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Abstract

Two potential problems are encountered in the case of intimate contact between liquid metals and metallic substrates:
grain boundary wetting and liquid metal embrittlement (LME) which both induce a degradation of the mechanical
properties. Tensile tests were carried out on a 9% Cr 1% Mo martensitic (Grade 91) steel in a liquid lead environment at
temperatures ranging between 623 and 773 K. The Grade 91 steel was submitted to heat treatments in order to modify its
hardness and also to produce either ferritic or martensitic grains. Smooth and notched specimens were used. We found
out that by combining adapted heat treatments and the notch effect, it is possible to create conditions severe enough that
lead to LME. Our experimental observations (transgranular failure) are compatible with the expectations of traditional
mechanisms based on a reduction of the surface energy and/or adsorption induced chemical bond softening at the steel

surface in contact with liquid lead. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

Liquid metal embrittlement (LME) refers to the in-
stantaneous reduction or loss of ductility of an otherwise
ductile material when stressed in contact with liquid
metal. Since the first known report of this phenomenon
by Johnson [1], several review articles have been pub-
lished since 1960. We refer the reader for instance to
those of Kamdar [2], Stoloff [3], Fernandes and Jones [4]
and more recently Joseph et al. [5]. Although several
different mechanisms are discussed in these reviews, it is
possible to separate them in two main classes: the dis-
solution/diffusion-based models and the adsorption/re-
duction of cohesion ones.

Another aspect of LME usually mentioned is its
specificity [6,7], which means that only some particular
liquid metal-solid metal couples are prone to embrit-
tlement. Such a specificity has been recently questioned
by Fernandes and Jones [8] who suggest that it may rely
on particular testing conditions rather than on the actual
interactions between the liquid and the solid metal.

* Corresponding author. Tel.: +33-3 20 33 62 23; fax: +33-3
20 43 40 40.
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Let us recall that the 9% Cr 1% Mo martensitic steel
frequently designated Grade 91 is a good candidate as
structural material in a spallation target environment
containing liquid lead because it exhibits good swelling
and creep resistance under irradiation up to 773 K and it
is subjected to a reduced dissolution in lead due the
absence of Ni. This work concerns thus a conceptual
problem that has an important technological impact.

Literature reports that the hardest materials are
generally more severely embrittled [2,4,5]. This suggests
to carry out detailed investigations on martensitic steels
because the large variation in the hardness can result
from appropriate heat treatments. Indeed LME of the
Grade 91 steel by liquid lead has been demonstrated in a
previous paper [9]. The objective of this paper is to an-
alyse more deeply the effects of some key parameters
such as the influence of the test temperature and of the
microstructure (ferritic or martensitic) on the LME
phenomenon.

2. Experimental procedure
2.1. Base material

The base material used is the Z10 CD Nb V 9-1 steel
designated Grade 91 and was supplied by Creusot Loire
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Table 1

Chemical composition of the steel G91 used in this work
Element Cr Mo v Mn Si Ni C Nb Fe
Weight % 8.80 1.00 0.25 0.38 0.41 0.17 0.11 0.07 Bal.

Industries. Its chemical composition is displayed in
Table 1. The as-received material has a tempered mar-
tensitic microstructure resulting from the heat treatment
consisting of 1 h at 1323 K, air quenching, 1 h at 1023 K
and then air cooling. This microstructure was evidenced
by optical observations using Vilella’s reagent and by
transmission electron microscopy (TEM) observations.

2.2. Specimen preparation, tensile tests and hardness
measurements

Cylindrical tensile specimens with a 4 mm diameter
and a gauge length of 20 mm were machined from the
as-received plates. The specimens were then separated in
three sets and submitted to different heat treatments
summarised in Table 2. All the heat treatments start by
austenising at 1323 K. HT0 and HT1 differ by their
tempering temperature after quenching. No quench was
done for HT2 but the temperature was decreased from
1323 to 973 K during approximately 3 h and then was
held at 973 K during 24 h. These treatments were in-
ferred from the CCT diagram of Grade 91steel (Fig. 1)
[18]. After the heat treatment, a cylindrical notch 500 pm
in depth and 200 pm in curvature radius was mechani-
cally machined on some specimens. In Table 2 is also
presented the nomenclature for the different types of
specimens that will be used in this work. The tensile tests
were performed at an initial strain rate of 10™* s~! and
constant stroke speed using a Schenck RMC 100 servo-
electric test machine. A schematic view of the experi-
mental set-up is presented in Fig. 2. The test tempera-

Table 2
Specimen characteristics and nomenclature®

ture, in the range 623-773 K (the melting point of lead is
600 K), was reached using a standard three heating zone
furnace. The temperature was regulated and measured
by a thermocouple attached to the gauge length of the
specimen.

Vicker’s hardness measurements were performed on
a Mitutoyo AVK-C1 hardness tester under a 300 N
load. One hardness value corresponds to the average of
ten experimental measurements.

Two types of environment were tested: the air envi-
ronment and the liquid lead. During a tensile test in air
environment, the reservoir surrounding the specimen
was filled with sand in order to ensure a good temper-
ature homogeneity and stability.

During all these tests, the environment (sand or lead)
stayed in contact with the ambient atmosphere so that
no particular care was taken to control or measure the
oxygen activity that was given by its atmosphere equi-
librium value at the temperature of interest. The me-
chanical tests were started when the test temperature
was reached. This took approximately 2 h for the longest
test performed at 773 K. The mechanical test duration
(some minutes) was negligible compared to the heating
time. In any case, the total time of contact between
liquid lead and the specimens was at most about an
hour, that is much smaller than the time usually spent by
some authors to prewet the specimens. For comparison,
Rabkin et al. [10] imposed contact times between tin and
an Fe-5 at.% Si steel up to 50 h at 1065 K when they
studied the grain boundary wetting transition tempera-
ture. Such high temperatures are out of the scope of this

Specimen type Heat treatment

Hardness (HV30)

Notch parameters

HTO Base material

HTO-N Base material

HT1 1323 K-1 h, air quench
773 K~1 h, air cool

HTI1-N 1323 K-1 h, air quench
773 K~1 h, air cool

HT2-N 1323 K-1h

1323-973 K-3 h
973 K-24 h, air cool

250
250

400

400

150

p =curvature radius, d = depth

p =200 pum
d =500 pum
p =200 pum
d = 500 pm
p =200 pum
d = 500 pm

#The figure after the name refers to the heat treatment and the letter N means ‘notched specimen’.
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Fig. 1. Continuous cooling transformation diagram for steel
GI1 after [17].
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Fig. 2. Schematic view of the experimental set-up.

work and should not be reached for technological ap-
plications under standard working conditions. Once the
specimen fractured, lead was removed from the fracture
surfaces by dissolution in an appropriated solution of
composition 1/3H,0,,1/3CH;CH,0H, 1/3CH;COOH
in order to make fractographic observations.

The lead employed for tensile tests was 99.95% in
purity.

2.3. Fractography and microstructure analysis

A 525 M Philips scanning electron microscope (SEM)
in the secondary electron mode was used to undertake
the fractographic analysis. When necessary, a Jeol 200
CX TEM was used for microstructural investigations, a
Siemens Kiristalloflex 810 diffractometer to record
X-rays diffraction (XRD) patterns and an EDAX system
linked to the SEM to perform chemical analysis of the
observed surfaces.

3. Results
3.1. Specimen microstructure

Martensitic microstructure of the base material was
evidenced by optical (Fig. 3) and TEM observations.
It consists of laths that colonised the prior austenite
grains during the air quench from 1323 K. The av-
erage prior austenite grain size is approximately 20
pum. The TEM examination of the laths structure
displays a tempered martensitic microstructure con-
taining dislocations arranged into cells. It is also seen
that the lath boundaries are decorated with many
precipitates. These are of the My;Cs-type (with M = 64
wt% Cr, 4 wt% Mo, 32 wt% Fe), they are also present
at the grain boundaries. They appear during the
tempering [18]. Referring to the literature [18], two
other types of precipitates are also contained in this
microstructure: the MC-type distributed in the matrix
(with M= 13 wt% V, 87 wt% Nb) that appears
during the austenisation phase and the M,Cjs-type also
distributed in the matrix (with M= 30 wt% Cr, 56
wt% V, 11 wt% Fe, 3 wt% Nb) that appears during
the tempering phase.

The XRD study indicates a BCC crystallographic
structure (with no measurable quadratic distortion) with
a lattice parameter a = 0.286 nm.

The heat treatment HT1 where the temper tempera-
ture was 773 K changes the precipitation state and in-
creases the steel hardness. Fig. 4 gives the evolution of
the hardness as a function of the temper temperature for
isochrone (1 h) treatments. A maximum of hardness of
400 HV30 was obtained for a temper temperature of 773
K. Such a sensitivity to the tempering is often reported
in martensitic steels such as for 12% chromium mar-
tensitic steels [11]. According to these results, the temper

Fig. 3. Optical micrograph of the steel G91 in its standard
state. The martensitic microstructure is recognised by the
presence of laths in the prior austenitic grains of size about
20 pm.
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Fig. 4. Hardness evolution versus temper temperature of the
steel GI1 after a normalisation treatment at 1323 K for 1 h.

[ . ¥ . 20pm

Fig. 5. Optical micrograph of the ferritic microstructure of
Steel G91 after the heat treatment 2 with a grain size of about
20 pm.

temperature of the HT1-type specimens was chosen to
obtain a high mechanical strength. Optical observations
combined to XRD confirmed that HT1 did not induce
any modification in prior austenite grain size and sug-
gests that the transformation concerns only the nature
and the distribution of the precipitates.

The second heat treatment HT?2 is a cooling from the
austenisation temperature to a temperature of 973 K
which is maintained for 24 h. As predicted by the CCT
diagram, the microstructure obtained is ferritic with
many carbides at the grain boundaries (Fig. 5). The
grain size remains approximately 20 um and the hard-
ness value is much smaller than for the martensitic mi-
crostructure, a result that is usually attributed to a lower
dislocation density.

3.2. Tensile tests results

3.2.1. Heat treatment’s influence and notch effect
Fig. 6 reports the engineering stress—strain curves
obtained at 623 K for the different types of specimens.
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Fig. 6. Stress—strain curves for the different specimens in air
environment at 623 K.

For the notched specimens the stress was defined as the
ratio between the measured load and the notched section
of 3 mm in diameter while for the smooth specimens, the
stress was defined as the ratio between the recorded
force and the transversal specimen section. The com-
parison between the behaviour of notched and smooth
specimens must be done with care because the strain
usually defined by the ratio between the specimen
elongation and the initial length has a physical meaning
as long as the deformation remains homogeneous, which
is not the case in a notched specimen, at least in the
plastic regime. A quick inspection of the curves reveals
that:

(1) HT1 produces a reduction of plasticity and a quite
high increase of strength. This is a consequence of the
new precipitation state.

(ii) For notched specimens, the apparent elongation
to fracture is considerably reduced. This is to a large
extent due to the fact that the plasticity is localised
around the notch area from the beginning of plastic
deformation. Also, for a given heat treatment, the not-
ched specimens exhibit higher levels of stress than the
smooth ones. This is known as the notch effect and can
be attributed to the stress triaxiality induced by the
notch.

It is important to point out here that the level of
tensile stress is highly increased by both HT1 and the
notch effect. For the HT1-N specimen, the macroscopic
yield stress increases from 300 to 1300 MPa.

The microstructural difference between ferritic and
martensitic microstructure specimens is also clearly evi-
denced by their mechanical behaviour. It is clear from
Fig. 6 that HT2-N is more ductile that HTO-N but has a
reduced ultimate tensile strength. HT2 smooth specimen
was not studied since we focused, for this particular
microstructure, on specimens having the highest me-
chanical characteristics, i.e. the notched ones.

When tested in air, all the specimens exhibited a
dimpled fracture surface characteristic of ductile frac-
ture (similar to Fig. 8(a)). No striking differences are
noticeable between the size or the depth of these dimples
for all the types of specimens.
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3.2.2. LME occurrence and the influence of the test
temperature

The mechanical response of the HT0, HT0-N, HT1
and HT2-N specimens in liquid lead in the range of
tested temperatures between 623 and 773 K did not
differ from the in air one. Moreover the fracture surfaces
remained always ductile. It can therefore be concluded
that no LME occurs for these specimens in the given
conditions. This is not the case for the HT1-N specimen.
This clearly appears on the load—elongation (more re-
alistic for notched specimen) curve of Fig. 7 as previ-
ously reported [9]. Failure occurs in liquid lead within
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Fig. 7. Stress—strain curves on the HT1-N specimen in air and
in liquid lead environment at 623 K.

ﬁ'r.

Y
J!lJ‘A“ a) 20um

macroscopic elastic behaviour without any evident
macroscopic plasticity development. This change in the
mechanical behaviour is also reflected in the fracture
surfaces. Fig. 8(b) exhibits a ‘flat’ fracture surface in lead
and from a macroscopic point of view, these specimens
did not exhibit any necking indication. The fracture was
transgranular with microfacets containing small rivers
(Fig. 9) and corresponds to a cleavage-like transgranular
failure. The fact that LME involves transgranular frac-
ture was already published but it concerns cadmium
polycrystals in liquid gallium [12], zirconium alloys in
liquid mercury [13], polycrystalline pure magnesium in
liquid-alkali metals [14], aluminium alloys in liquid
mercury [15], K405 Ni-base superalloy in liquid bis-
muth-tin [16].

Ductility is progressively recovered with the increas-
ing of the test temperature as it can be seen in Fig. 10
where the area under the stress—strain curves is pre-
sented as an estimation of the mechanical work of
fracture at different test temperatures for the HT1-N-
type specimens, each point in the figure being an average
of two measurements. It is clear that the HT1-N speci-
men undergoes an important embrittlement between 623
and 673 K whereas at 723 K the results obtained in air
and in liquid lead almost coincide. This ‘ductility trough’
representation is quite common and was previously re-
ported for other systems [2-5,19]. For temperatures

by 20um

Fig. 8. SEM micrographs of the HT1-N specimen fracture surfaces for 623 K: (a) in air (ductile) with dimples; (b) in lead (brittle) flat

with no dimples.

Fig. 9. SEM observations of the transgranular failure on some grains for HT1-N specimen at 623 K: (a) microfacets are evidenced;

(b) higher magnification revealing the presence of small rivers.
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Fig. 10. Ductility trough for the HT1-N specimen in liquid lead
between 623 and 698 K. Full ductility recovery for temperatures
above 723 K.

above 623 K and below 723 K, the fractographic anal-
ysis shows a mixed brittle-ductile fracture surface as can
be seen in Fig. 11. As the temperature increased, duc-
tility recovered progressively from the middle of the
specimens. At 723 K the fracture surface becomes fully
ductile in agreement with the observed mechanical be-
haviour.

Fig. 11. SEM observation of a mixed fracture surface for HT1-
N specimen at 673 K.

Specimen surface
a) $um

Finally, we would like to point out the existence of a
layer of approximately 10 pm thickness between the
liquid lead and the bulk steel for the HT1-N specimen as
can be seen in Fig. 12. Note that the layer exhibits cir-
cumferential cracks, the influence of which will be dis-
cussed in the following section. Neither a careful EDAX
analysis performed directly on this layer nor a structural
analysis performed using XRD allows to conclude that
this layer is an oxide. Rather, concerning this layer, the
facts that:

(1) it has the same chemical composition as the base

metal as revealed by the EDAX analysis;

(ii) it has the same crystallographic structure as the

base metal as revealed by the XRD diffraction pat-

terns;

(iii) the film is too thick to correspond to the natural

chromium-oxide passive film;

(iv) the same type of layer can be observed by SEM

on the HT1-N specimens tested in air, and also on

HTO-N specimens, while it is absent on the HT1-type

specimens (see Fig. 13);

Fig. 12. SEM observation of the HT1-N specimen tested in
liquid lead at 623 K. The cold-worked layer around the notch of
the HT1-N specimen is clearly visible. Note many cracks on this
layer.

Specimen surface

Fig. 13. (a) SEM observation on the HT0-N specimen tested in air at 623 K. The cold-worked layer around the notch of the HT1-N
specimen is clearly visible. Note many cracks on this film. (b) SEM observation on the HT1 specimen tested in lead at 623 K. There is

no apparent layer on this specimen surface.
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(v) we cannot observe the film on specimens of the

type HT2-N;
seem to indicate that the layers arise in specimens hard
enough (HTO and HT1 types) from the cold work in-
duced by the mechanical machining of the notch. With
these considerations, it can be deduced that the me-
chanically made layer should have two important
properties as far as its mechanical properties are con-
cerned:

(i) the film is harder and probably more brittle than

the bulk whatever the heat treatment;

(ii) the film perfectly adheres to the bulk.

It is important to point out that we cannot exclude
the presence of a natural chromium-oxide passive film
predicted by the thermodynamics on our specimens’
surfaces. Those films are known to be very thin (a few
nm) and probably could not be detected using the ex-
perimental techniques employed in this work (EDAX,
XRD and SEM observations) on the specimens tested
from 623 to 723 K for the test times employed (less than
2 h). Concerning the eventual presence of lead-oxides for
the specimens in contact with liquid lead, our experi-
mental observations indicate that lead-oxide is present
as ashes that usually float on the liquid lead bath sur-
face.

4. Discussion
4.1. About the brittle failure

As it was previously exposed, the strategy adopted to
perform this work was to investigate the influence of the
hardness of the alloy (the other parameters as chemical
composition of both liquid and solid metal for instance
remaining constant) on the occurrence of LME. Two
different situations need high load to deform a material.
The first one results from a high yield stress, that is the
resolved shear stress that produces dislocation motion.
An increase of this shear stress naturally corresponds to
an increase of the tensile stress producing it, and can be
obtained for the material studied here by appropriate
heat treatments. The second one is to introduce stress
triaxiality. This ensures that the material yield shear
stress will be reached for normal stresses higher than
those triggering plasticity in the absence of stress triax-
iality. A stress triaxiality can be produced by machining
notches on cylindrical specimens. For applied stresses
low enough, the stress triaxiality as well as stress con-
centration are located at the notch tip. When plastic
deformation, that usually starts at the notch tip, reaches
the centre of the specimens, then the stress triaxiality
becomes maximum there according to Bridgman [17]
and related models.

The brittle transgranular failure observed for HT1-N
specimen suggests that failure may have propagated by

cleavage. In this case, the important component of the
stress tensor is the tensile stress normal to the fracture
surface. Stoloff [12] has already discussed about how a
liquid metal adsorption can reduce the interatomic bond
strength at a crack tip and therefore leads to the prop-
agation of a cleavage. Let us denote by o, the critical
cleavage stress, that is the normal stress necessary to
separate a given material in two parts. A well-known
expression for g, is

Ey,
0. = )
a

where E is the Young’s modulus, ¢ the material lattice
parameter assuming a cubic structure and y, the surface
energy of the solid supposed isotropic. Taking typical
values for the different parameters characteristic of the
GI91 steel (E=210 GPa, a=0.286 nm and y, =
2.4 J m~? an average value for iron, the major chemical
element of the steel) gives an estimate value for o. of
about 40 GPa. As the surface energy of a solid comes
from the lack of atoms at the surface, any adsorption
thermodynamically favourable of new atoms may lead
to a reduction of this energy. This is also known as the
‘Rehbinder effect’ [20]. Let us denote ¢, the reduced
cleavage stress corresponding to a reduced surface en-
ergy y.. If cleavage is observed on a specimen tested in
lead, this indicates that ¢/, is locally reached. To explain
the fact that LME occurs only on the HT1-N specimens,
the value of the normal stress g, at the notch tip that
triggers the specimen failure at 623 K is evaluated. This
value is obtained by multiplying the applied stress o, by
the stress concentration induced by a notch K, given by
the expression

K—1+2\/é7
p

where p is the notch curvature radius and  the notch
depth. Then o, = Ko, where o, is the applied stress we
should have if the specimen were smooth (i.e. the ratio
between the applied force and a smooth specimen sur-
face). Taking into account the different correction terms,
an estimate value for g, is 2800 MPa. Equating ¢, to g,
leads to a ratio y,/y, near 0.5% a value too small to be
realistic.

But let us observe the failure initiation site as shown
in Fig. 12. The cold-worked layer exhibits many cracks
whose tip is probably very sharp. Let us consider an-
other damage process which starts first by the fracture of
the layer being thus source of other stress concentration
factors. This is suggested by the fact that this layer is
probably very hard because of the high dislocation
density introduced mainly by both the heat treatment
and the notch machining. All these cracks may actually
induce a higher stress concentration K’ than K, the value
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previously estimated. But in no case, this stress con-
centration alone cannot be held responsible for cleavage
because they are also present on the HT1-N specimen,
which is ductile, tested in air. The SEM pictures show
that the layer has a thickness of about 10 um. If we
estimate the curvature radius of a microcrack in this
layer to be about 0.1 pm, this leads to K’ ~ 21,
o, ~ 25000 MPa and finally 7./y, about 40%, a more
sound value.

The layer may have played the same role on HT0-N
specimen but in this case, the stresses seem to be relaxed
by plastic deformation because the yield stress was not
high enough. In order to assess the actual role played by
the cold-worked layer, further mechanical tests includ-
ing interrupted test are presently performed.

4.2. About the ductility recovery and the influence of the
microstructure

The ductility recovery with increasing temperature
can be simply explained by the well-known decrease of
the yield stress with temperature. In our case this leads
to the full disappearance of the embrittlement at 723 K.
The experimental conditions (for which oy, the yield
stress and ¢/, are close enough) may have led to the
production of mixed fracture surfaces, dimpled in the
middle of the specimens and brittle near the notch, that
are effectively observed for temperatures ranging from
623 to 698 K. In this temperature range, ductility growth
from the middle of the specimen and cleavage propa-
gation from the surface, are competitive ways of stress
relaxation. However this quick decrease of the o, over
only 100 K could seem quite surprising. As we have seen
before, the failure initiation stage of the bulk of the
specimen is probably controlled by the mechanical be-
haviour of the cold-worked layer around it. When a
microcrack from this layer reaches the bulk, it provides
a sufficient local stress concentration to trigger the
macroscopic fracture of the specimen. The temperature
variation is also very influent on the mechanical pa-
rameters of the cold-worked layer and because this layer
contains more entangled dislocations than the bulk, its
(0y)jayer 18 Probably more sensitive to the temperature
increase than the bulk. In this case, it is possible that,
because the initiation stage is delayed, plasticity would
have the possibility to develop and microvoids the pos-
sibility to grow from the middle of the specimen (where
the triaxiality is the highest). Interrupted tests between
623 and 723 K and a detailed fracture analysis of the
cold-worked layer that we are performing presently
could confirm this hypothesis.

Considering now the role played by the microstruc-
ture, we have seen that under equivalent conditions of
temperature and stress triaxiality, the specimens having
a ferritic microstructure do not undergo any embrittle-
ment by liquid lead. We believe that the main reason for

that is that the HT2-N specimens have a much lower
yield stress than the HT1-N ones and thus, that o
cannot be reached for this type of specimen whatever the
experimental conditions. Moreover no cold-worked
layer was present on this specimen so that nothing could
help an eventual brittle failure to initiate before the
plastic development.

5. Conclusions

The main conclusions of this work can be summar-
ised as follows:

1. A 9Cr 1Mo martensitic steel can be sensitive to liquid
lead embrittlement.

2. The embrittlement of steel 91 occurs for a special
combination of microstructural, geometric and load-
ing conditions and does not depend on the contact
time between the liquid metal and the solid one.

3. The transgranular failure observed suggests that
LME of the steel 91 can be related to a lowering of
the critical cleavage due to adsorption of lead.

4. In the case presented here, the cleavage nucleation
may have been favoured by the presence of micro-
cracks in the brittle layer produced by the mechani-
cally machining of a notch on some of the
specimens. This may have helped the local stress to
reach ¢, the critical cleavage stress lowered by lead
adsorption at these microcrack tips.
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