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The high-chromium ferritic/martensitic steel T91 and the austenitic stainless steel 316L are to be used in
contact with liquid lead–bismuth eutectic (LBE), under high irradiation doses. Both tungsten inert gas
(TIG) and electron beam (EB) T91/316L welds have been examined by means of metallography, scanning
electron microscopy (SEM-EDX), Vickers hardness measurements and tensile testing both in inert gas and
in LBE. Although the T91/316L TIG weld has very good mechanical properties when tested in air, its prop-
erties decline sharply when tested in LBE. This degradation in mechanical properties is attributed to the
liquid metal embrittlement of the 309 buttering used in TIG welding of T91/316L welds. In contrast to
mixed T91/316L TIG welding, the mixed T91/316L EB weld was performed without buttering. The
mechanical behaviour of the T91/316L EB weld was very good in air after post weld heat treatment
but deteriorated when tested in LBE.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction bility to liquid metal embrittlement (LME) of these welds could be
In modern society, the welding procedure is one of the most
important – if not the most-connection techniques available. An
incredibly wide variety of utensils and structures from the most
simple such as a spoon to the most complicated like off-shore plat-
forms, ships or even nuclear reactors could only be realised by
application of one or several welds.

One nuclear reactor type that has received a lot of attention la-
tely 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 and burn up the long lived actinides resulting from the
fission reactors. The ADS technology however, requires severe
operating conditions. The structural materials and their weld-
ments need to withstand temperatures ranging between 473
and 823 K under high neutron flux and in contact with liquid
metal.

Within the EUROTRANS Demetra project the ferritic/martensitic
steel T91 and the austenitic stainless steel 316L have been chosen
as the main candidate structural materials for the construction of
the ADS under study. These high chromium steels will need to be
welded (both similar and dissimilar welds) successfully and their
weldments will undergo stringent conditions similar to the envi-
ronmental conditions of the base materials. The possible suscepti-
ll rights reserved.
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a critical issue and therefore needs to be examined.
When welding, the welded structure needs to have the same or

comparable mechanical and corrosion properties in the weld and
the heat affected zone (HAZ) than in the base metal. It is e.g., unac-
ceptable that the weld would have lower toughness or that the
ductile-to-brittle transition temperature shift is significantly high-
er in the weld than in the base materials. For the corrosion resis-
tance of the structure it can also not be acceptable that the
corrosion resistance of austenitic stainless steels would be lost in
the HAZ due to sensitisation.

Although welding high chromium steels has become a well
known technique, the performance of high Cr and Cr–Mo steel
weldment is still considered to be a life limiting factor at high tem-
peratures. In fact, a high percentage of failures in the power indus-
try have been reported to be welding related [3].

Within the Spire project and in the frame of MEGAPIE the
importance of examining welds of T91 and 316L(N) was recognised
and some irradiations were performed in SINQ [4,5] as well as in
contact with LBE [6]. The fast breeder and fusion community have
also produced interesting results on welds which can be very use-
ful for the ADS community such as the investigation of EB and TIG
welded EM10 to relatively high doses [7] and the re-weldability
studies on 316L(N) [8].

In this paper, we will firstly present the technical information
on the welding process of the examined welds as well as the ap-
plied post weld heat treatment (PWHT). Afterwards the micro-
structure and mechanical behaviours of both the T91/316L TIG
and EB welds will be described in detail.
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2. Experimental

The composition of both the T91 and 316L steels as well as the
composition of the buttering material and the weld deposit mate-
rial for the TIG weld are given in Table 1.
Table 1
Chemical composition of the T91 and 316L base materials as well as the buttering materi

Material B C N Si P

T91 <1 wppm 0.1 0.04 0.22 0.021
316L <1 wppm 0.019 0.03 0.67 0.032
309 – 0.02 – 0.82 0.02
Nertalinox – 0.012 – 0.34 0.014

Table 2
Thermodynamic and mechanical data of T91 and 316L.

Material Melting
temperature
(K)

Thermal
conductivitya

(W m�1K�1)

Thermal expansion
coefficienta

(10�6 K�1)

Specific heat
(J kg�1 K�1)

L
fu

T91 1773 22.1 10.4 444.8 2
316L 1648 13.49 15.2 500 3

a At room temperature.

Fig. 1. Schematic representation and microstructure of the 316L/T91 TIG weld joint. Zone
deposit (Nertalinox); zone D: Austenitic 316L stainless steel base material with d-ferrite.
T91/316L TIG weld (see Fig. 4).
The T91/316L weld was performed in two phases by CMI, Bel-
gium. At first a high alloyed 309 alloy was welded by SAW onto
the T91 in five passes using an Arosta 309S electrode of Ø 2.5–
3.2 mm while the T91 steel was preheated to a minimal tempera-
ture of 523 K. This procedure is called beurrage or buttering.
al (309) and the weld deposit material (Nertalinox), wt%.

S V Cr Mn Ni Nb Mo

0.0004 0.21 8.99 0.38 0.11 0.06 0.89
0.0035 0.07 16.7 1.81 9.97 – 2.05
0.018 – 23.3 0.8 12.5 – 0.08
0.004 – 18.64 1.51 11.61 – 2.57

atent Heat of
sion (J kg�1)

Yield
strengtha

(r0.2) (MPa)

Tensile
strengtha

(rUTS) (MPa)

Total
elongationa

(etot) (%)

Uniform
elongationa

(eunif) (%)

.6 � 105 580 708 21 6.6

.3 � 105 308 639 84 12

A: Martensitic T91 steel base material; zone B: 309 steel buttering; zone C: TIG weld
Line 1 and 2 indicate the location of the Vickers hardness measurements across the
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Commercially, two options are used standard for mixed welding of
austenitic 300 grade type steel to ferritic and martensitic steels.
Either the buttering is done using an Inconel alloy, or performed
using over alloyed 309. For application in ADS or other LBE cooled
systems, the Inconel option cannot be used since Ni is highly solu-
ble in LBE. Therefore, the buttering of the TIG weld under investi-
gation was done using 309 alloy.

After buttering, a PWHT was performed in order to relieve stres-
ses by heating up the plate starting from room temperature at a
maximum heating rate of 100 K h�1 up to 1013 K and holding it
for 45 min. Cooling was performed at a controlled rate of maxi-
mum 95 K h�1 down to 323 K when the plate was removed from
the furnace.

In a second phase, the actual connection weld was made be-
tween the 316L plate and the over alloyed 309 side of the T91
plate. This weld comprised of 11 passes in total. The thermody-
namic parameters of both T91 and 316L, relevant to the welding
process are summarised in Table 2.

The T91/316L TIG weld, schematically represented in Fig. 1,
consists of four zones: the base materials: T91 and 316L steels,
the filler material in 316L alloy (NERTALINOX) and the buttering
material, being 309 alloy.

The T91/316L electron beam weld was performed by FZK, Ger-
many using an EBW 1001/10-60 CNC from PTR Präzisiontechnik,
Maintal, Germany. The welding machine has a maximum voltage
of 60 kV and a maximum current of 167 mA. The vacuum chamber
has a dimension of 580 mm by 350 mm with a height of 500 mm.
Prior to welding, the parts to be welded were degreased and fixed
together by one single pass of TIG welding. When placed in the
vacuum chamber, the chamber was pumped down to about
6 � 10�5 Pa. Applied electrical tension during EB welding for the
weldments under investigation was 60 kV, at a current of 62 A.
The welding travel speed was 10 mm s�1. The weldments were
made available in the as welded condition.

Both welded joints were mechanically polished to a 1 lm fine
grain in order to analyze their microstructure. The TIG weld was
first etched using Villela’s reagent to reveal the microstructure of
the T91 steel (zone A in Fig. 1), and then electro-polished (97% ace-
Fig. 2. Martensitic microstructure of the weldment and chemical composition (Cr
tic acid, 3% perchloric acid) to reveal the microstructure of the
austenitic steels (zones B, C and D in Fig. 1). The sample was ob-
served using optical microscopy and scanning electron microscopy
(SEM). The micrographs of the different zones of the 316L/T91 TIG
weld joint are depicted in Fig. 1 below the schematic representa-
tion of the TIG weld.

The microstructure of the T91 steel (zone A) consists of a tem-
pered martensite (Fig. 1A). The microstructure of the 309 filler
material (zone B) is dendritic (Fig. 1B) as well as this of the 316L
filler alloy (Nertalinox), with dendrite morphology depending on
the pass number (Fig. 1C). The microstructure of the 316L base
material consists of austenite grains and delta ferrite islands
(Fig. 1D) which were confirmed by X-ray diffraction. The presence
of delta ferrite is related to the composition of the steel, especially
its relatively low nickel content. No porosity or micro-crack was
observed at the interface between the different zones.

The T91/316L EB weld was etched using Villela’s reagent to
visualise its T91 side and later etched using a solution of 100 ml
HCl, 33 ml HNO3 and a few drops of H2SO4 to reveal the austenitic
microstructure of the 316L side. Despite the higher melting point
of T91 compared to this of 316L as mentioned in Table 2, the higher
heat conductivity and lower latent heat of fusion of the ferritic/
martensitic T91 caused more T91 to be melted and added into
the weld than 316L. Therefore, the area that was molten has a mar-
tensitic microstructure as depicted in Fig. 2.

Fig. 2 also shows the chemical profile across the electron beam
weld. It can be seen that the changes in composition are very sharp.
This is expected to change after ageing due to long term exposure
of the welded connection at elevated temperatures and may lead
to sensitisation of the T91/316L EB weld. This is however outside
the scope of this work.

To perform tensile tests, cylindrical small size tensile samples
were machined with a gauge length of 12 mm, a diameter of
2.4 mm and a total length of 24 mm. Due to the complex nature
of the T91/316L TIG weld, the samples were taken in different ori-
entations along the weld. Samples were taken across the weld with
either the HAZ on the T91 side or the HAZ on the 316L side in the
middle of the gauge and inside the 316L weld material.
, Mn, Ni, and Mo) across the T91/316L EB welded joint as measured by EDX.
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The T91/316L EB weld however, was sufficiently narrow to ma-
chine samples across the weld, having the area that had been mol-
ten in the middle of the gauge.

3. Results and discussion

3.1. T91/316L TIG weld

We performed hardness tests at room temperature across the
weld on the upper side of the weld (line 1 in Fig. 1), as well as
on the lower part (line 2 in Fig. 1) to verify the quality of the weld.
The Vickers hardness values corresponding with line 1 are on the
left axis, while those corresponding with line 2 are on the right
axis. This allowed distinction of the four zones of the TIG weld in
both hardness profiles. In Fig. 3, the T91 base metal is located on
the left side of the profile. The hardness profile shows a significant
increase on the T91 side and reaches a maximum at the interface
with the 309 buttering alloy. This is typical for mixed welds of
martensitic steels to austenitic steels. The PWHT is actually too
short to relieve all stresses from welding on the T91 side, but the
PWHT softens the 316L side with increasing duration of PWHT.
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Fig. 3. Vickers hardness measurement across the T91/316L TIG weld along Line 1
and 2 indicated in the schematic representation of the T91/316L TIG weld in Fig. 1.
Vickers hardness of Line 1 indicated on the left scale. Vickers hardness of Line 2
indicated on the right scale.

Fig. 4. Tensile results of T91/316L TIG weld tested in Ar + 5% H2 and LBE. Schematic repr
the broken sample after testing in LBE depicted below the schematic representation of
Therefore, the holding time of 45 min is considered to be the opti-
mum compromise for a weld of 15 mm thickness.

Tensile tests were performed at 623 K in three different orienta-
tions at a strain rate of 5 � 10�6 s�1. The stress–strain curves are
depicted in Fig. 4, along with a schematic representation of the ori-
entation of the sample. Tests were performed both in a gas mixture
of argon and 5% hydrogen and in liquid LBE. The samples tested in
LBE were pre-exposed in LBE with low oxygen concentration, fol-
lowing the thermal cycling pattern identical to the samples in
the Twin Astir irradiation experiment [9]. This thermal cycling
means six periods of approximately one month each at about
630 K separated by periods of about one month at room
temperature.

As shown in Fig. 4, the sample with the HAZ on the 316L side in
the middle of the gauge did not undergo any liquid metal embrit-
tlement. The sample inside the 316L weld deposit did however suf-
fer from liquid metal embrittlement since its total elongation is
significantly reduced. This effect is comparable with the embrittle-
ment found in ferritic/martensitic steels after exposure in lead al-
loys with low oxygen contents [10,11] and does not represent a
dramatic problem since sufficient ductility is still present. The
sample with the HAZ on the T91 side in the middle of the gauge
however, broke in a very brittle manner displaying very little elon-
gation and no necking at all.

It can be seen from the fracture surface of the broken sample in
Fig. 5 that LME occurred at several sites indicated by arrows. The
chemical mapping in Fig. 5 shows that the specimen broke in a
brittle manner at the interface between the T91 and the 309 steel.
The crack path partly goes through the 309 buttering in a ductile
manner, however the brittle fracture is at the interface of the
T91 base material with the 309 buttering. This severity of liquid
metal embrittlement is probably due to the increased hardness
at this location of the weld as was depicted in Fig. 3. Increased
hardness of the T91 base material obtained by reducing the tem-
pering temperature is known to increase the susceptibility of T91
steel to LME [12–14].

3.2. T91/316L EB weld

The EB weld was given a PWHT of 1013 K for 45 min with a
maximum heating and cooling rate of 10 K h�1. This led to a signif-
icant hardness decrease in the weld without lowering the hardness
esentation of sample orientation indicated below the stress–strain curves. Picture of
sample orientation.



Fig. 5. Fracture surface of T91/316L TIG weld tested in LBE (shown on the left in Fig. 4) and chemical mapping of a transverse section of the broken tensile specimen. Arrows
indicate the sites of LME. The dashed line in the fracture surface shows where the transverse section was taken from the other half of the broken tensile specimen.
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Fig. 6. Vickers hardness measurement across the T91/316L EB weld both in the as
welded condition and after PWHT at 1013 K for 45 min.
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of the 316L too much. The hardness profile of both the as welded
and the PWHT treated EB weld are shown in Fig. 6. The hardness
peak became narrower as a result of the PWHT and decreased by
about 120 Hv. Furthermore, the hardness peak on the T91 steel
side is strongly reduced. Despite this large hardness decrease, the
hardness of the weld itself is still about 100 Hv above that of the
T91 base material after PWHT. As mentioned for the T91/316L
TIG weld, the applied PWHT is a compromise between softening
the 316L and decreasing the welding stresses.
The tensile specimens could be taken across the weld due to the
very narrow weld seam. Because we only needed to test one orien-
tation, it allowed us to perform two tests per condition. The results
of the tensile tests are depicted in Fig. 7. It can be seen that the
shape of the stress–strain curve of the T91/316L EB weld is similar
to that of 316L but has much less elongation. This was to be ex-
pected since the yield and tensile strength of 316L are lower than
that of T91 steel. Tests in Ar + 5% H2 show good mechanical prop-
erties. When the EB weld is tested in LBE without pre-exposure
however, the specimen was broken in the weld without any neck-
ing. The fracture surface has aspects of both brittle and ductile
behaviour. As depicted in the SEM picture on the lower right in
Fig. 7, some initiation sites of liquid metal embrittlement can
clearly be distinguished. After thermal cycling in the 0 dpa capsule
of Twin Astir [9], the embrittlement is much worse and the sample
breaks in the weld after very little plastic deformation. The fracture
surface is predominantly brittle. Again here, the increased suscep-
tibility to LME in the weld is attributed to the locally increased
hardness of the weld.

Despite the fact that the hardness measurements presented in
Fig. 3 for the TIG weld and in Fig. 6 for the EB weld were performed
prior to the exposure to low oxygen containing LBE under cycling
thermal conditions, the Vickers hardness values are considered to
be still valid for the exposed material. The exposure in LBE was
to a maximum of 630 K which is well below the Ms temperature
of the T91 steel. At these temperatures, none of the alloying ele-
ments have significant mobility in the material to cause any
changes in the microstructure, even after six months of exposure.



Fig. 7. Tensile results of T91/316L EB weld tested in Ar + 5%H2 and LBE without pre-exposure and after thermal cycling in low oxygen LBE in 0 dpa capsule of Twin Astir [9].
SEM fracture surface images show mixed fracture surface when tested in LBE without pre-exposure and fully brittle fracture after thermal cycling in low oxygen LBE.
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Furthermore, due to the PWHT at 1013 K for 45 min, the glissile
dislocations still present in the microstructure will have minimal
tendency to allow stress relaxation during exposure at 630 K.
Therefore, the thermal ageing effect of the exposure is expected
to be negligible and the results after exposure can be directly com-
pared to those after PWHT. The pre-exposure to LBE under low
oxygen concentration conditions is however considered to be ben-
eficial to the wetting by the LBE.

4. Conclusions

In this paper, the microstructure of both the T91/316L TIG an EB
welds was examined and their mechanical behaviour was exam-
ined in Ar + 5% H2 and in LBE.

For the T91/316L TIG weld, buttering is needed before the two
different materials can be welded together. The option of using
Ni based alloys can not be used for ADS applications since Ni is
highly soluble in LBE. The only industrially available alternative
for TIG welding is to use 309 alloy for buttering. It is however
shown here that the interface of the 309 alloy to the T91 steel is
severely embrittled after thermal cycling in contact with LBE and
therefore the 309 buttering technique should also not be used for
LBE cooled applications.

T91/316L EB welds do not have buttering and the T91 is directly
fused onto the 316L. This leads to very sudden changes in the
chemical composition across the weld. Furthermore, it is shown
that the T91/316L EB weld is embrittled by LBE and that the
embrittlement is worse after thermal cycling in contact with LBE.
The increased susceptibility to LME on the T91 side of the weld
for the TIG weld and inside the weld for the EB weld is attributed
to the elevated hardness in these parts of the respective welds.
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