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a b s t r a c t

Liquid metal embrittlement (LME) may decrease the mechanical integrity of the structure. Therefore
quantification of the embrittlement effects by fracture mechanics assessment is highly needed for possi-
ble future licensing. Conventional fracture mechanics methods however cannot be applied to tests in
liquid metal environment due to the opaque and conducting nature of lead–bismuth eutectic (LBE).
Therefore new methods for assessment of plane strain fracture toughness in LBE were examined. The
plane strain fracture toughness of T91 and 316L in liquid lead–bismuth environment at 200 and
300 �C is compared with the results obtained in air. The fracture toughness of T91 decreases in LBE while
sufficient ductility remains, whereas the toughness of 316L is less affected.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Future accelerator driven systems (ADS) could provide one of
the solutions for the nuclear waste problem by enabling transmu-
tation of minor actinides and long lived fission products. An exam-
ple of an ADS system currently under development is the MYRRHA
project at SCK�CEN.

For MYRRHA as well as for other experimental spallation
sources such as MEGAPIE and J-PARC, lead–bismuth eutectic
(LBE) was chosen as a coolant and/or spallation neutron source
[1–3]. For these applications, the European reference candidate
structural materials are the ferritic–martensitic steel T91 for the
parts working at high temperatures under high neutron doses
and the austenitic stainless steel 316L for the parts working at low-
er operating temperature and lower neutron flux components.

The compatibility of the structural materials with the liquid
lead–bismuth is known to be one of the critical issues in the devel-
opment of the ADS. Therefore liquid metal embrittlement (LME)
needs to be examined carefully since it may cause premature brit-
tle fracture of an otherwise ductile material when the material is
placed in direct contact with the liquid metal under stress.
Moreover various parameters such as not only strain rate and tem-
perature [4] but also stress concentrators, hardness, composition,
etc. are known to influence the susceptibility of the considered
steels to LME [5–8].
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Most of the knowledge on this topic was established by per-
forming tensile tests [9]. Results on the susceptibility of 316L steel
to LME are much scarcer than on T91 steel because it is generally
accepted that the effect of the LBE on the mechanical properties
(e.g. the low-cycle fatigue behaviour [10]) of the former is very lim-
ited. To enable the future construction of the ADS, it is however
needed to quantify the embrittlement by means of fracture tough-
ness tests in LBE. A very limited amount of fracture toughness data
is currently available due to difficulties involved with testing be-
cause the opaque and conducting nature of LBE makes it impossi-
ble to use the conventional test and analysis methods such as
described in ASTM E-1820. As a result, different authors have used
different experimental methods in an attempt to solve this prob-
lem. For instance, Long and Dai [11] examined LME by performing
3-point bending tests in an LBE environment to assess the plane
strain fracture toughness of T91 ferritic–martensitic steel at 200,
300, 400 and 500 �C. The fracture toughness values were obtained
by using a correlation between crack length and actuator displace-
ment, determined using multispecimen technique. Results showed
a reduction of the J-values of 20–30% in presence of LBE for non-
hardened T91 at 200 �C. Auger et al. [12] used centre cracked in
tension specimens (CCT) to try to assess the plane stress fracture
toughness of T91 steel. Crack growth was monitored optically by
using a very limited amount of LBE. It was concluded that the
embrittlement of T91 steel by LBE is significantly low, so, according
to Auger et al. [12], LME of non-irradiated T91 by LBE is not a
relevant concern for design.

In [13], normalisation methods (normalisation data reduction
NDR (ASTM E-1820) and the single specimen methods described
by Donoso et al. [14] and by Chaouadi [15]) were used to
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determine the plane strain fracture toughness values of T91 at
200 �C in a stagnant LBE environment. These normalisation meth-
ods were originally developed to enable the analysis of fracture
toughness tests in the ductile, upper shelf regime in aggressive
environments where conventional methods can not or can hardly
be applied. In these methods, only the force–displacement data
and the initial and final crack length are used as inputs for fracture
toughness determination.

This paper discusses the effect of LBE on the plane strain frac-
ture toughness of ferritic–martensitic T91 steel and austenitic
stainless 316L steel at 200 �C and 300 �C for tests performed at a
displacement rate of 0.25 mm (min)�1. The fracture toughness is
determined using three different normalisation methods described
in an earlier paper [13].
2. Experimental

The austenitic stainless steel 316L and the ferritic–martensitic
steel T91 were both delivered as hot rolled and heat treated plates
with a thickness of 15 mm by Industeel, ArcelorMittal group. The
316L plate was solution annealed at 1050–1100 �C, followed by a
water quench. The heat treatment of the T91 plate consisted of a
normalisation treatment at 1100 �C for 15 min followed by a water
quench to room temperature. This plate was then tempered by
heating the normalized steel to 770 �C for 45 min followed by air
cooling to room temperature. The chemical compositions both
steels are given in Table 1.

The lead–bismuth eutectic (LBE) was delivered by Hetzel Metal-
le GmbH, Germany and contains 44.8 wt.% Pb, 55.2 wt.% Bi, 2 mg/g
Cr and less then 1 mg/g Ni.

Disc shaped compact tension specimens (DCT, Fig. 1) were ma-
chined so the crack plane is situated in the centre of the thickness
of the plate and then precracked in fatigue to a crack length of
a = 1/2W = 5 mm, where a is the crack length and W is the width
of the specimen (Fig. 1). After precracking, the specimens were
side-grooved at each side to a depth of 10% of the specimen’s thick-
ness. These side grooves are needed to limit or prevent a plane
stress state at the specimen side surface which would result in
shear lips [16] and in an increase in fracture toughness due to an
increase in the plastic zone size [17].

Fracture toughness tests were performed on DCT specimens of
both T91 and 316L steels, in air and in oxygen saturated LBE
environments. All tests discussed in this paper were performed
Table 1
Chemical composition of ferritic–martensitic T91 and austenitic 316L (wt.%).

C N Al Si P S Ti V

316L 0.02 0.0293 0.018 0.67 0.032 0.0035 0.006 0.07
T91 0.10 0.0442 0.015 0.22 0.021 0.0004 0.003 0.21

Fig. 1. Schematic representation of: (left) the disc shaped compact tension specim
at a displacement rate of 0.25 mm (min)�1. Test temperatures were
200 and 300 �C.

The tests in air are considered to be reference tests to quantify
the fracture toughness (J–R curve, which is a plot of the crack
extension resistance as a function of the crack extension for elastic
nonlinear materials, and the value of the J-integral at initiation of
crack extension, JQ) of the materials using the specimen shape de-
scribed above. Different single specimen techniques were used to
monitor the crack growth during the tests in air, namely unloading
compliance (UC) and potential drop (PD). The former uses the com-
pliance of the specimen measured during periodic unloadings by
means of a clip gauge extensometer for accurate measurement,
while the latter measures the potential difference across the spec-
imen to determine the size of the advancing crack. Unfortunately,
both techniques are not applicable in LBE environment. This is due
to the fact that at one hand the conducting nature of the LBE pene-
trating the crack hinders the measurement of the potential differ-
ence over the crack and on the other hand the compliance cannot
be measured accurately since the clip gauge extensometer will be
chemically attacked by LBE. Therefore, only the force–displace-
ment data, consisting of the deformation of the load line and the
crack mouth opening displacement (CMOD), which is the crack dis-
placement due to elastic and plastic deformation measured by the
clip gauge extensometer at the mouth of the crack (Fig. 1), were
available for tests in LBE.

Alternatively, normalisation methods, such as the normalisation
data reduction method (NDR, ASTM E-1820) and the single speci-
men methods described by Donoso et al. [14] and by Chaouadi
[15], could be applied to analyze the test data recorded during tests
in LBE environment. By using a single specimen method, a full J–R
curve can be determined from one single test. The main advantage
of the normalisation methods is the fact that they use only the
force–CMOD data (recorded by a clip gauge) and the initial and fi-
nal crack length to calculate the J–R curves of the test. The initial
and final crack sizes were determined from the post mortem frac-
ture. The force–CMOD was not readily available for tests in LBE
environment because a clip gauge could not be used in this envi-
ronment, so only force–displacement data were available. The
use of force–displacement data instead of force–CMOD data as in-
put for the normalisation methods would however limit their accu-
racy, since CMOD data consists only of the opening at the crack
mouth of the specimen, whereas displacement data consists of
both the CMOD and of the deformation of the load line. The mea-
sured displacement was therefore corrected using a linear fit of
Cr Mn Ni Cu As Nb Mo Sn W

16.73 1.81 9.97 0.23 0.00 2.05 0.02
8.99 0.38 0.11 0.06 0.008 0.06 0.89 0.004 0.01

en, dimensions in mm; (right) the test setup used during these experiments.
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the force as function of the (displacement–CMOD) obtained from
the tests in air, where both clip gauge and displacement data were
available. In this way, an approximation of the CMOD data was cal-
culated. An example and the verification of this compliance correc-
tion can be found in [13]. All the necessary input for the
normalisation methods was thus available for the analysis of tests
performed in both environments.

The tests in LBE were performed in the oven of a tensile testing
machine. The oven was heated up to about 200 �C and the liquid
LBE was then poured into the reservoir, attached to the load line
(Fig. 1), until the specimen was submersed. The submersed speci-
men was then heated up to the test temperature, which was mea-
sured by a thermocouple placed in the liquid metal reservoir. After
reaching the test temperature, the experiment was held at con-
stant temperature for 20 min to ensure a homogeneous tempera-
ture of the specimen and the LBE before starting the test. The
test was stopped after an estimated crack growth of about 1 mm.
Although there was no online crack measurement, the crack size
was estimated using the force–displacement curve. After testing,
a solution of hydrogen peroxide, acetic acid and ethanol in a ratio
of 1/1/1 was used to remove the LBE of the specimen.

The tests in air were performed using the same load line but
without the reservoir. The removal of the reservoir however had
no effect on the compliance of the load line of the tensile testing
machine. For these tests, the thermocouple was placed in direct
contact with the specimen.

The dimensions of the DCT specimens used in these experi-
ments are smaller than recommended by the ASTM E-1820 stan-
dard, but were necessary to allow comparison with planned
fracture toughness tests on irradiated specimens. By comparing
test results of the same type and size specimens in different envi-
ronment, the effect of LBE on the fracture toughness can be esti-
mated quantitatively.

Before analyzing the results of tests in LBE environment, the
feasibility of using the three normalisation methods was verified
for our application. The different methods were applied to the
force–CMOD test data recorded by the clip gauge used during tests
in air. These results were then compared with the results of the
unloading compliance and potential drop techniques. In [13], it
was shown that the proposed normalisation methods are in good
agreement with the conventionally used methods based on online
crack advancement monitoring.

One of the problems of performing tests in LBE environment is
the reproducibility of the test results. Not all of the specimens were
embrittled by the LBE and the specimens that did show signs of
embrittlement were not all embrittled to the same extent, presum-
ably due to wetting problems or due to the presence of air bubbles
in the precrack. The results thus showed a rather large scatter. As
well known, one of the prerequisites of LME is the intimate contact
between the steel and the liquid metal, which can be inhibited by
air bubbles in the precrack and by the native oxide layer of the
Fig. 2. Force–displacement curves of tests on T91 ferritic–martensitic steel. (A) Perform
steel. When wetting of the steel by LBE does occur, there are clear
signs of embrittlement as can be seen in the test results presented
in this paper. The presence of air bubbles in the precrack could be
prevented in future tests by testing in a closed autoclave where the
liquid metal is introduced after evacuating the atmospheric gasses.

In this paper, we have chosen to compare the average J–R curve
and JQ value of the tests performed in air with those of the test in
LBE that showed the highest amount of embrittlement. In that way
the upper limit of the effect of LME on the fracture toughness prop-
erties of the two steels was studied.

3. Results and discussion

3.1. T91 ferritic–martensitic steel

T91 steel was tested at both 200 and 300 �C, in air and oxygen
saturated LBE environment at a displacement rate of 0.25
mm (min)�1. Fig. 2A shows the results of fracture toughness tests
at 200 �C in air and in LBE. The J–R curve was constructed and
the JQ value was calculated for each of the tests in air by using
the unloading compliance and potential drop techniques and by
applying the different normalisation methods. The average JQ value
is 223 kJ m�2 and the average J–R curve of the tests in air at 200 �C
is shown in Fig. 3A together with the expected ±15% scatter range.

According to [18], there is a direct correlation between the frac-
ture mechanism and the shape of the recorded load–displacement
curves. Thus, from the shape of the curve of the test in air (Fig. 2A),
a ductile fracture mechanism could be expected. This was con-
firmed by the SEM picture of the fracture surface shown in
Fig. 4A. On the left, an overview of the fracture surface is shown,
the dashed box marks the surface created during the test. A detail
of the surface, given on the right, shows that the specimen frac-
tured due to a ductile fracture mechanism (void nucleation, growth
and coalescence) resulting in the dimpled fracture surface, which
was observed in almost all of the specimens tested in these
conditions.

The force data T1 and T2, tested in LBE at 200 �C (Fig. 2A), de-
creased much faster than the other curves, which is a sign of
embrittlement. These two tests exhibited the largest amount of
embrittlement according to their force–displacement curves. The
J–R curves and JQ values were calculated for each test (LBE,
200 �C) by applying the three normalisation methods to the
force–displacement data from which the compliance was cor-
rected. The JQ value of specimen T1 (average of the three methods)
is 174 kJ m�2, a difference of about 30% with the average value of
the tests in air. The average J–R curve of specimen T1 is shown in
Fig. 3A together with the ±15% scatter range. This curve is consid-
erably lower than the average curve in air, which also indicates
embrittlement.

SEM pictures of the fracture surface were examined so the
embrittlement of specimen T1 could be confirmed (Fig. 4B). The
ed at 200 �C and 0.25 mm (min)�1. (B) Performed at 300 �C and 0.25 mm (min)�1.



Fig. 3. J–R curves of T91 steel tested in air and in oxygen saturated LBE. The J-integral value at initiation (JQ) and the ±15% scatter range are indicated. (A) For tests at 200�. (B)
For tests at 300 �C.

Fig. 4. Fracture surfaces of T91 steel, the dashed box marks the crack measured during the test. (A) Specimen tested at 200 �C in air. The right picture shows the dimpled
ductile fracture surface. (B) Test in oxygen saturated LBE environment at 200 �C. The right picture shows a detail of the mixed ductile and brittle fracture surface. (C) Specimen
tested in LBE at 300 �C, ductile fracture in the middle of the specimen and more brittle fracture on the side of the specimen, with a magnification of the mixed brittle-ductile
fracture surface on the right picture.
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left picture shows an overview of the surface fractured during the
test. The right picture depicts a detail of the fracture surface. It
clearly shows a mixed ductile–brittle fracture surface. In Fig. 4B,
several grains which were cracked in cleavage mode indicated by
arrows. A region with relatively high fraction of dimples is circled.
The embrittlement in the force–displacement and average J–R
curve was thus confirmed by the appearance of the fracture surface
of the specimen. Specimen T1 was the most embrittled specimen
in our tests and thus serves here as a worst case for LME of T91
at 200 �C.

As an example, Fig. 2B shows the force–displacement curves of
tests performed in air and LBE at 300 �C. The average JQ value of the
tests in air is 222 kJ m�2 and the average J–R curve is depicted in
Fig. 3B. The test data and fracture toughness value point out the
ductile nature of the material which is confirmed by the dimpled
fracture surface observed on the SEM pictures.

For tests in LBE environment at 300 �C, there were no force–dis-
placement curves that exhibited the large decrease in force data as
observed at 200 �C. However, it seems that there are other signs of
embrittlement at 300 �C. Although the number of tests is relatively
small and the statistical scatter is rather large, it seems that the
maximum of the force–displacement curve of specimen T3
(Fig. 2B) is significantly lower compared to the maximum force
of the tests in air due to the effect of the LBE environment.

The J–R curve of specimen T3 (average of three normalisation
methods) is situated lower than the average J–R curve of the tests
in air (Fig. 3B). The difference between the curves is larger than the
scatter on both curves, possibly indicating embrittlement. This
possible embrittlement is also pointed out by comparing the JQ val-
ues: 222 kJ m�2 as average for the test in air at 300 �C and
185 kJ m�2 for specimen T3 tested in LBE at the same temperature.

The SEM pictures of the fracture surface of specimen T3 (Fig. 4C)
confirmed the embrittlement. The left picture shows the precrack
and side groove. The more brittle fracture on the side of the DCT
specimen was initiated in the side groove. In the middle of the
specimen there is a ductile area, probably due to inadequate pen-
etration of LBE in the crack near the middle of the specimen. The
right picture shows a magnification of the mixed brittle-ductile
fracture surface. The embrittlement of specimen T3 by LBE is thus
visible in the force–displacement data, in the JQ values, in the J–R
curves and in the SEM pictures of the fracture surface, but although
there is embrittlement of the T91 steel by the LBE, there is still suf-
ficient ductility left to prevent brittle failure.

3.2. Austenitic stainless steel 316L

DCT specimens of austenitic stainless steel 316L were tested at
200 and 300 �C in both air and oxygen saturated LBE environment.
As for the T91 steel, the tests in air were analyzed by using unload-
ing compliance and potential drop techniques and by applying the
Fig. 5. Force–displacement curves of tests on austenitic stainless steel 316L in air and in
performed at 300 �C.
three different normalisation methods (NDR, and the single speci-
men methods described by Donoso et al. [14] and by Chaouadi
[15]). For the tests in LBE environment, the force–displacement
data were recorded and then analyzed using the three normalisa-
tion methods.

Fig. 5A illustrates force–displacement curves of 316L specimens
tested in air and in LBE environment at 200 �C. The curves recorded
during the tests in air all indicate a ductile behaviour of the 316L
steel.

After the tests, the J-integral at initiation (JQ value) was calcu-
lated using the J � Da data. The average JQ value of the 316L steel
in air at 200 �C was 258 kJ m�2.

SEM pictures of the fracture surfaces of these tests (Fig. 6A)
show the expected dimpled fracture surface. The left picture
shows an overview of the fracture surface, the crack measured
during the test is indicated by the dashed box on the picture. The
flat parts of the fracture surface are a result of deformations caused
by breaking of the specimen after the test and were thus not
created during the test. The right picture shows a detail of the
ductile fracture surface, confirming that the specimen cracked in
a ductile manner.

There were almost no clear signs of LME noticeable when com-
paring the test data of tests at 200 �C in LBE and in air. Only the
curve depicted in Fig. 5A shows a slight decrease in force which
may be a sign of embrittlement.

The J–R curves and the JQ values were calculated for each test.
The lowest average JQ value calculated was 232 kJ m�2, a difference
of about 10% with the average value in air (258 kJ m�2). This 10%
difference is within the expected scatter range, so it is not a clear
sign of embrittlement.

The SEM pictures of the fracture surface of tests performed in
LBE environment (Fig. 6B) showed a fully dimpled fracture surface,
which was similar to that of the tests performed in air. Therefore, it
is concluded that the LBE did not cause any visible change in frac-
ture mechanism of 316L steel. At 200 �C there were thus no obvi-
ous signs of LME of 316L steel by LBE.

Fig. 5B shows the test results of fracture toughness tests of 316L
performed at 300 �C in air and in LBE environment. The average JQ

value for all of the tests in air at 300 �C was 199 kJ m�2. The SEM
picture of the fracture surface shows a fully ductile fracture sur-
face, which is very similar to that of tests at 200 �C (Fig. 6A). These
SEM pictures confirm the ductility observed in the force–CMOD
curves and in the JQ value.

Although most of the recorded curves are quite smooth and
show no clear signs of LME, the force displacement curve depicted
in Fig. 5B, which was obtained at 300 �C in LBE environment,
showed some small drops in force.

The JQ value was calculated to see if the small drops in force
were also visible in the fracture toughness results. An average va-
lue was calculated for each test. The lowest average value for tests
oxygen saturated LBE at 0.25 mm (min)�1. (A) Tests performed at 200 �C. (B) Tests



Fig. 6. Fracture surfaces of 316L steel, the flat areas are a result of breaking the specimen after testing. (A) Ductile fracture surface of specimen tested at 200 �C in air. (B) Test
in oxygen saturated LBE environment at 200 �C. The right picture shows a detail the ductile fracture surface. (C) Fracture surface of specimen tested in LBE at 300 �C, the
magnification of the fracture surface shows no effect of LME by LBE on the fracture surface.
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in LBE at 300 �C was 175 kJ m�2 which is about 10% lower than the
average JQ value in air at 300 �C. A difference of 10% is within the
normal scatter range found in fracture toughness tests, so the JQ

values showed no clear signs of LME.
The SEM pictures of the fracture surface are shown in Fig. 6C.

The left picture shows an overview of the fracture surface created
during the test. The flat areas on the left are a result of breaking the
specimen after the test. The dark area with bright spots on the
right of the fracture surface is some remainder of LBE which was
not cleaned of by the cleaning solution. The detail of the fracture
surface, shown in the right picture, shows no difference with the
fracture surface in air. It is dimpled, indicating a ductile fracture
mechanism. Apart from a relatively small difference in JQ values
for tests in both environments, there are no clear signs of LME of
316L steel.
4. Conclusion

Fracture toughness tests were performed using sub sized DCT
specimens at 200 �C and 300 �C at displacement rate of 0.25 mm
(min)�1, in both air and oxygen saturated LBE environment. Two dif-
ferent steels were tested: ferritic–martensitic T91 steel and austen-
itic 316L stainless steel. The following conclusions can be made:

� Plane strain fracture toughness of T91 and 316L in LBE can be
measured using normalisation methods due to the sufficiently
high amount of ductility and toughness of these materials under
the tested conditions.

� Plane strain fracture toughness of T91 is reduced in LBE. Based
on these results, the maximum reduction of fracture toughness
is 30% at 200 �C and 16% at 300 �C for tests at 0.25 mm (min)�1.
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� Fracture surface of T91 is clearly affected by the LBE which indi-
cates that the embrittlement is most likely caused by LME.

� The plane strain fracture toughness of 316L is reduced in LBE
within the normal scatter range without change in fracture sur-
face appearance.
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