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Abstract

Grain boundary microchemical characterization, by Auger electron spectroscopy, has been performed in the martensitic
steel EM-10 doped with relevant spallation elements that are expected to be produced at the spallation target window in
future Accelerator Driven Systems (ADS). A heat treatment of step-cooling was performed in all doped materials to accel-
erate impurity segregation. The results indicate that step-cooling promotes chromium and molybdenum enrichment at the
grain boundaries in the four materials studied. Step-cooling promotes phosphorus segregation to grain boundaries in the
reference material, in the material doped with titanium, and in the material doped with titanium, phosphorus and sulphur.
Step-cooling also promotes titanium enrichment in the materials doped with this element. A relation among chromium,
molybdenum and phosphorus has been observed in the alloy doped with titanium, phosphorus and sulphur suggesting
co-segregation of these elements to grain boundaries or segregation of phosphorus at the interface of the matrix and
the carbides rich in chromium and molybdenum.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

An Accelerator Driven System (ADS) is a con-
cept, which could allow transmutation of nuclear
wastes with a good efficiency. Accelerator driven
systems are one of the more suitable solutions
together with the deep geological repository to get
a more effective and with minimal potential risks
management of nuclear wastes in a future at mid
and long term.
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One of the most important components for the
viability of ADS is the spallation target. This target
consists basically in the spallation material over
which a high energy proton beam interacts, a win-
dow to separate the proton beam and the spallation
material, the internals and the vessel. Due to the high
energy of the incident proton beam, the irradiation
conditions within the structure of the spallation tar-
get, in particular in the window, are expected to be
severe and specific of this kind of systems. In the win-
dow, the direct impingement of the proton beam
results in the production of spallation elements like
hydrogen, helium, titanium, phosphorus, sulphur,
calcium and vanadium. The production of these
.
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spallation elements will affect the microstructure and
the microchemistry of the grain boundaries of the
window materials. Hydrogen and helium can form
bubbles and voids that will harden and embrittle
the material; titanium and vanadium can precipitate
producing hardening; titanium and calcium can
form hydrides, which can produce embrittlement,
and phosphorus and sulphur can segregate to grain
boundaries and induce intergranular embrittlement
or form sulphides and phosphides. In this work,
the considered elements were phosphorus, sulphur
and titanium. Both microscopical aspects, micro-
structure and microchemistry, are believed to influ-
ence macroscopical properties of the window
materials and, consequently, they could affect the
material behaviour under ADS operation. At pres-
ent, 9–12Cr martensitic steels have been selected as
prime candidates for the spallation target structures.
However, the influence of the spallation elements on
the behaviour of this type of martensitic steels is not
known.

The aim of this work is to know the possible
presence of relevant spallation elements at grain
boundaries and to elucidate the effects that they
could have on the behaviour of the materials can-
didate to be used in ADS systems. For this, studies
of segregation to grain boundaries in the martens-
itic steel EM-10 doped with phosphorus and/or
sulphur and/or titanium, with and without a spe-
cial heat treatment of step-cooling to accelerate
impurity segregation have been performed. In
addition, undoped reference EM-10 steel with a
heat treatment similar to the doped steels has been
studied for comparison. The segregation studies
have been performed by means of Auger Electron
Spectroscopy (AES), which is one of the key tech-
niques to study the grain boundary microchemistry
in metals and alloys due to its inherent high depth
resolution (�3 nm) and high spatial resolution
(�50 nm). This work has been performed in the
context of the SPIRE project of the 5th framework
programme.
2. Experimental

2.1. Material

The materials studied are the following martens-
itic steels: EM-10 doped with titanium (EM-10Ti),
EM-10 with low manganese and doped with sulphur
(EM-10LMnS) and EM-10 doped with titanium,
phosphorus and sulphur (EM-10TiPS). These steels
have been compared with the reference EM-10R,
that is the standard EM-10, but elaborated by the
same way as the doped materials. The chemical
composition and the heat treatments of the steels
are shown in Table 1. These treatments, correspond-
ing to the as-received condition, were applied with
the aim to put in solid solution the doped elements
and to obtain a material with a homogeneous
matrix.

All materials were supplied by CEA, both in the
as-received condition and after a step-cooling treat-
ment. This treatment was applied to promote
impurity segregation to grain boundaries. It con-
sists in taking the material in the as-received condi-
tion (after the quench) and then perform an
annealing with cooling the material in different
steps from 650 �C to 520 �C during periods from
1 h to 72 h. During this heat treatment a precipita-
tion of secondary phases is expected, but also seg-
regation at boundaries of impurities and/or doping
elements.

2.2. Sample preparation

In order to promote the intergranular fracture
necessary to perform grain boundary segregation
studies by AES, the preparation of the samples
included a process of cathodic charging with
hydrogen before the introduction and fracture of
the samples inside the ultra high vacuum chamber
of the Auger spectrometer. The cathodic charging
with hydrogen was performed with the sample as
cathode and an anode of platinum immersed in a
solution 1 N of H2SO4, with the addition of
As2O3 as a poison of recombination of hydrogen.
The charging was performed at room temperature
and the period of charging was approximately
72 h.

2.3. Auger Electron Spectroscopy (AES)

AES provides data on every element, except
hydrogen and helium, present within the first 3 nm
from the surface. The instrument used was a PHI
660 Scanning Auger Microprobe, which has a spa-
tial resolution of approximately 50 nm. This system
has a specially designed fracture stage attached to
the spectrometer that allows to perform fracture
by tension in ultra high vacuum, and also allows
to analyse the two surfaces obtained after the
fracture.



Table 1
Chemical composition (wt%) and heat treatments of the studied steels

EM-10R EM-10Ti EM-10TiPS EM-10LMnS

C 0.09 0.091 0.092 0.097
Ni 0.141 0.128 0.106 0.139
Cr 9.31 9.39 9.4 9.49
Mo 1.01 1.01 0.955 1
Cu 0.019 0.022 0.024 <0.01
Si 0.449 0.456 0.461 0.288
S 0.0005 0.0006 0.042 0.041
Al <0.005 <0.005 <0.005 <0.005
Nb 0.005 <0.005 <0.005 <0.005
Co 0.016 0.015 0.016 0.0073
V 0.018 0.018 0.022 <0.005
Ti 0.008 0.209 0.238 0.0053
N 0.016 0.017 0.024 0.02
P 0.0054 0.0059 0.03 <0.003
Fe Bal. Bal. Bal. Bal.
Mn 0.403 0.434 0.435 <0.005
B 0.0011 0.0006 0.001 0.0009
W <0.01 <0.01 <0.01 <0.01
Sn 0.003 0.0015 0.003 <0.0003
As 0.0036 0.0044 0.0034 <0.0003
Sb 0.0005 0.0005 0.0006 <0.0002
Heat treatment

1150 �C/300 As-quenched 1200 �C/300 As-quenched

Fig. 1. Detail of a fracture surface.
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After the cathodic charging with hydrogen, sam-
ples were fractured by tension at a deformation rate
of 1 lm/s inside the Auger vacuum chamber, at a
pressure of at least 2 · 10�9 Torr to minimise con-
tamination. Spot analyses were performed on grain
boundary facets and on ductile fracture for compar-
ison. Spectra were collected using a beam energy of
10 keV and a target current of 0.3 lA, using these
conditions the beam size is about 100 nm. The
atomic concentrations were calculated according
to Ref. [1]. Carbon and oxygen were not considered
to calculate the atomic concentrations because their
origin was mainly attributed to residual contamina-
tion from the vacuum chamber. Composition depth
profiles were performed using a 2 keV argon ion
flux, rastered over a 2 · 2 mm area, and with a pres-
sure of argon of 5 mPa, yielding a sputter rate of
about 3 nm/min calibrated with a Ta2O5 foil of
known thickness.

This technique presents some difficulty to detect
and quantify phosphorus in presence of molybde-
num. These two elements have overlapping Auger
electron transitions. The quantification of phospho-
rus in the cases, where molybdenum was present
was done by using spectra of pure molybdenum,
and subtracting the estimated peak-to-peak height
of the molybdenum peak from the phosphorus
signal.
3. Results

Two samples per each material condition were
fractured and some intergranular fracture was
obtained in all cases. As an example, Fig. 1 shows
a detail of one of the obtained fracture surfaces.
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3.1. EM-10R Steel

In the as-received condition the presence of the
main elements of the alloy, iron and chromium,
together with carbon and oxygen from residual con-
tamination from the vacuum chamber were detected
at ductile as well as at intergranular areas. After the
step-cooling treatment a high percentage of inter-
granular areas showed, in addition, to the elements
previously mentioned, phosphorus and molybde-
num (Fig. 2).
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Fig. 2. Auger spectrum at an intergranular area of EM-10R step-
cooled.

Table 2
Average concentration of Cr, Fe, P, Mo, Ti and S at ductile and inter

Cr Fe

EM10R As-received Ductile 7 ± 2
Intergranular 9 ± 2

Step-cooling Ductile 10 ± 2
Intergranular 14 ± 3

EM10Ti As-received Ductile 7.0 ± 0.9 93
Intergranular 9 ± 2

Step-cooling Ductile 11 ± 2
Intergranular 15 ± 5

EM10LMnS As-received Ductile 9 ± 1
Intergranular 12 ± 2

Step-cooling Ductile 10 ± 1
Intergranular 19 ± 6

EM10TiPS As-received Ductile 10 ± 1
Intergranular 12 ± 2

Step-cooling Ductile 10 ± 1
Intergranular 14 ± 4
Quantitative results, Table 2, indicates no signif-
icant differences in the concentrations of chromium
and iron at the ductile and intergranular areas in the
as-received condition, while after step-cooling chro-
mium enrichment and iron depletion at the inter-
granular areas can be observed (Fig. 3).

After step-cooling, depth composition profiles at
intergranular areas indicated chromium enrichment
and presence of phosphorus and molybdenum up to
depths in the range from 3 nm to 20 nm (Fig. 4).
3.2. EM-10Ti Steel

In the as-received condition the spectra obtained
at ductile areas were similar to those of the inter-
granular areas. Only in one intergranular area
molybdenum was found. After the step-cooling
treatment phosphorus, molybdenum and titanium
were detected in some of the intergranular areas.

Quantitative results summarized in Table 2 indi-
cates higher chromium concentrations and lower
iron concentrations at the intergranular areas than
at the ductile ones in the step-cooling material.

Depth composition profiles showed that chro-
mium enrichment was present up to depths between
30 nm and 50 nm, phosphorus up to a maximum
depth of 3 nm, molybdenum up to depths varying
in the range from 6 nm to 60 nm, and titanium was
detected up to depths between 3 nm and 10 nm.
Fig. 5 shows a depth composition profile performed
in one intergranular area, where an association
granular areas in the studied materials (at.%)

P Mo Ti S

93 ± 2 – – – –
91 ± 2 – – – –
90 ± 1 – – – –
83 ± 5 1.2 ± 0.6 3.1 ± 0.8 – –

.0 ± 0.9 – – – –
90 ± 3 – 2.9 – –
89 ± 2 – – – –
81 ± 8 1.3 ± 0.6 5 ± 2 2 ± 1

90 ± 1 – – – 2 ± 2
86 ± 3 0.9 ± 0.6 2.6 ± 0.9 – 2 ± 1
89 ± 2 – – – 2.4 ± 0.7
77 ± 8 0.5 ± 0.4 5 ± 2 – 1.8 ± 0.8

90 ± 1 – – – –
86 ± 3 1.4 ± 0.4 2.8 ± 0.9 2.0 –
90 ± 1 – – – –
78 ± 8 5 ± 1 4 ± 1 1.9 ± 0.7 –
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Fig. 3. Histograms of the fracture surface of EM-10R step-cooled.
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between carbon, chromium and molybdenum can be
observed from 0 to 30 nm suggesting the presence of
carbides M23C6 type. In the outermost 5 nm, tita-
nium could also be associated with the mentioned
elements suggesting that it could be present as
carbides, probably MC type. This relationship of
carbon with chromium and molybdenum and
titanium has not been observed in other cases.

3.3. EM-10LMnS Steel

Phosphorus, molybdenum and sulphur were
detected in some of the intergranular areas of this
material in the as-received condition as well as in
the step-cooled material. Sulphur was also found
in some of the ductile areas analysed.

In Table 2, clear chromium enrichment and iron
depletion at intergranular areas can be observed in
the step-cooled material. This chromium enrich-
ment at intergranular areas was observed up to a
depth between 50 nm and 70 nm. In addition,
molybdenum was found up to depths lower than
3 nm in the as-received condition and between
3 nm and 30 nm after step-cooling, phosphorus
was detected up to a maximum depth of 3 nm in
both conditions and sulphur up to depths varying
in the range from 3 nm to 90 nm in both conditions
too. In some areas sulphur was seen associated to
chromium (Fig. 6).

3.4. EM-10 TiPS Steel

In the as-received condition as well as after the
step-cooling treatment, phosphorus, molybdenum
and titanium were detected at intergranular areas,
but the percentage of analyses, in which these ele-
ments were observed was clearly higher after the
step-cooling treatment, Fig. 7 and Table 2.

In depth composition profiles in the as-received
state phosphorus and molybdenum were detected
up to depths lower than 3 nm. After step-cooling
chromium enrichment was observed up to depths
from 5 nm to 70 nm. Phosphorus was detected up
to depths lower than 9 nm, molybdenum up to
depths lower than 15 nm and titanium up to a
maximum depth of 3 nm, Fig. 8.
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4. Discussion

For a better comparison of the results corre-
sponding to materials in the as-received condition
and after step-cooling histograms of chromium,
molybdenum, phosphorus and titanium, in which
the frequency that these elements were detected at
the intergranular areas with a determined concen-
tration, were represented. Fig. 9 shows as an exam-
ple the histograms for EM10TiPS.

Starting with chromium, in the four studied
materials it can be observed that after step-cooling
the distribution of chromium is shifted to higher
chromium concentrations, therefore, step-cooling
produces chromium enrichment. In the literature
chromium enrichment has been reported in mar-
tensitic steels in the annealed and tempered condi-
tion and also in these materials with ageing heat
treatments [2–10]. This chromium enrichment was
attributed to segregation in some cases and to the
presence of chromium carbides in other studies. In
the present study the depth of chromium enrich-
ment ranges from 3 nm to 70 nm. The depth of
3 nm suggests segregation of chromium, while the
width of enrichment of 70 nm is in good agreement
with the size of M23C6 carbides expected in this type
of steel. In addition, in one of the depths profiles
performed at intergranular areas, an association
between chromium, carbon and molybdenum was
seen. However, this relationship was not observed
in other analysis. It is also possible that chromium
enrichment exists at grain boundaries before the
precipitation occurs. On the other hand, taking into
account that the step-cooling treatment enhances
segregation to grain boundaries and in the as-
quenched studied materials also produces carbides
precipitation, in the present work it is not possible
to discard neither the possibility of chromium segre-
gation nor the presence of carbides. Anyway, it has
been reported that chromium at grain boundaries
has a beneficial effect because it enhances the grain
boundary cohesion [11].
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Regarding molybdenum, in EM-10R step-cool-
ing promotes the presence of molybdenum at grain
boundaries that is not observed in the as-received
condition. In EM-10Ti the situation is similar, in
the as-received condition hardly exists molybde-
num, while after step-cooling a high percentage of
intergranular fracture shows molybdenum. In EM-
10LMnS and EM-10TiPS an increase of the analysis
percentage and concentration of molybdenum is
also observed by effect of the step-cooling. Molyb-
denum was found up to depths from 3 nm to
60 nm. In a similar way to chromium, the depth of
3 nm suggest the presence of molybdenum segre-
gated, while the depth of 60 nm indicates that this
element is precipitated, thus, according to this depth
molybdenum could be present in form of precipitate
and/or segregated. It is known that molybdenum is
an element that can be incorporated to the M23C6

carbides that are present at the grain boundaries.
This fact seems to have been confirmed by some
depth profiles performed in this work. Molybdenum
enrichment at grain boundaries associated to the
presence of carbides has been reported in martens-
itic steels [5]. On the other hand, as in the case of
chromium, taking into account that step-cooling
also enhances segregation, molybdenum could be
segregated to grain boundaries. Molybdenum segre-
gation to grain boundaries has also been reported in
low alloy steels [12–15].

With respect to phosphorus, in the as-received
condition this element was not detected in EM-10R
and EM-10Ti. In these materials it is clearly observed
that step-cooling produces segregation of phospho-
rus to grain boundaries. After step-cooling the EM-
10LMnS steel shows an increase in the percentage
of areas with phosphorus. In the as-received EM-
10TiPS phosphorus was found in a high percentage
of intergranular areas, most of the grain boundaries
have phosphorus concentrations between 1 at.% and
2 at.%. After step-cooling a shift of the distribution
of phosphorus to higher concentrations is clearly
observed in this material, with most of the grain
boundaries having phosphorus concentrations
between 4 at.% and 6 at.%. Phosphorus was found
up to a maximum depth of 18 nm indicating segrega-
tion. Therefore, step-cooling produces phosphorus
segregation even in the materials not doped with
phosphorus although, logically, the maximum segre-
gation is produced in the material doped with this
element. It has been reported phosphorus segrega-
tion in martensitic steels in the normalised and tem-
pered condition and after ageing heat treatments
[2–5,8,9,16].

As regards titanium, in EM-10Ti it has been
detected after step-cooling only in �10% of the
intergranular areas analysed with a concentration
around 2%. In EM-10TiPS this element was
detected only in one area in the as-received condi-
tion and after step-cooling this element was detected
in a great percentage of intergranular areas, most of



EM10TiPS

2

4

6

8

10

20

30

40

50

60

70

0

2

4

6

8

10

7 9 11 13 15 17 19 21
0

5

10

15

20

23

2

4

6

8

10

20

30

40

50

60

70
As-Received

2

4

6

8

10

20

30

40

50

60

70

0

2

4

6

8

10

7 9 11 13 15 17 19 21
0

5

10

15

20

23

Step-Cooling

0

2

4

6

8

10

7 9 11 13 15 17 19 21
Cr atomic %

N
ºo

fa
na

ly
si

s
w

ith
th

e
in

di
ca

te
d

co
nc

en
tr

at
io

n

0

5

10

15

20

%
 o

fa
na

ly
si

s
w

ith
th

e
in

di
ca

te
d

co
nc

en
tr

at
io

n

23

Chromium

2

4

6

8

10

20

30

40

50

60

70

0

2

4

6

8

10

12

0 2 3 4 5 6
0

5

10

15

20

25

7

2

4

6

8

10

20

30

40

50

60

70
As-Received

2

4

6

8

10

20

30

40

50

60

70

0

2

4

6

8

10

12

0 2 3 4 5 6
0

5

10

15

20

25

7

Step-Cooling

0

2

4

6

8

10

12

0 2 3 4 5 6
Mo atomic %

N
ºo

fa
na

ly
si

s
w

ith
th

e
in

di
ca

te
d

co
nc

en
tr

at
io

n

5

10

15

20

25

%
 o

fa
na

ly
si

s
w

ith
th

e
in

di
ca

te
d

co
nc

en
tr

at
io

n

7

Molybdenum

1
2
3
4
5
6
7
8
9

10

20

30

40

50

60

70

0

2

4

6

8

10

12

0 1 2 3 4 5 6

co
nc

en
tr

at
io

n

0

5

10

15

20

25

7

1
2
3
4
5
6
7
8
9

10

20

30

40

50

60

70

1
2
3
4
5
6
7
8
9

10

20

30

40

50

60

70

P atomic %

0

2

4

6

8

10

12

0 1 2 3 4 5 6

N
ºo

fa
na

ly
si

s
w

ith
th

e
in

di
ca

te
d

0

5

10

15

20

25

%
 o

fa
na

ly
si

s
w

ith
th

e
in

di
ca

te
d

co
nc

en
tr

at
io

n

As-Received

Step-Cooling

7

Phosphorus

2

4

6

8

10

12

20

40

60

80

100

Step-Cooling

0

4

8

12

16

0 1 2 3
0

10

20

30

4

2

4

6

8

10

12

20

40

60

80

100
As-Received

2

4

6

8

10

12

20

40

60

80

100

Ti atomic %

Step-Cooling

0

4

8

12

16

0 1 2 3
0

10

20

30

4

Step-Cooling

0

4

8

12

16

0 0.5 1 1.5 2 2.5 3 3.5

N
ºo

fa
na

ly
si

s
w

ith
th

e
in

di
ca

te
d

co
nc

en
tr

at
io

n

0

10

20

30

%
 o

fa
na

ly
si

s
w

ith
th

e
in

di
ca

te
d

co
nc

en
tr

at
io

n

4

Titanium

Fig. 9. Distributions of Cr, Mo, P, Ti at intergranular areas in EM10TiPS.
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these areas showing values between 1% and 2.5%.
Titanium was found up to depths lower than 9 nm
indicating that is segregated or, more probably, pre-
cipitated as titanium carbides (MX particles) known
to precipitate rapidly and with a smaller size com-
pared to M23C6.



Table 3
Titanium and sulphur rich phases present in the doped steels [17]

EM10Ti EM10TiPS EM10LMnS

Stable TiN TiN
TiS–Ti4C2S2

MnS

Able to dissolve Ti(Mo)C CrS
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According to CEA studies [17], Table 3 shows the
stable and able to dissolve titanium and sulphur rich
phases that can be present in these steels. The possi-
bility of obtaining titanium and sulphur in solid
solution, that may segregate after step-cooling,
depends on the possibility of dissolving the phases
rich in these elements during the high temperature
heat treatment and to avoid their precipitation dur-
ing cooling. CEA results showed that the normaliza-
tion treatment at high temperature performed in
these steels allowed to obtain some titanium in solid
solution in matrix in the EM-10Ti steel, while for
the EM-10TiPS steel the possibility of obtaining
titanium in solid solution was very low. However,
the Auger results suggest that in this material there
was also some titanium in solid solution able to seg-
regate or precipitate because after step-cooling clear
enrichment of this element was detected. Titanium
has been reported to enhance grain boundary cohe-
sion [11].

In the sulphur doped steel (EM-10LMnS), sul-
phur segregation to grain boundaries has not been
clearly observed because this element was observed
at the intergranular areas as well as at the ductile
ones. However, an association between sulphur
and chromium has been detected in some depth pro-
files indicating the presence of CrS compounds in
accordance with the CEA studies, Table 3. It is
worth mentioning that these compounds are very
narrow (<3 nm) and they have been detected easily
by this technique.

The different elements observed at grain bound-
aries have been commented independently. Interac-
tions of impurity elements with alloying elements, in
particular interactions P–Cr–Mo have been men-
tioned in many papers due to the high interaction
energy of complexes Cr–P and Mo–P [18].

With respect to the interaction Mo–P it has been
reported [10] that in 12% Cr martensitic steels
molybdenum has two opposite effects on phospho-
rus segregation. Molybdenum inhibits the segrega-
tion of phosphorus tying it up in the grain interior
due to the strong Mo–P affinity and, on the other
hand, molybdenum co-segregates with phosphorus
counteracting the embrittlement effect of segregated
phosphorus. The authors state that both beneficial
effects of molybdenum are observed at intermediate
nominal contents of this element (�0.7%). If the
content in molybdenum increases to a critical value,
precipitation of rich molybdenum carbides is pro-
duced and most of the molybdenum is removed
from the solution giving free phosphorus to segre-
gate. As regards the interaction Cr–P, in a similar
way to the molybdenum, chromium has been
reported to co-segregate with phosphorus at grain
boundaries, but also it has been reported that at
high concentrations chromium scavenges phospho-
rus in the matrix [8].

Other interpretation of the interactions Cr–P
and Mo–P is that chromium and molybdenum
enhance phosphorus segregation removing carbon,
element that is known to compete with phosphorus
by sites at grain boundaries, from the solution to
form carbides [18]. Subsequent publications per-
formed in low alloy steels indicate that the interac-
tions Cr–P and Mo–P at grain boundaries as well
as in the matrix are weak to influence in phospho-
rus segregation and consider more probable the
interpretation that the relationship P–Cr–Mo is
due to the interaction of the last two elements with
carbon [12,19,20]. On the other hand, it has also
been associated grain boundary phosphorus segre-
gation to the existence of chromium carbides at
grain boundaries. It has been reported that phos-
phorus segregates to the matrix–carbides interfaces
[3,5,21].

In the present work, with the aim to know the
possible existence of a relationship among chro-
mium, molybdenum and phosphorus, graphs with
the correlations Cr–Mo, Cr–P and Mo–P were rep-
resented. The case, in which a clear correlation
among these elements was observed is in the EM-
10TiPS steel (Fig. 10). The trend lines and the
correlation factors seem to indicate that it exists a
correlation Cr–Mo, a correlation P–Mo and a
correlation P–Cr. These observations could be due
either to co-segregation of phosphorus with chro-
mium and molybdenum, or to segregation of phos-
phorus at the matrix–carbides interfaces.

Other elements that can interact are titanium and
phosphorus. It has been reported that titanium
scavenges phosphorus inhibiting the segregation of
this element in low alloy steels [22]. This effect
has not been observed in this study, the steels
doped with titanium do not show a decrease in
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steel.
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phosphorus segregation. Titanium also interacts
with hydrogen. Titanium is a strong hydride for-
mer, and according to some authors it can co-segre-
gate with hydrogen to form hydrides [11]. In the
present study titanium has been observed at grain
boundaries, but, unfortunately, hydrogen can not
be detected by AES.
Finally, taken into account that the objective of
this work is to study the existence of elements at
grain boundaries that can be harmful in the materi-
als candidates to be used in the ADS, it is worth
mentioning that phosphorus segregation to grain
boundaries has been observed even in the materials
not doped with this element, and also in the conven-
tional martensitic steels EM-10 and T-91 in the as-
received condition [23]. This fact is important and
it should be considered because phosphorus is
known as an important embrittlement element to
induce intergranular fracture. Other element that
can result harmful is titanium. Titanium alone
enhances grain boundary cohesion, but this benefi-
cial effect is suppressed in the presence of hydrogen
forming hydrides, which have a detrimental effect
on the steel. Therefore, both phosphorus and tita-
nium at grain boundaries could reduce the ductility
of the martensitic steels under ADS operating
conditions.

5. Summary and conclusions

• Grain boundary microchemical characterization

has been performed in the steel EM-10 doped
with relevant spallation elements (phosphorus,
sulphur and titanium) with the aim to know the
possible presence of these elements at grain
boundaries and to elucidate the effects that this
could have on the behaviour of the material. A
special heat treatment of step-cooling was per-
formed to accelerate impurity segregation to
grain boundaries.

• Step-cooling produces chromium enrichment at
grain boundaries in the four materials studied.
Considering that the step-cooling treatment
enhances segregation to grain boundaries and
also produces carbides precipitation in the as-
quenched studied materials, it is not possible to
discard neither the possibility of chromium
segregation nor the presence of chromium
carbides.

• Step-cooling produces molybdenum enrich-
ment in EM-10R and enhances molybdenum
enrichment in EM-10Ti, EM-10LMnS and EM-
10TiPS. As in the case of chromium, this enrich-
ment could be attributed to segregation and/or
the presence of molybdenum containing carbides.

• Step-cooling promotes phosphorus segregation
to grain boundaries in EM-10R and EM-10Ti,
and enhances phosphorus segregation in EM-
10TiPS.
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• A relation among chromium, molybdenum and
phosphorus has been observed in EM-10TiPS
steel suggesting co-segregation of these elements
to grain boundaries or segregation of phosphorus
at the matrix–carbides rich in chromium and
molybdenum interface.

• Step-cooling promotes titanium enrichment to
grain boundaries in EM-10Ti and enhances grain
boundary titanium enrichment in EM-10TiPS.
These results indicate that in both steels there is
some titanium in solid solution able to segregate
or precipitate.

• No clear segregation of sulphur to grain bound-
aries has been detected in the EM-10LMnS alloy
before and after step-cooling.

• Phosphorus segregation at grain boundaries,
even observed in undoped materials, is important
and should be taken into account due to the well
known embrittlement characteristics of this ele-
ment for inducing intergranular fracture. Other
element that can result harmful is titanium that
can enhance grain boundary cohesion, but its
beneficial effect is suppressed in presence of
hydrogen forming hydrides, which have a detri-
mental effect on the steel. Therefore, both phos-
phorus and titanium at grain boundaries could
reduce the ductility of the martensitic steels
during the ADS operation.
References

[1] K.D. Childs, B.A. Carlson, L.A. LaVanier, J.F. Moulder,
D.F. Paul, W.F. Stickle, D.G. Watson, Handbook of Auger
Electron Spectroscopy, 3rd Ed., Physical Electronics, Eden
Praire, MN, 1995.

[2] I.A. Vatter, J.M. Titchmarsh, Surf. Interface Anal. 25 (1997)
760.

[3] S. Mandziej, A.P. von Rosenstiel, H. Goretzki, M. Weiss,
B.H. Kolster, Fresen. Z. Anal. Chem. 329 (1987) 335.

[4] M. Mackenbrock, H.J. Grabke, Mater. Sci. Technol. 8
(1992) 541.
[5] H. Goretzki, P.V. Rosenstiel, Spectrochim. Acta 40B (1985)
853.

[6] J. Lapeña, M. Garcı́a-Mazarı́o, P. Fernández, A.M. Lancha,
J. Nucl. Mater. 283–287 (2000) 662.

[7] P. Fernández, M. Garcı́a-Mazarı́o, A.M. Lancha, J. Lapeña,
J. Nucl. Mater. 329–333 (2004) 273.
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