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Abstract 

The use of liquid lead-bismuth eutectic (LBE) as a spallation target and a coolant in 
accelerator-driven systems raises the question of the reliability of structural materials, 
such as T91 martensitic steel in terms of liquid metal assisted damage and corrosion. In 
this study, the mechanical behaviour of the T91 martensitic steel was examined in liquid 
lead-bismuth eutectic (LBE) and in inert atmosphere. Several conditions showed the most 
sensitive embrittling factor. The Small Punch Test technique was employed using smooth 
specimens. 

In this standard heat treatment, T91 appeared in general as a ductile material, and 
became brittle in the considered conditions if the test was performed in LBE. It turns out 
that the loading rate appeared as a critical parameter for the occurrence of LME of the T91 
steel in LBE. Loading the T91 very slowly instead of rapidly in oxygen saturated LBE 
resulted in brittle fracture. Furthermore, low-oxygen content in LBE and an increase in 
temperature promote this LME. 

Introduction 

The use of liquid lead-bismuth eutectic (LBE) as a spallation target and a coolant in 
accelerator-driven systems raises the question of the reliability of structural materials, 
T91 martensitic steel and 316L austenitic stainless steel in terms of liquid metal assisted 
damage and of corrosion. Previous studies have analysed the corrosion resistance and 
the mechanical properties of the T91 steel in LBE [1] [2]. The corrosion phenomena 
depend on the oxygen content in the LBE bath: a) oxidation when the oxygen 
concentration is high enough to permit the magnetite formation according to 
thermodynamic equilibrium and b) dissolution of the metal substrate when the oxygen 
concentration is too low [3]. The fatigue resistance of the T91 steel decreases in an LBE 
bath saturated in oxygen compared with the fatigue resistance in air. LBE assists the 
propagation of the first short cracks by preventing the nucleation and propagation of 
other cracks. Thus, the grain boundary resistance to crystallographic growth vanishes 
when LBE is in contact and allows easy extension of the crack into the bulk [4]. Some 
studies aimed to analyse the coupling effect between corrosion degradation and 
mechanical damage for these steels have been conducted in two successive stages: pre-
immersion in an LBE bath at controlled oxygen content without mechanical loading 
followed by a mechanical test in saturated oxygen LBE. Pre-immersion has a negative 
impact on the monotonic resistance, the creep properties and the fatigue resistance of 
the T91 according to the oxygen content in the LBE bath of the pre-immersion and the 
loading conditions. LBE can be considered as a source of “microcracks” when the 
dissolution process occurs and a promoter of crack growth [5]. 
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One of the major criteria used to evaluate the compatibility of the structural materials 
with the presence of a liquid metal is the risk of Liquid Metal Embrittlement (LME). Liquid 
metal embrittlement refers to a loss of ductility of an otherwise ductile material when 
stressed in contact with a liquid metal [6] [7]. In this case, the liquid metal induces a 
ductile to brittle transition in the mechanical behaviour of the material. Some studies 
showed a risk of LME of the T91 steel by the LBE saturated in oxygen. Then, LME was 
associated to a hardening of the microstructure of the T91 steel or to the nature of the 
oxide layer. In high-strength materials (T91 steel as quenched, tempered at 600°C or 
500°C), a ductile to brittle transition is induced by LBE, confirmed by the observation of 
brittle fracture [8] [9]. In relative high-strength materials (tempered at 650°C and 700°C), 
LBE promotes a decrease in the mechanical properties and a reduction of the ductility of 
materials, with a mixed ductile and brittle fracture. For the standard heat treatment 
(tempered at 750°C), no effect of the LBE has been observed for the following conditions: 
LBE saturated in oxygen, T91 steel with its native oxide layer, strain rate around 5.10-3 s-1. 
The absence of the native oxide layer or the presence of a Fe2O3 layer promotes the LME 
of the T91 steel in his standard heat treatment [10]. 

The objective of the present paper is to study whether other factors (velocity, 
temperature, oxygen content in LBE) promote the embrittlement in LBE of the T91 steel in 
standard heat treatment. The Small Punch Test (SPT) has been employed as a mechanical 
test. Indeed, even if first it was developed to study irradiated materials because it 
requires small amounts of materials, it later proved very sensitive to evidence liquid 
metal embrittlement. 

Material and experiment 

The material studied in this investigation is the T91 martensitic steel supplied in the 
form of rolled plate. Its chemical composition is given in Table 1. The standard heat 
treatment of the steel is normalised at 1050°C for 1h followed by air cooling and 
subsequent tempering for 1h at 750°C. The microstructure observed after etching with 
Villela’s reagent is martensitic with a prior austenitic grain size of 20 µm. The Vickers 
hardness (Hv10) of the steel is 278 Hv. 

Table 1. Chemical composition of T91 steel 

Element C Cr Mo Nb V Si Mn Ni Fe 

wt% 0.11 8.80 1.00 0.07 0.25 0.41 0.38 0.17 Bal 

 

Small Punch Tests (SPT) were performed in air, in an argon/hydrogen gas mixture 
environment, in an oxygen saturated LBE (44 wt% Pb and 56 wt% Bi) bath and in a 
purified low-oxygen LBE bath. The SPT consists of a disk specimen holder, a pushing rod 
and a ball. The specimen holder includes a lower die and an upper die, which is also used 
as the tank for the liquid metal. The load is transferred onto the specimen by means of a 
pushing rod and a 2.5 mm diameter tungsten carbide ball in contact with the lower 
surface of the disk specimen. In this way, the puncher being under the specimen, the 
upper surface of the specimen is in contact with the liquid metal and is submitted to 
tensile loading. SPT specimens with dimensions of 10×10×0.5 mm were mechanically 
polished with SiC paper up to 1200 grade, and then polished step by step with a 
suspension liquid to 1 µm. The thickness of the specimen was controlled around  
500±10 µm. SPT were performed using an INSTRON electronic mechanical machine which 
can control the experimental cross-head displacement velocities of 0.0005 mm/min,  
0.005 mm/min, 0.05 mm/min and 0.5 mm/min. A heat ring surrounded the set-up with the 
specimen and the liquid metal. The temperature was controlled by a thermocouple placed  
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3 mm away from the specimen to perform tests at different temperatures: from 200°C to 
450°C. Other details concerning the SPT set up can be found in [8] [11]. 

To perform SPT in a low-oxygen LBE (purified LBE), a purification unit was designed. It 
consisted in filling the LBE bath with a mixture of argon/hydrogen gas which allowed 
decreasing the oxygen content up to 10-8 wt% at 450°C. Then the purified LBE was 
transferred to the SPT set-up installed in a test cell made of stainless steel, where the 
atmosphere was controlled. Indeed, to protect the purified LBE from oxidation, the cell 
interior atmosphere was controlled due to a purification unit in order to remove water 
vapour and oxygen. This was based on flux sweeping by argon and argon/hydrogen, and 
on the use of reactive filters. The oxygen content and the water content in the cell 
interior are lowered as low as 0.1 ppm and 10 ppm, respectively. 

After SPT, the fracture surfaces were analysed by a scanning electron microscope 
(SEM). Prior to the SEM examination, some samples tested in LBE were cleaned in a 
solution containing CH3COOH, H2O2 and C2H5OH at a ratio of 1:1:1 to remove the LBE. 

Results 

Influence of the protective Ar-3.5% H2 gas on the testing cell 

The removal of the oxygen from LBE and the cleaning of the test cell were achieved by 
using a mixture of argon/hydrogen. Then, SPT at 300°C in air and in Ar-3.5% H2 gas (see 
Figure 1) were performed to confirm that the gas mixture (Ar-3.5% H2) did not have any 
effect on the mechanical response of the T91 steel in the absence of liquid metal. In the 
two environments, the SPT curves showed the ductile behaviour of the T91 steel, which 
was confirmed by the observation of a large plastic deformation of the sample, of a 
circular crack, and of the presence of dimples on the fracture surfaces. No effect of Ar-
3.5% H2 was observed. This result also showed that the presence of hydrogen in the 
protective gas in the testing cell had no effect on the mechanical response of the T91 
steel. 

Figure 1. Load-displacement curves of the T91 steel tested in air and in Ar-3.5% H2 gas,  
at 300°C and 400°C, at 0.5 mm/min 
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Influence of the temperature and of the oxygen content 

SPT were performed at a displacement speed of 0.5 mm/min, at different temperatures 
(200, 250, 300 and 400°C), in air, in Ar-3.5% H2 gas, in oxygen saturated LBE, and in liquid 
LBE purified by Ar-3.5% H2. 

Figure 2. Load-displacement curves of the T91 steel tested in air, in Ar-3.5% H2 gas, in oxygen 
saturated LBE, in low oxygen LBE, at 300°C and at 0.5 mm/min 
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As for 300°C, for all the studied temperatures, all the curves exhibited a ductile 
behaviour of the T91 steel (see Figure 2). The SEM observations of the specimens showed 
the ductility of the fracture (see Figure 3). 

Figure 3. Fracture surface of the T91 tested in oxygen saturated LBE at 200°C, at 0.5 mm/min 

  

 

The fracture energy at the maximum load Fmax corresponds to the area under the load 
versus displacement curve. It was normalised by the thickness of the sample. This 
normalised energy represents the energy necessary for the elastic and plastic 
deformations of the sample and for the formation of cracks which are sufficient to 
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promote the damage of the sample. The graph in Figure 4 shows the evolution of the 
normalised fracture energy at Fmax according to the temperature and the environment. 

Figure 4. Normalised fracture energy at Fmax according to the temperature  
and the environment (SPT at 0.5 mm/min) 

 

The small decrease of the fracture energy in the presence of the LBE does not involve 
LME, but only some earlier damage in LBE without transition in fracture mode. This effect 
seems to increase with temperature. On the other hand, in the studied conditions of 
strain rate and temperature, no effect of the oxygen content on LBE was observed. 

Influence of the strain rate 

In order to analyse the role of loading rate or strain rate, tests were performed in oxygen-
saturated LBE at 300°C at different displacement velocities: 0.5 mm/min, 0.05 mm/min, 
0.005 mm/min and 0.0005 mm/min. SPT curves are reported in Figure 5. 

Figure 5. Load-displacements curves of the T91 steel tested in oxygen-saturated LBE,  
at 300°C and for different loading rates 

 

 

 

1,5

2

2,5

3

3,5

4

4,5

5

150 200 250 300 350 400 450

low oxygen LBE

oxygen saturated LBE

Ar-3.5%H
2

Air

 
 

 
 

 

Temperature (°C)

 

0

500

1000

1500

2000

0 0,5 1 1,5 2

300°C in oxygen saturated LBE

0.5 mm/min. (specimen203)

0.5 mm/min. (specimen14)

0.05 mm/min. (specimen242)

0.05 mm/min. (specimen243)

0.005 mm/min. (specimen204)

0.005 mm/min. (specimen232)

0.0005 mm/min. (specimen231)

0.0005 mm/min. (specimen240)

Lo
ad

 (N
)

Displacemnt (mm)

N
or

m
ai

se
d 

fr
ac

tu
re

 e
ne

rg
y 

at
 F

m
ax

 (J
/m

m
) 

Displacement (mm) 



NEA/NSC/DOC(2015)7 

TECHNOLOGY AND COMPONENTS OF ACCELERATOR-DRIVEN SYSTEMS, © OECD 2015 305 

SPT curves showed a strong dependence on displacement speed. First, for the lowest 
displacement speed, the maximum load is strongly reduced as compared to the other 
tests performed at high speed by a factor of two third. Second, the displacement at 
maximum load is decreased in the same way. 

The analysis of the fracture surfaces also highlighted an effect of the displacement 
velocity (see Figure 6). 

Figure 6. Fracture surfaces of the T91 steel tested in oxygen saturated LBE at 300°C 

 

All the SPT specimens exhibited circular and radial cracks but the decrease in the 
displacement velocity promoted radial cracking. For the lowest displacement velocity, the 
number of radial cracks is greatly reduced as compared to the other tests and the radial 
cracks are also much longer. In addition, transgranular brittle fracture was observed. At 
0.005 mm/min, the brittle fracture was observed only near the surface of the specimen in 
contact with the liquid metal. In the case of the lowest strain rate (0.0005 mm/min), the 
fracture was brittle. 

Figure 7 presents the evolution of the normalised fracture at Fmax according to the 
displacement rate and the oxygen content in LBE. The lower the displacement speed is, 
more sensitive the T91 steel of the presence of the liquid metal is. Furthermore, low-
oxygen content in LBE promotes this LME. 

Figure 7. Normalised fracture energy at Fmax according to the temperature  
and the environment (SPT at 0.5 mm/min) 
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Figure 8. Fracture surface of the T91 steel tested in low oxygen LBE at 300°C and at 0.005 mm/min 

   

Indeed, at 0.005 mm/min, the T91 steel is more sensitive to LBE if the oxygen content 
of the liquid metal is low. While the steel is essentially ductile in the presence of oxygen 
saturated LBE, the facture surface (see Figure 8) is brittle in the presence of low-oxygen 
LBE. The fracture is transgranular, but some intergranular fractures were observed. 

Discussion 

The present investigation shows that T91 steel is a ductile material but its ductility can 
be reduced by several factors, resulting in a ductile to brittle transition. Weakening 
effects of LBE on T91 steel properties have been reported. Basically, two groups of 
experiments that have pointed out the harmful effect of LBE can be distinguished 
depending on whether smooth or notched specimens have been employed. By using 
notched specimens, a reduction in toughness and/or acceleration in crack growth by LBE 
has been reported on T91 steel [12-15]. On smooth specimens, occurrence of the LBE 
effect on the ductility of T91 required modification of the microstructure by changing the 
tempering temperature in the heat treatment of the steel or by decreasing the oxygen 
content in the LBE bath [8] [11] [16] [17]. A key factor which is systematically presented as 
a condition is the possibility of wetting. In general, oxidation avoids wetting and 
brittleness [11]. 

The present investigation, which employed smooth specimens, tends to show that 
the situation is not as clear as expected. Indeed, changing the saturated oxygen LBE bath 
for the low-oxygen LBE, it was not possible to modify much the behaviour of the T91 in a 
temperature range between 200°C and 400°C when it was deformed at 0.5 mm/min. 
Indeed, when the steel is in contact with the purified LBE, the native oxide is not affected 
and the liquid metal could act only at the non-oxidised slip bands surfaces. It should be 
noted that the reduction was in mechanical resistance in the T91 tempered at 750°C in 
the low-oxygen LBE bath if deformed at a low displacement velocity (0.005mm/min and 
0.0005 mm/min) and in oxygen-saturated LBE at 0.0005 mm/min. The decrease in the 
displacement velocity resulted not only in a decrease in the maximum load but also in a 
decrease in the displacement value at maximum load. In the present study, the duration 
of immersion of the T91 steel in LBE varies from a few minutes to a few hours from the 
investigated displacement velocity range. This contrasts very much with Hojna’ results, 
where localised conditions for the occurrence of LME required pre-exposure for  
1000 hours at 500°C and oxygen less than 10-6 wt%. No corrosion effect such as dissolution 
occurred. Thus, the effect of displacement speed can be related to the rate of adsorbed 
atoms of the liquid metal at fresh surfaces and the entrance of these atoms into the bulk 
at favourable sites such lath boundaries. In this way, the surface energy of such an 
interface could be decreased if a critical number of adsorbed atoms is reached due to the 
increased duration of contact with the liquid metal. This investigation leads us to believe 
that the low-oxygen LBE does not modify the wetting conditions, e.g. by removing the 
oxide layer. However, the low-oxygen content should promote the adsorption effect and 
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further entry in the material along interfaces from fresh deformation bands since their 
oxidation is disfavoured. The embrittlement of the T91 steel in oxygen-saturated LBE at 
very low strain rate tends to confirm this hypothesis. 

Conclusion 

The mechanical behaviour of the T91 steel has been studied by taking into account 
various parameters in order to identify the most effective ones that promote liquid 
embrittlement by LBE. The T91 steel is not very sensitive to LME by LBE even for low-
oxygen LBE at high displacement speed. A decrease in the displacement spped leads to a 
ductile to brittle transition of the T91 steel deformed in oxygen-saturated LBE. Low-
oxygen content in LBE and an increase in temperature promote liquid metal 
embrittlement. 
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