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The 9 wt.% chromium ferritic–martensitic steel T91 is being considered as candidate structural material
for a future experimental accelerator driven system (XT-ADS). This material and its welded connections
would need to be used in contact with liquid lead–bismuth eutectic (LBE), under high irradiation doses.
Both unirradiated tungsten inert gas (TIG) and electron beam (EB) welds of T91 have been examined by
means of metallography, scanning electron microscopy (SEM-EDX), transmission electron microscopy
(TEM), Vickers hardness measurements and tensile testing in both gas and liquid lead–bismuth environ-
ment. The TIG weld was commercially produced and post weld heat treated by a certified welding com-
pany while the post weld heat treatment of the experimental EB weld was optimized in terms of the
Vickers hardness profile across the welded joint. The mechanical properties of the T91 TIG and EB welds
in contact with LBE have been examined using slow strain rate tensile testing (SSRT) in LBE at 350 �C. All
welds showed good mechanical behaviour in gas environment but total elongation was strongly reduced
due to liquid metal embrittlement (LME) when tested in liquid lead–bismuth eutectic environment. The
reduction in total elongation due to LME was larger for the commercially TIG welded joint than for the EB
welded joint.

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

In modern society, the welding procedure is one of the most
important connection techniques available for metallic compo-
nents. An incredibly wide variety of utensils and structures from
the most simple, such as a spoon, to the most complicated, like
off-shore platforms, ships or even nuclear reactors, could only be
realised by application of one or several welds. It is therefore vital
in the development of new materials and applications to optimize
and qualify the welding procedure.

One nuclear system that has received a lot of attention lately is
the accelerator driven system (ADS) [1,2]. It is proposed as one of
the possible solutions to reduce the high level radio-active waste
by transmuting the long lived actinides resulting from the fission
reactor’s spent fuel. The ADS technology however requires severe
operating conditions. The structural materials and their welds need
to withstand temperatures ranging between 200 and 550 �C under
high neutron flux (>1014 neutrons cm�2 s�1) while in contact with
heavy liquid lead–bismuth eutectic metal.
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Within the FP6 EUROTRANS-Demetra project, the ferritic–mar-
tensitic steel T91 and the austenitic stainless steel 316L were cho-
sen as the reference candidate structural materials for the
construction of the European ADS under study. These high chro-
mium steels will need to be welded (both similar and dissimilar
welds) successfully and need to withstand the stringent conditions
similar to those to which the base materials will be subjected. The
increased susceptibility of the T91/316L mixed TIG and EB welds to
liquid metal embrittlement (LME) has been reported in an earlier
paper [3]. LME of welded components could therefore be a critical
issue and needs to be examined thoroughly.

Although welding high chromium steels has become a well
known technique which is extensively used in the conventional
power industry, the performance of high Cr and Cr–Mo steel welds
is still often considered to be a life limiting factor at high temper-
atures. In fact, a high percentage of failures in the power industry
have been reported to be welding related [4]. Furthermore, despite
the extensive experience built up in welding high chromium steels,
many of the certified welding procedures were developed for spe-
cific applications and the environmental conditions of new appli-
cations may strongly affect the weld. For instance, high Ni
containing alloys are often used as filler material because of the
high toughness of the resulting weld. These filler materials how-
ever need to be avoided when the weld is to be used in contact
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Table 2
Chemical composition of the SAW flux material (Marathon 543), wt.%.

Material CaF2 SiO2 + TiO2 CaO + MgO Al2O3 + MnO K2O + Na2O

Marathon
543

31.0 14.0 32.0 18.0 2.6
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with liquid heavy metals, such as Pb or LBE, due to the relatively
high solubility of Ni in Pb and especially in PbBi.

Within the FP5 Spire project and in the frame of MEGAPIE
(Megawatt Pilot Target Experiment) the importance of examining
welds of T91 and 316L(N) was recognised and some irradiations
were performed in the Swiss spallation neutron source (SINQ)
[5,6] under atmosphere as well as in contact with LBE [7]. Experi-
ments designed for fast breeder and fusion reactors have also pro-
duced interesting results on welds which could be very useful for
an ADS system, such as the investigation of EB and TIG welded fer-
ritic–martensitic steel EM10 to relatively high doses [8] and the re-
weldability studies on 316L(N) [9]. However, due to the complex
nature of welds and the variety of welding procedures, applicable
data needs to be rather specific and is therefore usually scarce.

In this paper, we discuss the susceptibility of T91/T91 welds to
liquid metal embrittlement when in contact with liquid lead–bis-
muth eutectic by comparing two types of weld tested in gas and
liquid metal environment. First, the technical information on the
welding process of each of the examined welds is presented as well
as the applied post weld heat treatment (PWHT) in the case of the
TIG welded joints. Afterwards the microstructure and mechanical
behaviour of the T91/T91 TIG and EB welds are looked at in detail
and finally the tensile properties of the welds are compared when
tested in liquid lead–bismuth eutectic environment.
2. Experimental

2.1. Materials

Two types of welds of the ferritic–martensitic steel T91 have
been examined. The first weld was obtained by tungsten inert
gas (TIG) welding in combination with shielded metal arc welding
(SMAW) and submerged arc welding (SAW). The second weld type
was obtained by electron beam (EB) welding. The chemical compo-
sitions of the ferritic–martensitic steel T91 base material and the
TIG weld filler material (Thermanit MTS 3) used for the welds
are given in Table 1. The chemical composition of the welding flux
used for SAW is given in Table 2. The thermodynamic data impor-
tant to the welding process of T91, as well as the yield strength,
tensile strength and uniform and total elongation at room temper-
ature in inert environment are summarized in Table 3. The T91
steel plate used as base material was fully characterized to assure
the production of high quality welds [10]. The T91/T91 TIG weld
was provided by the qualified welding company CMI, Belgium
according to our specifications. The experimental electron beam
welds were produced by Forschungszentrum Karlsruhe (FZK), Ger-
many and were provided in the as welded condition.

2.1.1. T91/T91 TIG
The T91/T91 TIG weld comprises in total of 10 weld passes and

is schematically represented in Fig. 1. The first two passes were
performed using manual gas tungsten inert gas welding (GTAW)
while applying a minimal preheating temperature of 220 �C. Passes
3–6 were performed by manual shielded metal arc welding
(SMAW) with a minimal preheating temperature of 220 �C and
weld passes 7–10 were done by submerged arc welding (SAW) un-
der a bed of Marathon 543 flux (see Table 2) with a preheating
temperature of minimum 230 �C.
Table 1
Chemical composition of the T91 base material and the weld deposit material (Thermanit

Material B C N Al Si P

T91 <1 wppm 0.1 0.04 0.01 0.22 0.021
Thermanit MTS 3 <1 wppm 0.130 0.04 0.009 0.24 0.004
The PWHT consisted of a maximum heating rate of 105 �C per
hour up to 750 �C where the material was kept for 1 h and
10 min. The applied cooling rate was 100 �C per hour down to a
temperature of 80 �C. At that moment, the welded plate was re-
moved from the furnace and cooled down to ambient temperature
without temperature control.
2.1.2. T91/T91 EB
The electron beam weld was performed by FZK in a single pass

using an EBW 1001/10-60 CNC from PTR Präzisiontechnik, Maintal,
Germany. The T91/T91 EB weld is schematically represented in
Fig. 1. The vacuum chamber of the EB welding device used has a
dimension of 580 mm by 350 mm with a height of 500 mm. Prior
to EB welding, the plates to be welded were degreased and fixed
together at a few points by manual TIG welding. When placed in
the vacuum chamber, the chamber was pumped down to about
6 � 10�3 mbar. The electrical tension applied during EB welding
for the EB weld under investigation was 60 kV, at a current of
62 mA. The welding speed was 10 mm s�1. The T91/T91 EB weld
was obtained in the as welded condition.
2.2. Sample preparation

For metallography, SEM and hardness measurements, a cross
sectional beam of about 20 mm � 10 mm � 100 mm was cut out
of the welded plate using a band saw. The large parallel surfaces
of the T91/T91 weld specimens (see schematic representation in
Fig. 1) were mechanically polished on a Struers Rotopol-11 using
SiC paper followed by diamond suspension on cloth with particle
sizes down to 1 lm. Etching of the T91 welds was done using Vill-
ella’s reagent.

After visualisation of the different zones of the welds by polish-
ing and etching, 3 mm diameter cylinders were cut out of the heat
affected zones and out of the weld deposit for both the T91/T91 TIG
and T91/T91 EB welds. From these cylinders TEM specimens were
cut, mechanically polished and prepared by electrochemical
polishing.

Cylindrical tensile specimens with a total length of 24 mm, a
gauge length of 12 mm and a diameter of 2.4 mm were taken along
different orientations of the T91/T91 TIG weld (across the weld
with the weld deposit in the centre of the specimen gauge, across
the weld with the HAZ in the centre of the gauge and parallel to the
weld inside the weld deposit) and across the T91/T91 EB weld
(weld zone in centre of gauge). The specimen’s gauges were pol-
ished up to a P#4000 fine grid.

After tensile testing in liquid lead–bismuth eutectic environ-
ment samples were cleaned using a chemical solution of hydrogen
peroxide, acetic acid and ethanol in a ratio of 1:1:1.
MTS 3), wt.%.

S V Cr Mn Ni Cu Nb Mo

0.0004 0.21 8.99 0.38 0.11 0.06 0.06 0.89
0.004 0.186 9.00 0.56 0.66 0.04 0.05 0.98



Table 3
Thermodynamic and mechanical data of T91.

Melting
temperature
(K)

Thermal
conductivitya

(W m�1 K�1)

Thermal expansion
coefficienta

(10�6 K�1)

Specific heat
(J kg�1 K�1)

Latent heat of
fusion (J kg�1)

Yield
strengtha

(r0.2) (MPa)

Tensile
strengtha

(rUTS) (MPa)

Total
elongationa

(etot) (%)

Uniform
elongationa

(eunif) (%)

1773 22.1 10.4 444.8 2.6 � 105 580 708 21 6.6

a At room temperature.

Fig. 1. Schematic representation of T91/T91 TIG and T91/T91 EB welds.
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3. Results and discussion

Fig. 2 shows the microstructures of both the T91/T91 TIG weld
(Fig. 2A) and the T91/T91 EB weld (Fig. 2B). Due to the different
widths of the weld seam, the TIG weld is only partially visible
while the entire EB weld is shown in Fig. 2.

Based on the optical microscopy, both the T91/T91 TIG and EB
welds show a fully martensitic lath microstructure. After etching,
the different welding passes of the TIG weld can clearly be distin-
guished. In Fig. 2A, two weld passes are partially shown and are
indicated by a dashed line separating the individual passes. The
evolution of grain sizes due to the different temperatures obtained
in the HAZ of the TIG weld is difficult to distinguish. However, as in
ferritic welds, the HAZ has the characteristic morphology of a grain
growth region close to the weld interface and a grain refined region
farther away from the weld interface [5]. The upper left in Fig. 2A
shows the TIG weld whereas the lower right bottom of the picture
shows the microstructure of the base material. The EB weld in con-
trast to the TIG weld can be kept relatively small due to the process
of electron beam welding. Note that the total width of the EB weld
and heat affected zone of this 15 mm thick welded plate is only a
few millimetres as can be seen in Fig. 2B. The heat affected zone
of this type of welds is therefore very small and differences in grain
size between the grains in the HAZ on the side of the base material
and the grain size in the HAZ on the side of the weld can be kept to
a minimum. No porosity, micro-cracks or large slag inclusions were
found by optical microscopy in either welded joint.

The EB weld is expected to have significantly smaller influence
on the mechanical behaviour of the material compared to a tradi-
tional TIG weld due to the narrow weld and the constant chemical
composition across the weld. The chemical composition of the EB
welded joint as measured by EDX does not vary across the weld
and the measured scatter in chemical composition of the weld
shown in Fig. 3B is similar in the base material. The composition
of the TIG welded joint however does vary slightly across the weld
and the weld seam is generally over alloyed compared to the base
material. This is illustrated in Fig. 3A which shows the composition
profile across the TIG weld.

As stated before, the final interest of this work was the mechan-
ical behaviour of the welded joints in liquid lead–bismuth eutectic
(LBE). However, the quality of the welds needed to be assured
mechanically before being able to draw conclusions on any possi-
ble tests in LBE. Therefore, Vickers hardness measurements, using a
5 kg force, were performed across both types of welded joints to
assure their quality. The hardness indentations across the T91/
T91 TIG welded joint were made both on the upper, wider side
of the V-shaped weld as well as on the lower, narrower side which
is indicated respectively by line 1 and line 2 in Fig. 1. Note that the
TIG weld had been given a proper heat treatment at the welding
company as mentioned earlier. The hardness profile after PWHT
of the T91/T91 TIG weld seam has the typical hardness dip in the
fine grained region of the HAZ close to the base material (intercrit-
ical zone) as can be seen in Fig. 4. This softened zone in a weld is
usually very thin. Nevertheless it determines the creep rupture
strength of the weld when transverse stresses are dominant. Under
such conditions, the supporting effect of neighboring regions with
higher strength decreases more and more as the operating time in-
creases and the fracture mode becomes increasingly intergranular.
Therefore, cross weld creep tests of T91 show a shift in fracture
location from the base material to the fine grained HAZ. This phe-
nomenon is known as type IV cracking and the shift in fracture
location is stress and temperature dependent [11]. Notice however
that such a decrease in creep rupture strength is of importance
only when the principle stress is acting in cross weld direction.
The hardness values across the T91/T91 TIG weld do correspond
to the expected values for this type of weld and therefore confirm
the quality of the performed weld and subsequent PWHT [12].

As mentioned earlier the T91/T91 electron beam weld was sup-
plied in the as welded condition and needed to be given an appro-
priate PWHT. The optimal PWHT consisted of a heating ramp of
100 �C per hour and a holding time of 1 h 100 at 750 �C. Longer
holding times tended to increase softening of the base material,
whereas shorter holding times resulted in a smaller decrease of
the hardness peak. The cooling was done at a maximum rate of
100 �C per hour. The results of the Vickers hardness measurements
across the electron beam weld before and after PWHT are depicted
in Fig. 4.

Due to the applied PWHT the hardness maximum of the T91/
T91 EB weld was decreased from 466 to 283 Hv and corresponds
to the values found for the T91/T91 TIG weld without significantly
softening the base material. Again, the hardness profile after PWHT
of the EB welded T91/T91 seam has the typical hardness dip in the
fine grained region of the HAZ close to the base material (intercrit-
ical zone) as can be seen in Fig. 4. Note that the width of the zone
influenced by the EB weld also narrowed due to the PWHT. This
was thought to be the optimum post weld heat treatment for this
welded joint.

The microstructure of the heat affected zone and of the weld de-
posit was investigated by TEM for both the T91/T91 TIG and EB



Fig. 2. Optical microscopy images of (a) The T91/T91 TIG; (b) The T91/T91 EB weld showing the weld seam, heat affected zone (HAZ) and base material.
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welds. Because the TIG weld received the PWHT at the welding
company, its microstructure could only be looked at after PWHT.
For the T91/T91 EB weld however, the HAZ and weld deposit were
examined before and after PWHT. The obtained TEM images are
depicted in Fig. 5. The HAZ of the T91/T91 TIG weld revealed a very
similar microstructure as in the base material, having M23C6 car-
bides of similar size on the lath boundaries and VC and NbC precip-
itates inside the martensite laths. In the T91/T91 TIG weld deposit
(see Fig. 5A and B), apart from the M23C6 precipitates at the lath
boundaries and the MC precipitates inside grains, some oxide par-
ticles were found as well. These particles were spherical in shape
and had sizes up to approximately 1 lm. Based on the EDX spec-
trum analysis, these particles consisted mainly of Al2O3 and SiO2

and most likely originated from the welding flux. Certain grains
in the T91/T91 TIG weld deposit showed very clear dislocation sub-
structures (see dark field image Fig. 5B) and where VC or NbC par-
ticles were found, dislocations were pinned on these precipitates.
In the as welded T91/T91 EB weld, no precipitates were found as
can be seen in the bright field image overview of Fig. 5C. Moreover,
the fused zone of the EB weld also had a very high dislocation den-
sity, (see dark field image Fig. 5D) which indicates a rapid solidifi-
cation and cooling rate of the molten zone of the weld. Both the
over saturated solid solution caused by the solution of precipitates
during welding followed by rapid solidification and cooling and the
thereby created very high dislocation density, contribute to the
hardness increase of the EB weld observed in Fig. 4. The HAZ, on
the other hand, contains the expected M23C6 precipitates on the
lath boundaries as well as the VC and NbC inside the martensite
laths after EB welding as can be seen in Fig. 5E. Certain grains of
the EB weld HAZ still have a rather high dislocation density as
shown in the dark field image of Fig. 5F. However, these higher dis-
location density grains do show dislocation structure formation



Fig. 3. Chemical composition across the weld. (A) Mn, Ni, Mo (left scale) and Fe, Cr (right scale) content across the T91/T91 TIG weld (1 mm distance between EDX measuring
points); (B) Mn, Ni, Mo content across the T91/T91 EB weld.
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similar to the T91/T91 TIG weld after PWHT (see Fig. 5B). After post
weld heat treatment, the EB weld fusion zone does contain the ex-
pected M23C6 carbides on the grain and lath boundaries and smal-
ler VC and NbC carbides inside the martensite laths (see Fig. 5G).
Furthermore, the PWHT caused the dislocation density inside the
EB weld zone to decrease significantly and to form dislocation cell
structures. This can clearly be seen by comparing the dislocation
structure shown in the bright field image of Fig. 5H to the random,
high dislocation density in Fig. 5D. In the HAZ of the EB weld, the
PWHT caused the dislocation cell structure to become more dom-
inant, forming dislocation cells that no longer contain dislocations
inside them (see Fig. 5J) which contributes to the hardness dip ob-
served in the HAZ of the EB weld after PWHT.

Increased hardness is known to strongly increase the suscepti-
bility of ferritic–martensitic steels to LME in liquid lead–bismuth
eutectic environment [13,14]. Therefore, the as welded T91/T91
EB weld was not tested in liquid LBE environment and mechanical
testing was only performed on the T91/T91 welds after proper
PWHT. Tensile tests were performed using a strain rate of
5 � 10�6 s�1 at 350 �C in both gas (argon and 5% hydrogen mix-
ture) and liquid lead–bismuth eutectic purged with an argon and
5% hydrogen gas mixture. The stress–strain curves are depicted
in Fig. 6. The samples tested in LBE were pre-exposed in LBE with
low oxygen concentration, following the thermal cycling pattern
identical to the samples in the Twin Astir irradiation experiment
[15]. This thermal cycling procedure involved exposure to six peri-
ods of approximately 1 month each at about 350 �C separated by
periods of about 1 month at room temperature. Despite the fact
that the hardness measurements presented in Fig. 4 for were per-
formed prior to the exposure to low oxygen containing LBE under
cycling thermal conditions, the Vickers hardness values are consid-
ered to be still valid for the exposed material. The exposure in LBE
was to a maximum of 360 �C which is below the martensite start
temperature (Ms) of the T91 steel. At these temperatures, none of
the alloying elements have significant mobility in the material to
cause any changes in the microstructure, even after 6 months of
exposure. Furthermore, due to the PWHT at 750 �C for 1 h and
10 min, the glissile dislocations present in the microstructure will
have just a minimal tendency to allow stress relaxation during
exposure at 360 �C. The thermal ageing effect of the exposure is ex-
pected to be negligible and the results after exposure can be di-
rectly compared to those after PWHT. The pre-exposure to LBE
under low oxygen concentration conditions is however considered
to be beneficial to the wetting by the LBE [16].

Fig. 6 shows that both the T91/T91 TIG and EB welds have good
mechanical behaviour when tested in gas environment. The tensile



Fig. 5. TEM images of T91/T91 TIG (A, B) and EB (C–J) weld microstructure. (A) Bright field image of TIG weld deposit after post weld heat treatment; (B) Dark field image of
TIG weld deposit after post weld heat treatment; (C) Bright field image of EB weld deposit; (D) Dark field image of EB weld deposit; (E) Bright filed image of EB weld heat
affected zone; (F) Dark field image of EB weld heat affected zone; (G) Dark field image of EB weld deposit after post weld heat treatment; (H) Bright field image of EB weld
deposit after post weld heat treatment; (I) Bright field image of EB weld heat affected zone after post weld heat treatment; (J) Dark field image of EB weld heat affected zone
after post weld heat treatment.
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curve of the T91 base material tested in gas environment under the
same conditions was added to the EB weld data for comparison
(see stress–strain curves on the right in Fig. 6). When tested in li-
quid lead–bismuth eutectic environment however, all welds
showed significantly decreased total elongation. The elastic behav-
iour and yield point of both the T91/T91 TIG and EB welds were
unaffected by the environment indicating no significant penetra-
tion of the LBE into the weld or matrix during pre-exposure. The



Fig. 6. Engineering stress–strain curves of (a) T91/T91 TIG weld; (b) T91/T91 EB weld along various orientations of the welds, tested in argon and hydrogen gas mixture
(dashed curves) and in LBE (solid curves) at 350 �C, using a strain rate of 5 � 10�6 s�1.
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plastic behaviour of both weld types also remains the same up to
the point of fracture. In the case of the T91/T91 TIG weld tested
in liquid LBE, fracture followed shortly after reaching the ultimate
tensile strength (see Fig. 6 on the left). The T91/T91 EB weld dis-
played higher total elongation when tested in liquid LBE however
its total elongation was still significantly reduced compared to that
of the T91/T91 EB weld tested in gas environment. This type of
fracture behaviour is typically observed where liquid metal
embrittlement occurs and follows the observations of Westwood
et al. [17] who claim that the stress–strain behaviour of the solid
metal is the same as in the unwetted condition until premature
fracture occurs. Cross sectional Vickers hardness testing revealed
Fig. 7. SEM fracture surface images of T91/T91 TIG and T91/T91 EB weld samples alo
hydrogen gas mixture (left column) and in LBE (right column) at 350 �C, using a strain
that in all samples taken across the weld and tested in liquid LBE
environment fracture occurred in an area of increased hardness.
These areas of increased hardness correspond to the weld zones
as shown in Fig. 4. The sample taken inside the weld deposit of
the T91/T91 TIG weld fractured in the centre of the gauge.

Detailed SEM examination of the fracture surfaces revealed that
all T91/T91 weld samples tested in gas environment (see left col-
umn in Fig. 7) were fully dimpled and showed the cup and cone
shape characteristic of ductile failure. The SEM fracture surface
images of the T91/T91 weld samples tested in liquid LBE are de-
picted in the middle column of Fig. 7. Detailed fracture surface
images from the brittle regions of the specimens tested in LBE
ng various orientations of the welds (indicated on the right), tested in argon and
rate of 5 � 10�6 s�1.
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and indicated by a box in the overview SEM images are depicted on
the right in Fig. 7. The weld specimens tested in liquid LBE showed
very limited necking with the fracture surface perpendicular to the
load line. All fracture surfaces of T91/T91 weld samples tested in
liquid LBE show at least one initiation site of LME characterized
by the semi-circular flower pattern as seen in LME studies of T91
base material [18,19].

4. Conclusions

Two types of welds of the ferritic–martensitic steel T91 were
characterized and compared to assess the quality of the weld and
its microstructure. Furthermore the mechanical behaviour of the
T91/T91 welds was tested in both liquid lead–bismuth eutectic
and in gas environment at 350 �C to compare the susceptibility
to LME of the different types of welds. The studied welds were a
T91/T91 TIG weld provided and heat treated by a certified welding
company and a T91/T91 experimental electron beam weld which
received a post weld heat treatment based on the optimization of
the hardness profile across the weld. Both weld types were of good
quality showing typical hardness values across the weld after post
weld heat treatment and having tensile behaviour similar to that of
the base material when tested in gas environment. However, when
tested in liquid lead–bismuth eutectic environment the total elon-
gation was strongly reduced due to liquid metal embrittlement.
The reduction in total elongation due to LME was larger for the
commercially TIG welded joint than for the EB welded joint under
the test conditions applied in this study.
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