scale growing on the steel surface can tire with crack forma-
tion, and in an extreme case split off from the steel surface. If the
oxygen concentration of the liquid metal high enough to heal up a
new formed victim steel surface, newly formed oxide layer would
protect the steel from the dissolution. But it cannot be excluded
that a local content of oxygen in LBE at crack tip will be too low
to form oxides again, since a significant part of oxygen was con-
sumed earlier. A thin chromium and silicon rich oxide scale was
reported for 316L tested in flowing LBE at 550 °C and 106 wt.
% oxygen dissolved in liquid metal for exposure times <4000 h,
but local selective leaching of Ni and Cr accompanied by ingress of
Pb and Bi into the near-surface depleted zone of the steel was ob-
served on the steel after exposure for 2000 h [13]. Therefore, Ar-H,
gas is used here to simulate critical conditions - low oxygen con-
tent of liquid metal under stress as well as c,=10~6 wt.% like edge
condition - for study of the 316L steel under creep.

During the last decade of experimental activity, a number of
results regarding corrosion behaviour of austenitic steels in HLM
were obtained [12,14-19]. However, there is almost no information
on creep and stress rupture of austenitic steels in contact with lead
or LBE. E.E. Glickman was one of the first to mention a detrimental
effect of liquid metals on creep [20].

When steel stressed is in contact with liquid metal, Liquid
Metal Embrittlement (LME) may occur, i.e. loss of strength and
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Table 1

Chemical composition in wt.% of the austenitic steel 316L [35].
Fe Cr Ni Mo Mn Si Cu \ w Al
Bal. 16.73  9.97 2.05 1.81 0.67 023 007 0.02 0.018
C N P S Ti
0.019 0.029 0.032 0.0035 0.0058

ductility. Temperature range of 300-450 °C was reported to result
in a brittle rupture of ferritic-martensitic steels, while at temper-
atures higher than 450 °C plasticity of the steels becomes ductile
again in lead contained liquid metal [21-24]. In the case of ferritic-
martensitic steel T91/LBE couple, it is widely accepted that adsorp-
tion of LBE at crack tips and the resulting weakening of interatomic
bonding are the governing mechanisms (see citations [8-19] in Ref.
[25]). Both intergranular (interlath) and transgranular (tranthlath)
cracking can occur in this couple at 250, 350 and 400 °C [25].

The 15-15Ti(Si) austenitic steel was reported to be studied on
creep behaviour in static lead with non-controlled ¢, and in air at
550 °C in a stress range of 300-560 MPa [26]. Reduction of creep-
to-rupture time and of creep strain was reported for specimens
tested in lead in comparison to air [26]. Any significant oxidation
of the steel surface for the Pb-tests up to 1200 h was not reported.
Recent work on creep with 15-15Ti in LBE at 550 and 600 °C un-
der load of 300 MPa shows degradation of the steel in liquid metal
due to dissolution corrosion and especially localized intergranular
cracking [27].

To study the LME phenomenon, Slow Strain Rate Tensile (SSRT)
tests were carried out for the AISI 316L/LBE couple [28]. Any major
effect due to intimate contact of the irradiated austenitic stainless
steel 316L with LBE was found. In other fracture-toughness-studies
the authors came to conclusion that the mechanism of LME in gen-
eral is still a matter of debate and mechanical properties of the
316L austenitic steel are not clearly affected by the presence of LBE
in comparison to ferritic steel T91 [29,30].

In this work, the effect of static, oxygen controlled lead-bismuth
eutectic (LBE) with c,<10-% wt. % on creep properties is examined
in the temperature range from 450 to 550 °C and loading range
from 300 to 375 MPa in comparison to air.

2. Experimental
2.1. Sample material, specimen preparation

The chemical composition of the austenitic Cr-Ni-Mo steel 316L
is presented in Table 1. The microstructure of the as-received
steel contains lamellae at grain boundaries of austenitic grains
(Fig. 1a,b). Auger electron spectroscopy indicates an enrichment
in chromium and clear depletion of nickel for these lamellae in
contrast to the average composition of the 316L matrix (Fig. 1c,d),
which implies &-ferrite. §-Ferrite can form as a second phase in
austenitic matrix during solidification/fabrication and remains sta-
ble in the temperature range up to 1400 °C. Solution annealing of
the steel at 1050 °C does not lead to the dissolution of the sec-
ondary phase. For the same steel as ours it was determined that
some chemical banding with Ni fluctuation over hundreds of um
at the % level [31], while other authors revealed that formation
of the §-ferrite affected by the steel chemical composition, and
less affected by the cooling rate [32]. Schaeffler diagrams basing
on ratio of the alloying elements (chromium, nickel etc.) that sta-
bilize ferrite and austenite help to foresee formation of ferrite in
austenitic matrix [33].

Cylinders for the creep specimens with a basic geometry con-
form to DIN EN ISO 204:209 [34] presented in Fig. 2 have been cut
from the heat-treated steel plate in a rolling direction by electric
discharge machining with a subsequent turning. Finally, the speci-

mens have been cleaned with acetone in ultrasonic bath and dried
in ambient air.

Before the specimen was built-in the capsule for testing, its ac-
tual size was determined in a contact-free manner with a laser
scanner with spatial resolutions of 0. mm and 1 um for the
length Lc, Lo and gauge diameter Do (Fig. 2), respectively. Cylindri-
cal specimens are measured in their as-received state by rotating
of 90 ° in the angle range from 0 to 270°, so that an ovality of ev-
ery specimen can be excluded. Both parts of the same specimens
after rupture are measured by rotating of 30° and 0.1 mm close to
the failure so that the whole length of the ruptured specimen can
be reconstructed. Non-ruptured specimens after the testing were
measured in the same manner so that the measuring results can
be direct compared.

LBE-specimens before dimension measurements were cleaned
from liquid metal in a bath with hot glycerine at about 150 °C.
If some liquid metal was remained on the failure surface after-
wards, the specimen was cleaned additionally with a CH3COOH-
H,0,-solution (1:1). The 316L-specimen tested in LBE at 550 °C
and c,=1076 wt.% (tz=371 h) was exceptionally not cleaned, so
that corrosion processes could be studied in respect to microstruc-
tural changes in the steel surface and its vicinity in liquid metal.

Reduction of the load-bearing cross-section during the testing,
a thickness of corrosive layer and structural changes in the sur-
face were measured in a post-test state of the specimen on the
transversal cross-section cut from the gauge length, Lc 1 cm away
from the specimen shoulder.

The regularity of all changes was studied on the elongated
cross-section cut from the ruptured part beginning from the place
where the transversal cross-section was cut, up to the failure.

2.2. CRISLA facility, pre- and post-test analyses

The measured specimens are encapsulated both in stagnant LBE
and in air. The capsules for the tests in oxygen-contained stagnant
LBE contain 0.9 I of liquid metal, while the volume of the capsules
for testing in air is about 0.23 L. The flexible bellows on the lid of
the capsule allowed for elongation of the specimen, i.e. creep de-
formation. The elongation was measured and recorded as a func-
tion of time via the movement of the pulling rod, outside the cap-
sule, since corrosion of extensometer in liquid metal would lead
with a time to incorrect measuring data and engine trouble of the
whole measuring system. All extensometers were checked on their
characteristics/parameters on the corresponding test stand with a
standard specimen installed into the working stand in air at room
temperature by means of measuring cell. Since a cross-section di-
ameter of the tensile specimen is much lower than any part of the
pulling equipment, a measured elongation was assumed to result
in measured elongation of the tested specimen. It was taken in ac-
count a potential elongation of the whole pulling section between
the specimen and the extensometer due to its re-arrangement in
a straight line during the full loading. Therefore, the data during
the first minute after the test start is removed from the elongation
curve. Our measurements data allow us, to compare data for the
different surrounding systems (air, liquid metal etc.) and make a
conclusion on an effect of the liquid metal at high temperatures
and different oxygen content in comparison to air for the same
material.
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Fig. 1. (a) Optical microscopy image and (b) SEM-image of the 316L austenitic steel in as-received state; (c-f) Auger electron spectroscopy mapping of the same place

presented on (b) for Ni, Cr, Fe and Mo elements.
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Fig. 2. Workshop drawing of the used specimens with a basic geometry conform to DIN EN ISO 204:209.

The capsules with liquid metal and air are parts of the CRISLA
facility [36] with oxygen control performed with oxygen-contained
gases [37]. The capsules for tests in LBE contain approximately
9 kg of the liquid metal. The gases (Ar, Ar-5 vol.% H, and syn-
thetic air) are introduced into LBE via tube in the lid with though
the gas/liquid metal phase. Creep test starts as soon the temper-

ature reaches 500 °C and oxygen sensor shows E > 965 mV that
corresponds approximately c,=10-¢ wt.% for the tests with LBE at
550 °C. Sometimes depending on the capsule a working schedule
is not long enough to reach this oxygen-sensor voltage. Therefore,
there are some cases when the specimen was loaded shortly before
an oxygen concentration reached the goal value. Creep tests in LBE
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Fig. 3. Scheme of elongation measurements with two displacement transducers.

with decreasing oxygen concentration were carried out with a goal
to reach an oxygen concentration in liquid metal as low as possi-
ble and imitate a potentially real situation with a lowering of the
oxygen content in LBE. Supply volume rate of all gases during a
creep experiment as soon as ¢, reaches 106 wt. % is: 96 ml/min
carrier gas Ar, 3 ml/min Ar-5 vol.% H, and 1 ml/min synthetic air.
Since the whole system with liquid metal is very sensitive, supply
volume of the gases can be slightly changed. Nevertheless, total
volume of gases remains around 100 ml/min. By experiments with
a lowering of oxygen dissolved in liquid metal, only Ar-5 vol.% H,
is supplied permanently with 100 ml/min. There are some cases
when preparation of the experiment before it can be started is
longer than a working day, so that such experiments can be started
shortly before the oxygen content reaches goal value like it was in
Fig. 5. Tests with lowering of oxygen dissolved in LBE were carried
out so that tests reflect a real situation with change of an oxygen
content on the one hand. On the other hand, if one waits around
600 h until the oxygen content will be stabilized at 650 °C like it
would be in Fig. 4, the specimen could get strong changes in mi-
crostructure, resulting in loss of the mechanical properties with a
following rupture immediately after the full loading. Further de-
tails for the control of oxygen content is presented in Ref. [38].
The specimen elongation was measured during the test with
two displacement transducers fixed outside the capsule, on two
sides of the pulling rod (Fig. 3), so that their connecting metallic
plate is perpendicular to the level arm connected to the weight
pan. Two transferring plates of the corresponding displacement
transducers are fixed on the facility frame. The measurements
are recorded every 1 minute. For long-term tests, the mentioned
recording frequency is used only for the first few hours of the test
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with a further frequency of 1 point/1 hour. Considering the order
of starting the displacement recording and loading the specimen,
the measured absolute displacement contains the elastic deforma-
tion of the specimen and the loading system. It is assumed that
these deformations are contained in the first value recorded after
1 minute, with a negligible part going back to creep of the spec-
imen during the first minute. Two displacement curves obtained
from the two displacement transducers are recalculated in the av-
erage one for the further analysis.

The concentration of oxygen dissolved in the provided LBE vol-
ume was monitored by (Pt)/air oxygen sensor close to the spec-
imen centre under permanently supply of Ar-5 vol.%H, with a
rate of 100 ml/min. In some of the tests where oxygen concen-
tration was target at 10-6 wt.% by introducing either oxygen-rich
or oxygen-lean gas, depending on the measured oxygen concentra-
tion at a moment. Hereby, all experiments are characterized by the
sensor output, E and ¢, as a function of testing time. Temperature
measured close to the specimen centre inside of the capsule sur-
rounded with LBE or air was measuring with Ni-NiCr thermocou-
ple. The actual investigation plan and all data measured in situ as
well as oxygen concentration in LBE recalculated from the sensor
output are presented for the main experiments in LBE at 550, 500,
450 °C and uniaxial tensile stress in the range of 300-375 MPa
(Table 2) similar to T91 [38].

An oxygen concentration of LBE was recalculated using an
(Pt)/air oxygen sensor output and the liquid metal temperature
measured in-situ corresponding to [39]:

6949.8 E WV
Tk 10080 T

where T is liquid-metal temperature inside the capsule in degrees
Kelvin and E is sensor output as indicated by a high-impedance
voltmeter in Volts.

Some of the long-tests were stopped before the specimen was
ruptured, since any evidence for a rupture in a near future was not
detected.

Two examples of test temperature, sensor output and oxygen
concentration developing during the tests are presented for two
316L specimens tested in LBE with a lowering of dissolved oxygen
and ¢,=10"6 wt.% at 550 °C in Fig. 4 and Fig. 5, respectively.

At all temperatures, LBE-tests were carried out by lowering oxy-
gen dissolved in liquid metal so that steel elements dissolution
was intensified and the specimen rupture would appear in the
foreseeable future. To analyse whether a cp-increase leads to a
steel oxidation and, correspondingly, to a longer time-to-rupture
in comparison to the low oxygen concentration, three creep-to-
rupture tests were done in LBE at constant oxygen concentration
(co=1 x 10-% wt.%) and 550 °C, LBE was pre-conditioned every
time inside the test capsule in the temperature range of 550-
650 °C depending on a dynamic of reduction reaction without
any specimen inside. Pre-conditioning time was varying from three
days up to one week with a following holding time around 1-
2 days as soon as the sensor output reaches 1 V. Thereupon lig-
uid metal was cooled to around 150-200 °C so that LBE was still
liquid and a tensile specimen was installed into the capsule un-
der fume hood conditions (in air at normal pressure). A relatively
low temperature of LBE and short time when the capsule is open
(around 10-15 min) during the specimen will be installed result in
a shorter time of heating before the specimen will be fully loaded.
The creep specimen is minimal pre-oxidized if at all. This assump-
tion is assisted with post-exposure investigations.

As soon as the capsule with a specimen inside was closed, in-
stalled into a test stand, the specimen was pre-loaded with up to
10% of the test load corresponding to ASTM Standards E 139-00
to improve the axiality of loading and heated up to test temper-
ature. As soon as the temperature reached and stabilized by the

log (co/wt.%) = —3.2837 + ———— (1)
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Test matrix of the creep tests with austenitic steel 316L in low oxygen containing LBE and air at 450-550 °C.

Test medium  Temperature, °C  Load, MPa  Oxygen concentration in liquid metal, wt. % Test time (stopped * or ruptured, h)
LBE 550 300 1x 1077 to 8 x 107'1; 8 x 10-!" after 400 h 1060
1.0 x 10°¢ 271
1.0 x 1076 182
1.0 x 10°¢ 371
Air - 1150 *
LBE 500 325 1x108to1 x 101 4996
Air - 15,226¢
LBE 450 375 1x10°to1 x 10710 7178*
Air - 5783*
* - The creep test was stopped before the specimen was ruptured.
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Fig. 4. Temperature, oxygen sensor output measured in-situ and calculated oxygen concentration during the test of 316L crept in LBE at 550 °C up to rupture.

test temperature and sensor output reached 1 V, the full test load
was applied to the specimen. A moment of the full loading of the
specimen corresponds to the start of the experiment, t,= 0 h. All
reference creep tests were carried simultaneously in air at 550, 500
and 450 °C and were interrupted at the same time (at 450 °C) or
later than the corresponding tests in LBE (at 550 and 500 °C).

Measurements of the specimen size before and after the test
allow to determine creep characteristics of the steel depending on
the surrounding media.

The measured initial diameter Do, length Lc and shoulder length
Lo were applied to determine sampling length Lr and strain &, ac-
cording to DIN EN ISO 204:209.

Lr=Lc+2 )" [ (Do/d)™L)]. (1

where n is the stress exponent in Norton’s law of the material
tested and was assumed to be 5 corresponding to Ref. [40] for esti-
mating Lr corresponding to DIN EN ISO 204:209. [; is the length in-
crement with diameter d; along the transition between gauge and
screw thread of the specimen.

Strain ¢, was calculated from elongation, AL measured during
the testing as a function of time corresponding to:

&r = AL/Lr x 100(%). 2)

An engineering strain calculated on the initial gauge diameter,
Do, is used in the actual study. Strain at rupture, &R is a particular
case of engineering strain at rupture moment that is determined
from the initial length Lr and the total elongation of the specimen
after the rupture, ALg:

ek = AL/Lr x 100(%), 3)
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Fig. 5. Temperature, oxygen sensor output measured in-situ and calculated oxygen concentration of 316L crept in LBE with c,=10"5 wt.% at 550 °C up to rupture.

During the creep testing gauge diameter reduces with a time
that leads logically to a strain increase with a following reduction
of time-to-rupture. Potential factors leading to the Do-decrease are
creep by itself as well as corrosion of the steel, either oxidation or
solution in the liquid metal.

The creep characteristics like the steady-state (minimum) creep
rate,£l, times corresponding to the transitions from primary to
secondary, t;,, and secondary to tertiary creep, tp3, as well as
the time-to-rupture, tg, were determined from the strain-vs.-time
curves as previously described in Ref. [36].

The necking of the specimen after rupture is determined from
the initial diameter, Do and the smallest diameter after the rup-
ture, Dy by direct measurement on the specimen by means of laser
scanner at room temperature:

Z/% = (D2 — (Dg)?) x 100/D?, (4)

Steel crept in a highly corrosive liquid metal (LBE) extends un-
der load applied as well as corrodes in LBE. Therefore, a specimen
diameter measured after the experiment in LBE, D; or Dg, contains
two constituents: reduced cross-section due to specimen elonga-
tion with a subtraction of corroded material (D; is a specimen di-
ameter after the experiment, when the experiment was stopped
and the specimen is still intact). This value is referred to as reduc-
tion of load-bearing cross-section below (e.g. in Table 3).

Areas close to the failure of ruptured specimens are practically
free from momentous corrosion that can be determined by means
of SEM, since the corrosion scale tears and detaches rather than
deforms under loading. Time of the tertiary zone up to failure,
ty3—tg, depends on a material: ductile material is characterized
with a longer tertiary zone than a brittle one. Even when this time
long enough that corrosion can take place again, formation of the
compact layer is rather difficult due to rapid deformation in the
necking area. So, a diameter of the gauge length after rupture, Dg
that may include a thin and non-compacted corrosion layer is de-
termined with a measurement accuracy of the laser scanner.

2.3. Metallographic study

The tested specimens were studied with a light optical mi-
croscopy (LOM) to obtain information on effect of liquid metal on
the steel surface as well as scanning electron microscopy (SEM)
supplemented by EDX (energy-dispersive X-Ray) analysis to qualify
changes in inner of the steel and in the upper surface of the spec-
imen contacted to air and liquid LBE. For it, one piece of the rup-
tured specimen was used to examine a fracture with SEM, while
counter piece was used to produce longitudinal and transversal
polished cross-sections and study them with OM, SEM and EDX
analysis. To find changes in the microstructure of the steel affected
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Creep characteristics of the austenitic steel 316L crept (-to-rupture) in oxygen-controlled LBE environment with different c, and air at 450-550 °C.

Test tempe- Thickness of Reduction of Reduction of
rature, °C/ a depletion  sample load-bearing
Load, MPa Test medium Test time, h  &f, % Z, % & h! ti2, h 3, h zone, [ radius, p cross-section, %
550 / 300 LBE 1060 14.1 29.4 8.0 x 1075 349 545 168.9 326,4 39
182 29.3 - = = = 46.4 275.9 33
231 20.0 31.9 16 x 103 196 111.8 435 201.5 25
371 14.2 32.2 69 x 1074 709 188.6 6.3 90.3 11.7
Air 1150 - - 84 x 104 382.0 >1150 - - -
500 | 325 LBE 4996 13,0 43.1 15 x 1055 146 3162 81.4 283 34
Air 15,226 - - 8.8 x 10°8 7550 >15,128 - - -
450 | 375 LBE 7178 - - 1.7 x 106 1245 - 173 283.3 33.8
Air 5783 - - 56 x 1078 - - - 135.9 -
* - The creep test was stopped before the specimen was ruptured.
by the temperature and corrosive LBE during the testing, the as- 15 F T T T ]
received and post-tested states were compared. A mixture of con- )
. . . . . o
centrated mineral acids consisting of 30 ml of 32% hydrochloric ~ 10} 4
acid, 10 ml of 65% nitric acid and 5 drops of 97% sulphuric acid -%
was used for the etching of the polished specimens for microstruc- % 5 i
tural study by means of LOM.
The metal loss due to corrosion of the steel and thickness of 0 1 A ! .

corrosion layer were measured by means of a digital LOM, so that
the quantitative outcome of the interaction of 316L with oxygen-
containing stagnant LBE was characterized. So, a transversal pol-
ished cross-section of specimens was evaluated with respect to the
percentage of sub-surface affected by corrosion. The thickness of
corrosion scale as well as reduction of load-bearing cross-section
are measured with the Keyence digital LOM turning a vertical
cross-section of the specimen after the creep testing around every
15° from O till 165°

3. Results
3.1. 550 °C and 300 MPa

The steel tested in LBE at 550 °C and low ¢, is characterized
with a strain at rupture, &.zg=14 % at tg=1060 h (Fig. 6a and
Table 3). Steady-state strain rate, £!, defined by the slope de/dt,
is 8.0 x 10=> h~1 as well as the times t;, and t,3 are determined
from the curve to be 34.9 h and 545 h, respectively.

Comparative curves of all 316L-speimens tested at 550 °C and
300 MPa are presented in Fig. 7. All LBE-specimens independent on
oxygen dissolved in liquid metal ruptured before the air-specimen.
The test in air was stopped after the specimen in LBE at c,=10"7-
102 wt.% was ruptured (Fig. 6b). The strain-vs.-time-curve of the
air-specimen shows no change into the tertiary zone, i.e., t;3 can-
not be determined and no evidence of necking was measured in-
situ. An increase of oxygen content in LBE up to 10-6 wt. % does
not improve time-to-rupture, tz as well.

In LBE under Ar-5 vol.% H, cover gas, 316L shows a ductile
fracture and well-observed necking after the rupture (Fig. 8a and
Fig. 9a). The fracture angle is about 45° to the tensile load direc-
tion. The SEM examination of the fracture reveals elongated dim-
ples with their long axis aligned to the tension force direction
(Fig. 8b).

A thick corrosion scale is well-observed close to the specimen
failure (ferrite in Fig. 8a,c). A depletion zone/ferrite observed in a
transversal cross-section is regular and around 168.9 pum (Fig. 10),
while its thickness varies significantly along a tensile direction
(Fig. 9a). Similar results obtained for other LBE-specimens are de-
scribed below. Therefore, a thickness of a depletion zone, reduc-
tion of sample radius |/ load-bearing cross-section, presented in
Table 3, are snap-shot results and do not illustrate a real corrosion
appearance under loading. A depletion zone on the LBE-specimen

; n 1 1 1 L 1 L 1 L 1 ;
0 200 400 600 800 1000
(a) Time (h)
3 T T —
£
S -
»n
0 1 . L 1 1 1 L L L 1 L
0 500 1000
(b) Time (h)

Fig. 6. Strain and oxygen output obtained from 316L tested at 550 °C and 300 MPa:
(a) in LBE with decreasing c,, tz=1060 h and (b) in air (stopped after 1150 h).

is thicker, the closer failure is. But the lateral steel surface close to
a failure is free from the depletion zone; a corrosion scale is de-
tached locally on a great area around a failure.

In spite of a great amount of cracks in a depletion zone close
to failure, any crack propagation into the steel inwards was not ob-
served in the tested specimen (Figs. 8a, 9b and 10). Some cracks in
a corrosion scale are filled with a solidified LBE, some of them not
(Fig. 9b). The later do have obviously any direct contact to liquid
LBE. Corrosion scale can lose its compactness like in Fig. 10 and
liquid metal can touch the steel directly.

A depletion zone shows a lower nickel- and chromium-content
in comparison to the steel matrix that is an indication of ferrite
formation (Fig. 11). The outer part of a depletion zone with porous,
spongy structure contains a relatively high amount of solidified lig-
uid metal (lead and especially bismuth in Fig. 11). Liquid metal is
penetrated also deeper into the inner part of a depletion zone, but
with a distinguishably lower amount.

Reference specimen tested simultaniously in air at 550 °C was
still intact after 1150 h testing as well as experimental data shows
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Fig. 7. Strain of 316L crept up to rupture in LBE at low ¢, (=10-7-10-"0 wt.%) and 550 °C. Reference creep(-to-rupture) test is presented through the test in air and in LBE
at ¢,=10"% wt. %. The test in air was stopped simultaneously with the specimen ruptured in LBE with low oxygen content.

Depletion
zone

Fig. 8. 316L steel after creep-to-rupture test in LBE with c,=1 x 10-7-8 x 10~"" wt.% at 300 MPa and 550 °C for 1060 h: (a-b) sidelong view of the ruptured specimen

(a-b); (c-d) top view of the ruptured specimen.

no change in the steady-state strain rate for this specimen. Engi-
neering strain is around 3% after 1150 h (Fig. 6, 12 and Table 3).
testing is around 2 %, a steady-state strain rate is 8.4 x 10~ h~1,
and the times t;, and t, 3 are 382 and >1150 h (Fig. 7 and Table 3).

Surface appearance of non-ruptured air-specimen was changed
from metallic glossy into dark dull colour after the creep test for
1150 h under 300 MPa. Lateral surface was slightly oxidized, and
turning traces occurred during specimen manufacture are still well
observed (Fig. 12a). No relevant cracks in the steel surface were de-
tected. Reduction of the load-bearing cross-section around 106 ©m
occurred rather due to creep than corrosion process.

Any relevant corrosion scale was observed onto steel surface
(Fig. 12b). 316L tested in LBE at 550 °C and c,=10"% wt.% exhibits a
rough surface with a numerous cracks almost on the whole gauge
length Lc observed by means of an OM and SEM (e.g. Fig. 13a).

Fracture surface exhibits elongated dimples on two surface planes
fractured at 45° to the pull direction (Fig. 13b).

Corrosion layer is well definable on the transversal and longi-
tudinal cross-sections of 316L ruptured after 182 h in LBE (Fig. 14).
In contrast to 316L tested in LBE with low ¢, and tz=1060 h de-
scribed above, a depletion zone observed on the steel at constant
Co=10"% wt.% and 182 h is much thinner. Additionally, a depletion
zone formed during creep-to-rupture test varies in a thickness as
well as a local dissolution of a depletion zone is well observed
on the transversal cross-section (Fig. 14c). Few areas without de-
pletion zone are still can be found on the both cross-sections,
i.e. diffusion of the steel elements outwards into the liquid metal
and vice versa appears irregularly or rather starts locally and dis-
tributes with a testing time.

Two other specimens tested at 550 °C, 106 wt. % dissolved
oxygen with tg=231 and 371 h show similar characteristics of a de-
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Fig. 9. Longitudinal non-etched cross-section of the 316L-specimen tested in LBE
with co=1 x 1077-8 x 10~ wt.% at 550 °C and 300 MPa and ruptured after 1060 h
testing.

pletion zone with 316L tested at low ¢,: a depletion zone is signif-
icantly thicker for these two specimens in comparison to the case
tr=182 h, but a depletion zone formed during the testing covers
the steel surface not completely (Fig. 15a for tg=371 h).

Both specimens exhibit cracks in a depletion zone filled with
LBE (Fig. 15b). Maximal thickness of a depletion zone measured
on a longitudinal cross-section of 316L with tz=231 and 371 h
(co=10-% wt.%) is approaching to that at low ¢, and was measured
around 150 pm.

Locally, an oxide layer was formed on top of a depletion zone
close to a specimen shoulder that was not cleaned from the so-
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lidified liquid metal after testing (Fig. 15c). Additionally, oxides of
the steel elements were found precipitate in the liquid metal, at
steel/depletion zone interface and in a depletion zone filled with
LBE (Fig. 15d,e).

Three specimens tested in LBE at 1076 wt.% dissolved oxygen
(tg =182, 231 and 371 h) show strain-at-rupture, ¢R by 29.3, 20.0
and 14.2 %, respectively (Fig. 7 and Table 3). A steady-state strain
rate, &/ for the specimens tested in LBE with ¢,=10"% wt.% (tg
=231 and 371 h) are 6.9 x 10~ till 1.6 x 10~3 h~! (Table 3). For
the both LBE-specimens with co,=10"% wt.%, times corresponding
to the transitions from primary to secondary creep, t;,, are 19.6
and 70.9, and from secondary to tertiary creep, ty3 are 111.8 and
188.6 h (Table 3).

Failure of the LBE-specimens with tg=182 and 231 h studied
with SEM is presented through two shear-face tensile planes at
about 45° to the tensile direction (macroscale ductile). The micro-
scopic examination of the fracture reveals elongated dimples sim-
ilar to the specimen tested at low c, (Fig. 13b). Therefore, 316L
in LBE at 10~6 wt.% dissolved oxygen ruptured in a ductile modus
similar to that at c,=1 x 1077- 8 x 10~1! wt.%.

A thickness of a depletion zone with different oxygen contents
was found to vary. The highest thickness of it was determined in
the test with a lowering ¢, after 1.060 h testing (168.9 p«m), while
specimens tested in LBE at 10-% wt.% dissolved oxygen exhibit an
irregular depletion zone from O up to 46 um after 182, 231 and
371 h (Table 3).

3.2. 500 °C and 325 MPa

The steel 316L tested in LBE with low ¢, at 500 °C ruptured
after 4996 h testing, while the creep test with the steel in air
was stopped after 15,226 h before the specimen was ruptured. The
transition time from the secondary to tertiary creep stage, t,3 was
not reached, i.e. time-to-rupture in air exceeds more than three or-
der of tg in LBE (Fig. 16 and Table 3). Steady-state strain rate de-
termined for the LBE-specimen is two orders higher than for the
air-specimen: £f =1.5 x 10~ h~! in LBE and &} =8.8 x 108 h-!
in air. Thereby a significant effect of LBE on creep properties of the
316L austenitic steel in comparison to air is obvious.

SEM/EDX examination of the ruptured specimen tested in
LBE with an oxygen concentration between 1 x 10-% and
1 x 10~ wt.% showed depletion zone and cracks formed inside,
strong necking (43%) and dimples in the fracture after 4996 h test-
ing time (Fig. 17). Failure appearance of this specimen is similar to
a macroscopic view of the 316L tested at 550 °C and c,<10~% wt.%.
Fine differences are presented through a little bit more compli-
cated fracture surface with a few planes at 45° to the tensile di-
rection occurred at lower test temperature and longer tz. Tensile
grooves were observed on the lateral steel surface surrounding the
failure along the tensile direction (Fig. 17a,b). In addition to the
corrosion scale, the specimen exhibits a rough steel surface since a
depletion layer detached the steel surface under load and probable
due to dissolution of the depleted layer (Fig. 17d).

Regularity of a depletion zone is well observed on the longi-
tudinal and transversal cross-section (Fig. 18). Depletion zone ob-
served on the lateral side of the transversal cross-section is irreg-
ularly thick. On a longitudinal cross-section, a depletion zone is
much thicker than on the left side (Fig. 18a). A thick depletion
scale on the right side is characterized with deep cracks elongated
until the steel and filled with the liquid metal like it is presented
in Fig. 18c. «Longitudinal» cracks filled with LBE are observed in
a depletion zone along tensile direction as well, i.e. these cracks
appear during the creep testing and can result in a partial or com-
plete detached of the corrosion scale from the steel surface. It is
very possible that this effect is observed on the left side of the lon-
gitudinal cross-section and possible under longer t; than at 550 °C.
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Fig. 13. 316L tested in LBE with c,=1 x 106 wt.% at 550 °C and 300 MPa for 231 h: (a) part of the specimen close to the fracture, (b) fracture surface with elongated
dimples.
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Fig. 14. 316L tested in LBE with c,=1 x 10-6 wt.% at 550 °C and 300 MPa for 182 h: (a) longitudinal and (b-c) cross-section of the ruptured specimen.
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Fig. 16. Strain of 316L ruptured in LBE at c,=10-5-10"2 wt.% and crept in air at 500 °C. The test in air was stopped after 15,226 h.

12



M. Yurechko, A. Skrypnik, O. Wedemeyer et al.

Depletion

¥'zone
11 mml

\ A\

€) Cracks

Depletion
zone
Crack

\

Journal of Nuclear Materials 558 (2022) 153344

N

Tensile
.~ grooves

Depletion

n
s 1500 pml

Depletion
zone

Steel

Fig. 17. 316L-sample tested in LBE with c,=10-8-10"2 wt.% at 325 MPa and 500 °C, t;=4996 h: (a) fractured part, (b-d) lateral surface contacted to liquid metal, (e) fractured

surface.

An average thickness of the depletion zone is around 814 pum
(Table 3).

Reference specimen tested in air at 500 °C was intact after
15,226 h. The steel surface is slightly oxidized and exhibits an en-
tireness excepting a minor amount of cracks in an oxidized surface
(Fig. 19).

During metallographic study, any relevant microstructural
change was not determined in the inner of the steel: elon-
gated lamellas presented through §-phase in as-received steel have
changed neither in size nor in shape. Its amount in the inner of the
gauge length is compared on the same surface square before and
after the test (Fig. 1a). Any new phase was not determined after
creep at 500 °C for 15,226 h.

3.3. 450 °C and 375 MPa

316L tested at 375 MPa and 450 °C is intact in air after 5783 h
as well as in LBE with low ¢, after 7178 h testing (Fig. 20). Steady-
state strain rate for the LBE-specimen is two orders higher than for
the air-specimen: &0 =15 x 10~ h~! in LBE and &} =8.8 x 10~
h=1 in air (Table 3). The strain-vs.-time curve for the LBE-specimen
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shows increase in strain with time, while the curve for the air-
specimen does not exhibit any significant change in the strain.
Therefore, the time corresponding to the transitions from primary
to secondary creep, t;, in LBE is determined around 124.5 h, while
t;» in air cannot be identified with accuracy of the actual creep
facility; it cannot be excluded as well that t;, in air is still not
reached.

The 316L-specimen tested in LBE with co=10"2-10"10 wt.% ex-
hibits rough surface on the whole specimen that is corroded and
infiltrated with LBE after 7178 h testing (Fig. 21). Dissolution of
the steel elements and following infiltration of liquid metal is pre-
sented through a pit-type occurrence selective leaching.

The §-ferrite has not been subjected to any change in chemical
content and size during the tests at 450 °C and 375 MPa that was
defined with EDX-mapping analysis of composites.

Thickness of a depletion zone formed in LBE with lowering oxy-
gen content at 450 °C is around 53 um after 7178 h creep testing.
The specimen radius formed from the austenitic steel was mea-
sured after the experiment to reduce by around 283 pm; material
los with a simultenious necking is around 33 % (Table 3).
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Fig. 19. 316L-sample after the creep test in air at 500 °C and 325 MPa for 15,226 h with a horizontal orientation of tensile direction: (a) lateral steel surface, (b) etched

longitudinal cross-section.

During the test in air, the steel surface slightly oxidizes
(Fig. 22a). Surface cracks are not observed. Examination with SEM
reveals striations perpendicular to the tension direction (Fig. 22b).
Any microstructural change was not observed in comparison to as-
received material: the §-ferrite islands are enriched with Cr, and
Mo as well as depleted with Fe and Ni in comparison to the steel
matrix.

In contrast to the test in LBE, no corrosion scale was ob-
served on the specimen tested at 450 °C in air after 5.783 h test-
ing (Fig. 22a), while a sample radius is reduced on 1359 um
with a corresponding reduction of the load-bearing cross-section
of around 17 %. This indicates that reduction of the radius occurs
due to elongation under sress applied during the creep test, while
corrosion did not affect significantly on the creep characteristics of
the steel. Also, microstructural changes inside of the steel tested in
LBE and air at 450 °C for 7178 and 5783 h correspondingly were
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not observed by means of SEM. A very low steady-state strain rate
of the steel in both media at 450 °C (Table 3) let us to estimate
a rupture time still for a long time. But due to dissolution of the
steel components in LBE, a higher steady-state strain rate in LBE
and a higher reduction of the specimen radius in LBE, one can ex-
pect that 316L may ruptured in LBE earlier than in air at 450 °C
similar to higher temperatures.

3.4. Discussion

Creep-to-rupture test in LBE at 550 °C with a lowering oxygen
content resulted in a considerably reduced the time-to-rupture, tg
in comparison to air. Formation of a thick depletion zone on the
steel surface after 1060 h well-observed with LOM and SEM re-
duces significantly a load-bearing cross-section and results finally
in a premature failure of the steel (Fig. 8a,c and Fig. 7). Depletion
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Fig. 20. Strain as a function of time at 450 °C, 375 MPa for 316L in LBE (c,=10"2-10"1° wt.%) and air. The tests were stopped after 7178 and 5783 h, respectively.
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Fig. 21. 316L after the creep test in LBE (c, =10-2-10-"" wt.%) at 450 °C, 375 MPa for 7178 h with a horizontal orientation of tensile direction: (a) lateral surface contacted

to liquid metal, (b) non-etched transverse cross-section.
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Fig. 22. SEM image of the 316L steel creep test in air at 450 °C, 375 MPa for 5783 h: (a) transverse cross-section and (b) lateral surface of the specimen.

zone forming due to a dissolution of the steel components like
Ni, Cr and Fe (Fig. 11) is affected by a temperature. Thickness of
the depletion zone depends directly on a temperature: the higher
temperature of LBE is, the stronger dissolution dynamics was ob-
served that resulted in a thicker depletion zone on 316L. This gen-
eral tendency belongs to all LBE-tests with a lowering c, at 450-
550 °C. A thickness of a depletion zone can vary due to complex
processes underwent during the testing in LBE as well as affected
by a preparation of the specimen for study after the test. So, it
is clear demonstrated on the LBE-specimen at 550 °C that a de-
pletion zone is irregular thick along the tensile direction (Fig. 9a).
Reducing the test temperature to 500 and 450 °C, a steel surface
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dissolves with a time more regular and a depletion zone is ob-
served on the whole specimen along the tensile direction (Figs. 15a
and 21a). With a time growing depletion zone becomes less stable
and can spall off during the testing as well as during the specimen
preparation after the testing and result in a different thickness
of the corroded scale like in Fig. 18c. Therefore, some transversal
cross-sections of the LBE-specimens exhibit depletion zone, some
of them not and it is very irregular on some of them. A thick-
ness of a depletion zone is introduced in Table 3 just for a con-
ceivability of corrosion dynamics for every specimen, because the
values do not reflect more complicated processes went during the
testing.
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Tensile stress can affect corrosion as well, since diffusion of
atoms in the steel under stress is assisted. Corrosion data for the
316L steel in the flowing LBE at c,=10~7 wt.% and 450 and 550 °C
in Ref. [41] and in static LBE at ¢,—10~7 wt.% and 450-500 °C in
Refs. [42,43] and our data support this tendency, but do not ex-
plain all data, e.g. at 450 and 550 °C. Moreover, it is needed keep in
mind, that begin of ferritisation is affected by an incubation time,
so long as oxide layer on the specimen is intact and did not rup-
ture. With a time, the specimen starts to narrow and an oxide layer
tears there, so that dissolution of the steel elements towards liquid
LBE and LBE attack vice versa take place.

Depletion of the steel with the steel components like nickel,
chromium and iron occurs due to strong distinguish in their con-
centration in the steel and liquid metal [12]. At low c,, dissolution
of the steel starts as far as protective oxide film is destroyed and
decelerates with a time. As a consequence a depletion zone grows
with a time. Eventually, it comes to a moment, when Ni, Cr and Fe
cannot be delivered from the steel so fast as they dissolve from the
outer part of the depletion zone into liquid metal. Liquid LBE infil-
trates increasingly into vacant positions in the corrosion layer and
a depletion zone is destroying consequently with a time (Figs. 10
and 11).

A corrosion scale loses strength; orbital and radial cracks occur
within a depletion zone (Figs. 9b and 10a). Thermal creep mecha-
nism occurs inside the steel bulk before the full rupture. The cor-
rosion induced thickness loss causes an increase in effective stress
acting on the remaining steel bulk. Before this effective stress ex-
ceeds ultimate tensile stress (UTS) of the steel, the typical creep
mechanism at elevated temperatures should operate. As corrosion
continues, this effective stress may exceed UTS. From this moment
on, the deformation of the specimen will migrate to an unstable
loading condition similar to the tensile deformation after UTS is
reached.

Any evidence that cracks originated within a depletion zone
and propagated towards the steel would propagate further into the
steel and becomes an origin of the failure was not observed. Higher
content of liquid metal in outer part of the depletion scale was re-
ported in the austenitic steel 1.4571 after long-operation of COR-
RIDA loop around 66,000 h at 550 °C [12]. Two mechanisms of the
steel dissolving (non-selectively or selectively with a supply of dis-
solving elements to the interface of the depleted solid phase via
solid-state diffusion) was proposed to explain porosity of a deple-
tion zone and give a rise of penetration of the corrosive fluid [12].

Oxidation of the 316L in air at 550 and 500 °C determined after
1150 and 15,128 h, correspondingly, is very light: an oxide film is
not detected by means of SEM, turning traces are still observed on
lateral surface. So, no detrimental effect of air on the steel surface
during creep was established.

At 450 °C, a depletion zone forms similarly on the steel sur-
face with a feature that it spreads on whole specimen surface con-
tacted to LBE and dissolves irregularly in liquid LBE during 7178 h
testing. As result the specimen looks rough on the whole surface
(Fig. 21a). Comparing the steel surfaces in LBE and air at 450 °C,
striations are observed to grow in air perpendicular to the ten-
sile direction and no cracks are found as well no visible oxidation
are established. The striation could result from movement of dis-
location lines on the surface along tensile direction under loading.
Since no cracks appeared on the surface, a low steady-state creep
rate without a sign to reach t,3 characterize the specimen, one
can expect a long testing time before the specimen ruptures. Fur-
thermore, similar to 550 and 500 °C, it is expected that at 450 °C,
the steel in LBE will rupture earlier than in air by the same other
conditions.

Increasing an oxygen dissolved in LBE to 106 wt.% at 550 °C
did not result in a higher time-to-rupture. Three tests showed
even shorter tp than at c,=10"7-10"11 wt.%. In spite of stable ox-

16

Journal of Nuclear Materials 558 (2022) 153344

ides with Fe and Cr could form at these conditions [39], three
specimens exhibit a depletion zone on the steel. The specimen
that was not cleaned from LBE-rests after the testing exhibits ox-
ides at steel/depletion zone interface, in a depletion zone, on the
specimen surface as well outside the specimen in solidified LBE
(Fig. 15c-e).

In corrosion tests in flowing LBE at 550 °C and ~10~7 wt.%
dissolved oxygen, a depletion zone was reported after 2.011 h,
while at shorter testing times a thin oxide film protects the steel
surface from the corrosion [15]. In static LBE at 500 °C and low
Co (<1073 wt.%), dissolution was specified to be a main corro-
sion mechanism of 316L [43]. In Refs. [42,43] it was shown that
a thin oxide layer forms on 316L and the steel begins to dis-
solve at 450 °C and ¢, in-between 10-¢ and 10~7 wt.%. Namely,
protective properties of the formed oxide film formed at 450-
550 °C and c,<10% wt.% is inherently not protective with respect
to the dissolution of Ni by liquid metal or becomes not protec-
tive with time because of formation of defects favoring local leach-
ing of Ni and/or Cr even without loading [15]. Based on these re-
ports, two factors, namely loading and an interaction of the steel
with LBE have to facilitate formation of a depletion zone and ox-
ide layer on 316L observed simultaneously after creep-to-rupture
test at 550 °C and 10-® wt.% dissolved oxygen. Loading the spec-
imen results in a faster tearing of a thin oxide layer on the 316L
surface than it is expected without loading. A following contact
of a virgin steel surface to LBE can lead to a local oxidation of
the surface as well as to a dissolution of the steel elements as
soon as oxygen content in LBE not high enough to form oxides.
Dissolved steel elements such as Cr, Fe can oxidize in liquid LBE
due to locally sufficient supply of oxygen. Formation of oxides
and oxide layer were observed locally in a depletion zone and at
steel/depletion zone interface, and on the top of depletion zone.
So, liquid LBE infiltrated into depletion zone and deeper, close to
the specimen surface has locally enough oxygen to oxidize the
steel elements. Finally, dissolution process becomes more prefer-
ential with a time than oxidation at 550 °C and 10~% wt.% dis-
solved oxygen. Hence, a dissolution of the 316L austenitic steel is
a main degradation factor at all test temperatures and oxygen dis-
solved in LBE. Oxide layer if it forms at ¢,=10-% wt.% does not
stable enough under loading to protect the steel from a dissolu-
tion. A possible running of two different corrosion processes re-
sults finally in a stronger degradation of the steel surface and con-
sequently in a shorter time-to-rupture, tg. Corrosion mechanism at
Co=10"% wt.% resulted in a shorter time-to-rupture than at lower
oxygen dissolved in LBE is not obvious and needs to be studied in
details.

All failures studied after LBE-tests show a ductile mode. Any
feature for liquid metal embrittlement (LME) was not observed on
316L tested in LBE. Any change in microstructure of the steel vol-
ume was determined after short- and long-term testing. The &-
phase detected in as-received material exhibits any transformation
in its shape, amount, size and composition.

Necking, Z and strain at rupture, &R of 316L in LBE are in the
ranges of 29-43 % and of 13-20%, correspondingly. Steady-state
strain rate, £ is one order higher in LBE than in air at correspond-
ing test temperatures. Transformation time from secondary to ter-
tiary creep stage, t,3 in LBE increases by reducing of test temper-
ature as well as by increasing of ¢, to 10-6 wt.% at 550 °C. Steel
dissolution in LBE as a main degradation factor defines a higher
rate of ferritisation and, consequently resulted in reducing of load-
bearing cross-section: (i) a steady-state strain rate is in generally
one-two orders higher in LBE than in air (with an exception for
550 °C with low ¢,) as well as (ii) a shorter t,3 resulted in a
shorter tg of the steel (Fig. 7 and Table 3). Strain-at-rupture, ef
at 550 °C is in the range of 14.2-29.3 %, at 500 °C it is 13.0% and
is on the lowest border of the 550 °C-range.
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4. Conclusion

The 316L austenitic steel exhibits a premature failure during
creep-to-rupture in LBE in comparison to air, especially at 500 and
550 °C. This can be anticipated also for 450 °C, 375 MPa and 10~°-
10~ wt.% dissolved oxygen although the last test was not per-
formed until rupture.

The obvious reason is corrosion, i.e. selective leaching of steel
elements such as nickel and associated reduction of load-bearing
cross-section. Protective oxide survives only locally, e.g. at the
specimen ends. Failure mode is always ductile.
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