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SM 1-2.4

Task Title : IRRADIATION EXPERIMENTS - PIE OF SAMPLES

IRRADIATED IN HFR - PHASE 1A


INTRODUCTION


The irradiation experiment Phase-1A performed in HFR
reactor consisted on a screening irradiation test of reduced
activation martensitic steels, including 7 European
candidates and F82H materials. Irradiation temperatures
ranged from 250°C to 450°C and the dose was 2.4 dpa.

The objective of this subtask is to perform the post-
irradiation tests on materials supplied by CEA, that is
LA12LC and LA12TaLC experimental steels. Materials
have been irradiated as tensile and Charpy V specimens.
Post-irradiation tests have been performed at ECN hot-
cells (Petten).

1998 ACTIVITIES


The irradiation experiment started on early 96 and finished
on May 97. The dismantling of the capsule started on
September 97 and the irradiated specimens were
transferred to ECN hot-cells on December 97.  Post-
irradiation tests were performed in the period March-
October 1998.

MATERIALS AND SPECIMENS

LA12LC and LA12TaLC are experimental reduced
activation steels, where the chemical composition is given
in Table 1 (weight %). The main difference is the tantalum
content, which is 0.01% in the case of LA12LC and 0.10%
for LA12TaLC. These materials have been obtained in the
following metallurgical condition : normalisation for 30
minutes at 1030°C, tempering for 1h at 750°C and a final
cold-working of 10%. They have been included in HFR
Phase-1A experiment as tensile and Charpy specimens.
The first ones are cylindrical samples of 3 mm in diameter
and 18 mm of gauge length. Impact specimens are
« subsize » Charpy V samples, KLST specimens, where
the dimensions are 27 mm long, 4 mm wide and 3 mm
thick.  All specimens have been obtained parallel to the
rolling direction of plates. For each material, 7 Charpy V
and 2 tensile specimens have been included in the capsule
for each irradiation temperature.

Table 1 : Chemical composition of RA martensitic steels
(in wt%)

Alloy C Si Mn Cr V W N Ta

LA12LC 0.089 0.03 1.13 8.92 0.30 0.73 0.035 0.01

LA12TaLC 0.090 0.03 1.13 8.80 0.30 0.73 0.019 0.10

POST-IRRADIATION TESTS

To qualify the irradiation behaviour of mentioned
materials, tensile and impact tests have been performed.
Samples for microstructural studies, that is thin foils for
transmission electron microscopy observations and  plates
for small angle neutron scattering experiments have been
also obtained from the Charpy specimens after testing.

Tensile properties

For each irradiation temperature (Ti) and each material,
two tensile tests have been conducted, one at 20°C and the
other at the irradiation temperature, using a strain rate of

about 1.8 10
-4

/s. For each broken specimen, measurements
of area reduction to rupture have been performed by image
analysis techniques.

Figure 1 shows the tensile properties determined for each
material as a function of the irradiation temperature (Ti)
and the comparison with the values obtained before
irradiation. Both materials present nearly the same
behaviour after irradiation. As shown, an important
increase of the tensile strength is observed at the lower
irradiation temperatures, that is, in the range 250-300°C.
Beyond these temperatures the strength reaches the same
level than unirradiated specimens. Total elongation is not
very much modified by the irradiation. In contrast, low
values (<0.5%) of uniform elongation are obtained at 250-
300°C simultaneously to the hardening occurrence. Some
decrease of reduction in area values from about 80% to
70% after irradiation occur, but no clear effects of the
irradiation temperature are observed.

Impact properties

Impact energy transition curves in the range -100°C to
+150°C have been obtained for each irradiation
temperature and each material. The Ductile-Brittle
Transition Temperature (DBTT) has been defined as the
temperature corresponding to the mid-value between the
upper and lower shelves. The accuracy of DBTT
determination is ± 10°C.

Before irradiation both materials presented similar impact
properties, that is, a DBTT value of -70°C and a level of
Upper Shelf Energy (USE) of about 9 J.

But, after irradiation and in contrast to tensile properties,
both materials display a different evolution of impact
properties. In all the cases, an increase of the DBTT is
observed with sometimes a small decrease of the USE
level.
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Figure 1 :  Tensile properties of LA12LC and
LA12TaLC steels determined at the irradiation
temperature for a dose of 2.4 dpa. Irradiation

performed in the HFR reactor - Phase 1A

In  the case of the LA12TaLC (0.10% Ta) steel, the higher
shift of DBTT is obtained at 250°C. At this irradiation
temperature, the DBTT reaches a value of +50°C after a
dose of 2.4 dpa and is associated to the maximum
hardening detected. Beyond 250°C, the DBTT decrease
with Ti up to 350-400°C to slightly increase at 450°C as
shown in figure 2.

LA12LC steel present a different behaviour. The higher
DBTT shift is obtained at Ti = 450°C, where DBTT is
about +20°C. At lower Ti, DBTT is always lower than
0°C. In this case, the embrittlement at 450°C is not
accompanied by irradiation-induced hardening as observed
for LA12TaLC alloy. This fact seems to indicate that two
different embrittlement mechanisms operate in these alloys
at 250 and 450°C.
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Figure 2 compares the DBTT evolution of LA12LC and
LA12TaLC alloys with other reduced activation
martensitic steels irradiated at the same conditions (HFR,
same temperatures and dose), that is F82H (0.018%Ta)
and 9Cr-ORNL (0.06%Ta) [M. Rieth et al. , J. of Nuclear
Mater.

258-263 (1998) p. 1147]. As shown, it is very difficult to
correlate the differences of irradiation-induced impact
behaviour with Ta content. Microstructural studies are
needed in order to put forward the main factors governing
the embrittlement and hardening in this type of steels.
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Figure 2 : Evolution of the impact properties of LA12LC and LA12TaLC steels for a dose of 2.4 dpa
Shift of the DBTT and USE level as a function of the irradiation temperature

Comparison with other RA martensitic steels (F82H and ORNL) irradiated in the same conditions
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CONCLUSIONS

Two reduced activation martensitic steels have been
irradiated in HFR reactor at five temperatures ranging

materials, LA12LC and LA12TaLC, are experimental
alloys of 9Cr-0.8W-V type with different Ta content (0.10

Charpy V specimens.

The following conclusions could be drawn from post-
 :

• Both reduced activation martensitic steels exhibited an
increase of tensile strength after irradiation at 250 and
300°C accompanied by a limited decrease of ductility.
No modification of tensile properties is observed at Ti
> 300°C.

• In the case of LA12TaLC with 0.10%Ta, the higher
DBTT shift is observed at 250°C, temperature
corresponding to the maximum hardening. In contrast,
the LA12LC (0.01%Ta) alloy exhibited the most
important DBTT shift at 450°C, where no irradiation-
induced hardening is detected.

• Two different embrittlement mechanisms seem to
operate in these alloys at 250 and 450°C. Further
microstructural studies are needed in order to precise
them and the role of Ta in the irradiation behaviour of
FeCrWVTa steels.

REPORTS


[1] M.G. HORSTEN, R. den BOEF, J. BOSKELJON,
F.A. van den BERG, « Tensile and Charpy impact
properties of irradiated LA12LC and LA12TaLC »,
ECN-C—98-087, Dec. 1998.
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SM 2-1.1

Task Title : CHARACTERISATION AND QUALIFICATION OF POTENTIAL

LOW ACTIVATION MARTENSITIC STEELS
Effects of thermal ageing on the microstructure and mechanical properties of
7.5/9 Cr (W/Ta/V) Reduced Activation Martensitic steels



INTRODUCTION


The objective of the SM 2-1.1 programme is to assess low
activation materials for in-vessel components (first wall
and blanket structures) of the fusion reactors. The main
goal is to optimise and qualify the metallurgical and
mechanical behaviour of 7/9 Cr Reduced Activation
Martensitic (RAM) steels, including: i) materials produced
for the first time as large-scale industrial heats as F82H
and JLF-1 Monbusho steel, both produced in Japan and
studied in the frame of IEA programme; ii) LA12LC and
LA12TaLC, European steel candidates.

SM 2-1.1 actions involve the study of physical metallurgy
of these materials, the optimisation of heat-treatments
applied during the fabrication route, their thermal stability
in the range 250-550°C.

The physical metallurgy of F82H, JLF-1 and also European
steels including transformation characteristics and
mechanical have been investigated yet [1-4].

1998 ACTIVITIES


The microstructural and mechanical evolution of these
RAM steels was characterised after thermal ageing in the
temperature range 250°C to 550°C [5]. For this purpose,
mechanical characterisation on aged samples (2000 h,
5000 h and 13500 h) was carried out by tensile and Charpy
V tests. The microstructure was also characterised by TEP
and examined by Transmission Electron Microscopy
(TEM) to analyse the relationships between the chemical
composition, the mechanical properties and the
microstructure.

MATERIALS

The martensitic steels studied in the present work proceed
from experimental heats (LA12TaLC and LA12LC
supplied by AEA-Culhman) and large scale heats (F82H
produced by JAERI-NKK and JLF-1 produced by Nippon
Steel Corporation). The experimental steels (LA12TaLC
and LA12LC) were normalised (40 minutes at 1030°C) +
tempered (1 hour at 750/780°C) + cold-worked (10% cold
rolling) but the industrial steels were normalised at
1040/1050 °C and tempered 1 h at 750/780°C. Following
table summarises the chemical compositions of the steels.

Alloy C Si Mn Cr V W N Ta

LA12LC 0.089 0.03 1.13 8.92 0.30 0.73 0.035 0.01

LA12TaLC 0.090 0.03 1.13 8.80 0.30 0.73 0.019 0.10

F82H 0.087 0.10 0.21 7.46 0.15 1.96 0.0066 0.023

JLF-1 0.106 0.05 0.52 8.70 0.18 1.91 0.028 0.08

MECHANICAL PROPERTIES

Tensile properties

JLF- 1 and F82H

Figure 1 presents the evolution of the proof stress and the
reduction in area of F82H before and after ageing in
function of the test temperature. The obtained values are
those expected for that type of martensitic steels. JLF-1 and
F82H steels exhibit almost the same behaviour. The proof
stress at 20°C for F82H is 520 MPa (500 MPa for JLF-1)
and this value decreases with the test temperature to reach
230 MPa (220 MPa for JLF-1) at 650°C. The U.T.S.
follows the same behaviour : 630 MPa at 20°C for the
F82H (640 MPa for JLF-1) and 240 MPa for both steels at
650°C. They exhibit adequate performances regarding
ductility with, for example, a reduction in area which
ranges between 80 to 95% for F82H in the AR conditions.
For both steels, the tensile properties of aged specimens are
quite similar as the as-received materials excepted for the
ageing at 550°C where a slight embrittlement is detected in
the measures of the reduction in area. Indeed, after the
ageing at 550°C, a decrease of the reduction in area is
observed specially for the test temperatures 20°C and 400-
500 °C.

LA12TaLC and LA12LC

These steels are in the N&T-CW conditions. The values of
the tensile properties before and after ageing of LA12TaLC
steel are reported in figure 2. Owing to the recovery of the
initial cold work structure, the proof stress decreases with
the increase of the ageing temperature. For example, at
20°C the proof stress of LA12LC is 660 Mpa in the as-
received conditions and 530 MPa after thermal ageing at
550°C during 5000 hours. In return, the U.T.S. of aged
specimens remains close to the AR one whatever the test
temperature is. For example, the U.T.S. of the control
specimens of LA12LC and LA12TaLC at 20°C is 680 MPa
against 650 MPa after ageing at 550°C. Measurements of
the Reduction in Area of control and aged specimens are
roughly the same (close to 80% at 20°C) and no sign of
embrittlement is detected.
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Figure : 1 Effects of thermal ageing on the tensile properties of F82H steel
compared to the as-received condition (N&T)
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Figure : 2 Effects of thermal ageing on the tensile properties of LA12TaLC steel
compared to the as-received condition (N&T-10%CW)

Impact properties

JLF-1 and F82H

Figure 3 presents the full transition curves obtained for
F82H steel. Regarding impact tests, both industrial steels
follow the same behaviour. The Upper Self Energy (USE) is
stable for ageing until 400°C - 450°C (about 200 J/cm2 for
F82H against 190 J/cm2 for JLF-1) and for ageing at 550°C,
a decrease of the USE of about 10% is observed. The Ductile
Brittle Transition Temperature behaves in the same way : it
is stable for ageing until 400°C - 450°C ( -60°C for F82H
and -65°C for JLF-1) and increases clearly for ageing at
550°C (-30°C for the F82H and -45°C for JLF-1).

LA12LC and LA12TaLC

Contrary to the industrial steels, the increase of the ageing
temperature induces a slight but continuous improvement of
the impact properties. Indeed, the USE are close to 100
J/cm2 and reaches 110 J/cm2 after ageing at 550°C (the main
difference between the USE of the industrial steels and the
experimental steels is due to the geometry difference of the
specimens used for the tests). The improvement of the DBTT
with the ageing temperature is also noticeable : it shifts from
- 75°C to - 90°C for LA12LC and from - 70°C to -85°C for
LA12TaLC.
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Figure 3 : Effects of thermal ageing on the impact
properties of F82H steel compared to the as-received

condition (N&T). Charpy V transition curves determined
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MICROSTRUCTURAL CHARACTERISATION

Only F82H and JlF-1 specimens have been characterised by
TEM.

F82H alloy

The typical microstructure of the control and aged specimens
consists in intergranular laths of martensite within prior
austenite grains. Compared to conventional martensitic
steels, these laths are more or less well defined and at the
TEM scale, the microstructure of this steel is not completely
uniform. Two types of zones are observed :

- the first one consists in laths structure as already seen in
N&T martensitic steels (see figure 4).

Figure 4 : TEM of the laths structure in F82H
steel As-Received (thin foil)

- the second one is sensitively different. It seems that the
lath structure has almost disappeared, may be due to a
partial recristallisation. In those zones the alignment of
precipitates that decorated the lath interfaces is still
observable but the lath structure has disappeared (see
figure 5). From our observations, the precipitation is only
due to fine or coarse M23C6 precipitates along grain and
lath/subgrain boundaries. M is approximately in at %
60Cr-34Fe-5W-1V.

Figure 5 : TEM of a recristallised zone in F82H
steel As-Received (thin foil)

We did not detect any microstructural change between
control and aged specimens. No noticeable recovery of the
matrix structure was observed, zones with a lath structure
well defined and also zones with a « partial
recristallisation » are still clearly observed and no significant
variation of the chemical composition of M23C6 precipitates
is observed. It is important to note that no amount of Laves
phase (W rich) is observed even after ageing at 550°C.

JLF-1 alloy

The control and aged specimens microstructure consists in
lath-shaped martensite within prior austenite grains.

The main precipitation is due to coarse M23C6 along grain
and lath/subgrain boundaries. The different kinds of
precipitates which have been identified are :

- M23C6 where M is approximately in at % 55Cr-34Fe-2V-
8W. As for F82H, M23C6 are principally located at
grain/lath boundaries and their size can reach 300 to
400 nm.

- M4X3, rich in V where X is C and/or N. M4X3 are
generally located between M23C6 precipitates. Their size
is about 100 nm.

- MX, where M is approximately in at % 90Ta-6V-2Fe-
3.5Cr-0.5W, and X is C and/or N. They are globular with
a size inferior to 100 nm and they are distributed all over
the matrix.
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After thermal ageing at 250°C, 400°C and 550°C during 13
500 hours, the microstructure remains similar to the one
observed before ageing. It has not been possible to
characterise in detail the aged specimens. Nevertheless, for
the specimen aged at 400°C, the chemical composition of
M23C6 and MX particles did not change significantly after
thermal ageing. For this material, the M4X3 particles
observed in the as-received material are probably still
present after thermal ageing whatever the ageing
temperature is.

CONCLUSION


Industrial and experimental RAM steels were characterised
by mechanical tests, by, TEP and by TEM before and after
thermal ageing. The ageing treatments were performed at
the relevant temperatures for fusion applications (250°C -
550°C) and, depending of the alloy, during 5000 or 13500
hours. Before ageing, the materials exhibit near the same
metallurgical and mechanical behaviour as conventional 9Cr
1Mo martensitic steels.

After ageing, the tensile properties depend on the
metallurgical conditions of the alloy. The industrial steels
(F82H and JLF-1), which are in the N&T conditions before
ageing, display very stable strength values and only a
decrease of the reduction in area is observed after thermal
ageing at 550°C. For the N&T + CW experimental steels
(LA12LC and LA12TALC), because of the recovery of the
structure during the ageing treatment, a decrease of the proof
stress is observed. In contrast, no significant change in the
UTS is detected. Concerning the impact properties of the
industrial steels, a slight decrease of the USE associated with
an increase of the DBTT is observed. In contrary, for
experimental steels, the ageing treatments improve the
impact properties and we noted an increase of the USE and a
decrease of the DBTT with the ageing temperature.

The TEM examinations realised on industrial steels have
shown important differences between F82H and JLF-1
martensite morphology. The microstructure of the JLF-1
steel is similar to the one observed on conventional
martensitic steels. In contrast, for F82H steel, we observed
zones with martensite laths but also zones recrystallised
during the tempering treatment. In those zones, the lath
structure has disappeared but the alignments of the
precipitates (mainly M23C6 precipitates) are still present. For
both steels, no modification between control and aged
microstructures has been observed. The chemical
composition of the major precipitation, M23C6, remains
stable whatever the ageing temperature is. The formation of
Laves phase, that could be expected because of the high
content of W in these materials, has not been observed. This
fact seems to indicate that the weak decrease viewed on the
impact properties of these steels, specially at 550°C, is due to
an other phenomenon maybe in relation with the evolution
of the network of dislocations.
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SM 2-3.1

Task Title: MECHANICAL PROPERTIES OF WELDMENTS (F82 MOD.)


INTRODUCTION


Low martensitic activation (LAM) steel F82H has been
developed by JAERI as a structural material for the first
wall of fusion reactors. Two five-tons heat of F82H steel
have been processed by NKK Corporation into plates of
7.5, 15 and 25 mm thick. Welded joints of 15 and 25 mm
thick were produced by using both the Electron Beam (EB)
and the TIG processes. Welded plates have been sent to the
EU and to the USA for qualification. The main objective of
this task is to characterise the mechanical behaviour of
welds in the as-received condition and after thermal ageing
performed in the relevant in-service temperatures.

1998 ACTIVITIES


The activities developed in this period mainly deal with the
mechanical characterisation on each type of weld before
and after ageing. For this purpose, tensile, impact and
creep properties of welds have been performed in the as-
received condition.

The evolution of tensile and impact properties of both type
of welds (TIG and EB) have been also determined after
thermal ageing performed for 10000 hours at 400°C and
550°C.

Actions included in this task are conducted at
CEA/STA/LMS and CEA/SRMA laboratories.

WELDMENTS

The EB welded joints have been processed in flat position
using high power input so that the welds display a large
transversal width. No post welding heat treatment has been
applied.

The TIG welded joints of 15 and 25 mm of width have
been processed using an oscillating electrode on narrow
gap grooves and following 5 or 6 and 10 or 12 passes
respectively. The TIG welded joints have followed a post
welding heat treatment  for 1 h at 720°C.

EXPERIMENTAL

The program settled for the mechanical characterisation of
the welds in the delivery state has consisted in series of
tensile and impact tests to have a reference for the
mechanical behaviour of aged or irradiated samples. In
order to check that sampling is correctly done, the
machining blanks have been etched using Vilella reagent

to reveal the different zones of the weld before machining.
Concerning TIG welds, the test specimens were sampled
avoiding as possible the bottom of the seam in order to
prevent an eventual effect of composition.

The cylindrical tensile specimen of 2 mm in diameter and
12mm of gauge length have been used. They were
essentially sampled in transverse direction of both TIG and
EB welds. Supplementary specimens have been sampled in
the melted zone following the longitudinal direction of 25
mm thick EB welds (table 1). 6 specimens sampled in EB
welds have followed a post welding heat treatment.

For the impact tests, two types of Charpy V specimens
were considered :

- KCV standard : 55mm x 10mm x 10mm, fracture
section of 8 x 10 mm2,

- KCV-CEA : 55mm x 10mm x 2.5mm, fracture
section of 8 x 2.5 mm2.

Concerning TIG welds, the heat affected zone is sufficient
wide to place the notch inside it, so that both melted and
heat affected zones were tested. Concerning EB welds,
only the melted zone were tested. Table 1 summarises the
different tests performed.

Cylindrical specimens for creep tests were obtained in the
transverse direction. Their dimensions were 4 mm in
diameter and 20 mm of gauge length for EB and base
metal specimens, 25 mm in the case of TIG joints.

In the case of the thermal aged samples, the same type of
tensile and Charpy V (KCV-CEA) impact specimens have
been used.

MECHANICAL CHARACTERISATION OF AS-
RECEIVED WELDS

Tensile tests

Tensile tests have been carried out from room temperature
up to 600°C. The 4 types of weldments were tested (2
thickness and 2 processes) and the base metal for
comparison (Table 1).

The results on the base metal confirm that the second heat
of F82H (n° 9753) shows a higher tensile strength than the
first one (n° 9741).

The tensile tests on the TIG welds have shown that all the
transverse specimens were broken in the heat affected zone
or in the interface with the melted zone.



- 204 -

Table 1 : Matrix of mechanical tests on welded joints of F82H processed by JAERI

impact tests tensile tests

reference heat process thick. subsize CEA KCV standard

(mm) MZ HAZ MZ HAZ
transverse 
sampling

longitudinal 
sampling base metal

2W-5 9753 TIG 15 1.1t to 1.6t

31W-37 9753 TIG 25 2.1t to 2.2t

31W-14 9753 TIG 25 3Fat1 to 
3Fat12

3Aat13 to 
3Aat24

3FC1 to 
3FC12

3AC13 to 
3AC24

3.3t to 3.6t

4-5 9741 EB 15 4.1t to 4.6t

4-6 9741 EB 15
T1 to T5, 
X1 to X5, 
R1 to R5

42W-9 9753 EB 25 5FC1 to 
5FC12

5.1t to 5.6t 5.7L to 5.12L

42W-6 9753 base metal 25
6.1t to 6.6t

number of samples 27 12 24 12 24 6 6

total 75 36

If compared with the behaviour of respective base metals,
the TIG welded joints show a slightly higher strength
(figure 1). Fractographic examinations have revealed a
ductile rupture mode.

 TIG welded F82H, 15 et 25 mm thick, transversal sampling
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Figure 1 : Tensile strength of TIG welded joints
of 15 and 25 mm of thickness

Concerning the EB welds, all transverse sampled
specimens have been broken in the base metal whatever
they have been heat-treated or not. The longitudinal
sampled specimens have markedly displayed a higher
tensile strength than the base metal and lower ductility.
The heat treatment induced a considerably decrease of the
tensile strength to values close to those of the base metal
(figure 2). The fractographic examinations have revealed a
ductile rupture mode in all cases.

Impact tests

The impact tests carried out on TIG welds have shown
similar behaviours in heat affected zone and melted zone to
that of the base metal. Considering the KCV standard
geometry, the DBTT and the upper shelf energy of the
melted zone are respectively -20 ±5 °C and 350 ±5 J.cm-2.
Considering KCV-CEA geometry, they are respectively -60
±5 °C and 170 ±30 J.cm-2.

EB welded F82H, 25 mm thick, longitudinal sampling
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.Figure 2 : Tensile strength of EB welded joints of 25 mm
of thickness with or without post

welding heat treatment.

However in the heat affected zone, the DBTT is slightly
lower (-60 ±5 °C and -70 ±5 °C for both specimens types
respectively).

The EB weldments in the as-received condition (without
any post welding heat treatment) displayed a markedly
worse impact test behaviour characterised by high scattered
energy values. The DBTT is about 70 °C and between -100
and 50 °C for KCV and KCV-CEA respectively. These
results suggest that the EB weldments should be heat
treated before to be used, as in the case of the TIG
weldments.

Creep tests

Creep tests have been performed at 550 and 600°C on TIG
and EB weld joints in the as-received condition as well as
on the base metal. In the last case, specimens were
obtained in the transverse direction, that is perpendicularly
to the rolling direction of the plate.
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Figure 3 shows the dependence of the rupture time and the
secondary creep rate with the applied stress. Weldments
presented in general lower creep strength compared to the
base metal, especially for EB joints. But in all the cases,
rupture times and minimal secondary creep rates are nearly
of the same order of magnitude.
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Figure 3 : Creep properties of TIG and EB welds
compared to the F82H base metal. a) Rupture time and
b) Secondary creep rate determined at 550 and 600°C

In the case of TIG welds, both parameters tend to be
comparable to those of the base metal for the lower stress
levels used here (180 MPa at 550°C, 140-160 MPa at
600°C), as shown in figure 3. In contrast, EB welds exhibit
systematically shorter rupture times and higher strain
rates, in particular at 600°C. Nevertheless, the rupture is
generally  located in the base metal.

MECHANICAL CHARACTERISATION OF
THERMAL AGED WELDS

Tensile tests

Thermal ageing have been performed at 400 and 550°C
during 10 000h. Compared to the unaged condition, yield
stress and UTS values of aged TIG joints are slightly lower
showing that some further recovery have occurred during
ageing.

No significant modifications in the total and uniform
elongations are detected, but the reduction in area values
tend to decrease after ageing at 550°C.

In the case of aged EB welds, no changes in the tensile
strength is observed, but ductility values are in general
lower compared to the aged and unaged base metal [2].

Impact tests

Figures 4 and 5 show the behaviour of TIG and EB welds
after ageing. The transition curves corresponding to aged
weld specimens are compared with those of the welds and
base metal in the as-received condition.
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Aged TIG welds showed a similar evolution that the base
metal, that is, no significant modification is observed after
ageing at 400°C, but at 550°C a shift of DBTT and a
decrease of the USE level are detected. In the last case, an
extended transition region is obtained (from -200°C to
20°C) and the USE level drops from 37J to 30J. Compared
to the as-received F82H, the main difference of TIG joints
is their lower USE level which reaches only about 60% of
the USE base metal values.

EB welds presented a quite different behaviour after
ageing. At 400°C, scattered energy values are obtained as
in the unaged condition, but in the range of low
temperatures, the lower shelf is better defined and is
extended up to 20°C. As in  the case of as-received EB
joints, it is very difficult to determine the DBTT, but this
one seems to be located in the range 20/70°C.

In contrast, after ageing at 550°C for 10000h a regular
transition curve is obtained characterised by a DBTT of -
50°C and the USE level of 38J as shown in figure 5. These
conditions of ageing certainly induces a recovery of the EB
weld structure producing a higher USE level with the same
DBTT compared to TIG welds.

CONCLUSIONS


The mechanical behaviour of F82H weldments in the as-
received and thermal aged conditions have been
characterised by creep, tensile and impact tests. Specimens
examined in this work have been produced by TIG and
electron beam (EB) processes.  The main results could be
summarised as follows :

• TIG welds have been delivered in the post-weld heat
treated condition. In contrast, no post-welding
annealing have been performed for EB joints.

 
• Compared to the base metal, TIG welds are

characterised by :

§ Similar creep strength, rupture times and
secondary strain rates, in particular for the lower
stress range examined.

§ Similar tensile strength and ductility values before
and after ageing, but a faster decrease of the
reduction in area values is observed after ageing at
550°C.

§ Lower DBTT values but also lower USE levels in
both as-received and aged conditions. A small
shift of the DBTT and a decrease of USE is
detected after ageing at 550°C. The USE level of
TIG welds reach in all the cases only 60-65% of
the USE base metal.

• The mechanical behaviour of EB welds is related to the
lack of recovery of the as-welded structure.  Compared
to TIG joints and the base metal, lower ductility and
very scattered impact properties were obtained.
Consequently, a post-welding annealing seems to be
necessary to improve EB joint properties.  Tensile tests
on specimens with a post-welding heat treatment have
shown a similar behaviour compared to the base metal.
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SM 3-5.1

Task Title : CORROSION IN WATER WITH ADDITIVES

Corrosion studies on specimens from task A 4.2.1


INTRODUCTION


The first objective this subtask is to perform screening tests
on various Low Activation Ferritic (LAFs) materials in
order to access their susceptibility to various forms of water
corrosion in fusion representative water conditions. This
subtask could then be followed by a more thorough
assessment of specific forms of corrosion on the selected
materials, in particular those that could be induced by
faulted conditions. Concerning the first objective, the
proposed programme can be summarised as follows :

SPECIMENS PREPARATION

A maximum of twenty specimens will be tested in the
corrosion loop of task A 4.2.1. Depending on material
availability, four grades of LAFs could be tested in this
programme. The specimens will be prepared from coupons
50 x 20 x 2 mm. If tubes available, they will be used for the
Stress Corrosion Cracking (SCC) specimens.

GENERAL CORROSION IN WATER AT 320°C

The test will be carried out four samples of each grade in
the autoclave fitted on the loop of the Task A 4.2.1 for a
maximum duration of 5 000 hours. The exact water
chemistry will be defined in the Task a 4.2.1. The kinetic
of general corrosion will be evaluated by mass variation
measurements after removal of adherent corrosion
products, and on micrograpghic cuts at the end of the test.
The autoclave will be periodically opened and two
specimens of each nature removed for mass variation
measurements after 2 000, 3 000 and 5 000 hours of test
duration. These test duration could vary according to the
requirements of Task A 4.2.1.

PITTING CORROSION IN WATER AT 320°C

The test conditions will be similar to the ones described
before. The general corrosion specimens will be used for
this task. Pitting susceptibility will be evaluated by surface
examination for non destructive examination and at the
end of the test on the micrographic cuts of the specimens.

STRESS CORROSION CRACKING IN WATER AT
320°C

Depending on the materials availability, the SCC
specimens will consist either in :

- U-bend or four point load specimens  prepared from
coupons,

or :

- Reverse U-bend (RUB) specimens prepared from tubes.

The SCC susceptibility will be assessed by non destructive
microscopic examination of the specimens at the periodic
openings of the autoclave. At the end of the tests, the
specimens will be cut, resin mounted and polished for
destructive examination.

A maximum number of 8 samples will be used in this
task , for instance 4 grades x 1 condition x 2 specimens.

1998 ACTIVITIES


All the tests performed in the framework of this task will
be carried out in the corrosion loop of task A 4.2.1. The
manufacture of this loop started in March 1998 and will be
finished in April 1999. Thus, mid-1999 the corrosion tests
will start.

CONCLUSION


The susceptibility of four grades of LAFs to various forms
of water corrosion in fusion representative water conditions
will be investigated in this Task. On of theses materials
would be used to perform the water cooled lithium lead
blanket.
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SM 4-1.1

Task Title : ASSESSMENT OF EB AND GTAW WELDABILITY OF LAM

STEEL


INTRODUCTION


The recently developed low activation martensitic (LAM)
steels are the most viable as structural materials of DEMO
reactor first wall. LAM steels compositions are based on
replacement of molybdenum by tungsten in conventional
CrMo heat resistant steel.

Prior to select one of these alloys, the evaluation of its
weldability is required. The aim of this action is to evaluate
the respective applicability of electron beam (EBW) and
GTAW processes to the welding of LAM steels.

During 1998, the weldability of homogeneous butt GTAW
joints of F82H LAM steel has been studied by processing
fusion lines and welded joints on 2-mm thick plates,
without any chamfer nor filler metal.

Further, to compare with F82H EB weldability results,
which have been reported earlier, the weldabilities of LAM
steels JLF-1 and Optifer, using the electron beam process,
have been investigated in the case of plates of 5.5 mm
thick, in horizontal position.

1998 ACTIVITIES


TIG BUTT WELDABILITY OF F82H WITHOUT
ANY FILLER METAL

Operating conditions

The F82H plates of 2 mm of thickness were obtained from
24-mm thick plates by hot rolling at 1000°C, in CEA
Saclay. Then, the 2-mm thick plates have been heat treated
according to the elaboration conditions :

normalising : 1040°C / 38 min / Ar cooling

tempering : 750°C / 1 h / Ar cooling

Fusion lines have been processed by means of a 300-A
welding generator, with an arc voltage control, a water
cooled torch and a W Th 2% refractory electrode. Ar U
shielding gas has been used.

The voltage, the current intensity and the welding speed
have been respectively selected in the following ranges, 8.5
to 11.5 V, 75 to 200 A, 10 to 30 cm/min.

No pre- nor post heating was applied.

Operating weldability results

The results of GTAW fusion lines on F82H plates show a
rather good weldability in butt conditions. For each
welding speed which has been considered, it can be found
a suitable set of operating conditions leading to correct
weld shapes without defect (see as an example figure 1).
However, in case of too high intensity, depending on the
arc voltage, the melt tends to drop down (figure 1).

2 mm thick plate F82H, welding speed V = 10 cm/min
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Figure 1 : Results of TIG weldability on 2 mm thick plates
of F82H at a welding speed of 10 cm/min, effect of current

intensity on the weld width

The best operating conditions seem to be near beneath the
dropping down threshold. The corresponding welds display
identical widths at the upper face of the plate and at the
back face. Their heat affected zones are wider than the
half-width of the corresponding melted zones. The
following operating conditions have been selected to
process successfully welded joints (figure 2) :

welding speed
(cm/min)

arc voltage
(V)

current intensity
(A)

10 9,5 85

Microstructural characterisation

The microstructure of the melted zone is mainly composed
of laths of martensite which are delimited with very fine
carbides of M23C6 and M6C types. The grain size of the
high temperature austenite, which is greater than in the
base metal, allows the presence of long martensite laths
gathered in oriented masses. There are large grains of delta
ferrite at the limit with the heat affected zone and in the
upper part of the weld.
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TIG weldability of 2 mm thick plate F82H
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Figure 2 : TIG weldability domain of 2 mm thick plates
of F82H at a welding speed of 10 cm/min

The hardness of the melted zone is about 370 ± 30 Hv1. A
post welding heat treatment is highly recommended. The
heat affected zone also consists in laths of martensite. The
grains of austenite are much smaller than in the base
metal, so that they provide a finer martensitic structure.
The limits of the austenite grains are marked with fine
carbides in HAZ1. However, they are hardly
distinguishable in HAZ2 due to carbides dissolution.

EB WELDABILITY OF LAM STEELS F82H, JLF-1
AND OPTIFER

Operating conditions

F82H plates of 5 mm of thickness have been available
since 1997. Due to very low quantities of material
available, the JLF-1 and Optifer weldabilities have been
investigated on 5 mm thick plates, to be compared with the
results obtained on LAM steel F82H in the same
conditions.

Thus, both the 8 mm thick plates of JLF-1 material and the
50 mm square rod of Optifer material have been hot rolled
at 950°C down to 5 mm thick plates. Then, both materials
have been heat treated according to the elaboration
conditions :

JLF-1 Optifer

normalising : 1050°C/38 min/
Ar cooling

1075°C/60 min/
Ar cooling

tempering : 780°C/1 h/
Ar cooling

700°C/90 min/
Ar cooling

The 30-kW electron gun is supplied with voltage up to
60 kV. Welds and fusion lines are processed in a secondary
vacuum chamber of 5 m3, in flat position, by longitudinal
shifting of the gun at welding speed of 60 or 150 cm/min.
The focus distance is set at 150 mm for all tests. For
comparison, identical operating conditions have been
applied to Optifer, JLF-1 and F82H materials.

The welds and fusion lines have been controlled by X-rays
if displaying relevant shapes without any external defect.

Weldability results

As in the case of F82H, the fusion lines processed at
60 cm/min on JLF-1 and Optifer materials suffer from
substantial guttering.

Using a higher welding speed of 150 cm/min prevents the
melt from dropping down, so that the welds display
suitable shapes. Radiographic examinations evidence
further that these welds are free of internal flaws. These
results are similar for each operating condition
investigated, whatever the steel of concern. Considering
identical operating conditions, the three steels display
similar weld shape (Figure 3). The half-thickness width is
as low as about 0,75 mm in each case.

F82H
117D34

Optifer
125D4

JLF-1
121D10

x 12
1 mm

Figure 3 : Optical macrographs in cross section
of fusion lines processed on F82H -

Optifer and JLF-1 materials, Vilella etching,
operating conditions : 58 kV, 84 mA, 150 cm/min

Microstructural characterisation

For each steel, the microstructure of the melted zone is
composed of laths of martensite delimited with very fine
carbides.
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The grain size of the high temperature austenite is coarser
within the Optifer base metal if compared to the two other
steels.

The hardness of the melted zone is about 420 ± 20 Hv1 for
F82H and JLF-1 materials. The hardness of the Optifer
melted zone is slightly higher : 475 ± 20 Hv1 (figure 4).
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Figure 4 : Transversal hardness profiles
in cross section of the welds, operating conditions :

58 kV, 84 mA, 150 cm/min

CONCLUSION


The operating weldabilty of LAM steel F82H without any
chamfer nor filler metal, has been widely investigated by
processing fusion lines and welded joints on 2 mm thick
plates. Several sets of suitable operating conditions have
been selected. Welded joints have been successfully
processed. The microstructure of the welds are similar to
those of TIG welded joints processed by JAERI on 15 and
25 mm thick plates.

The EB weldabilities of F82H, JLF-1 and Optifer steels
have been investigated using plates of 5  mm of thickness.
The results show so far that the weldabilities are highly
similar. Defects-free suitable welds have been obtained
with the three steels at a welding speed of 150 cm/min.
However, the Optifer weld has displayed higher hardness.
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SM 4-4.1

Task Title : TRANSITION WELDMENT WITH A LAM STEEL

USING EB PROCESS


INTRODUCTION


The task SM 4-4 of the SM (Structural Material) Fusion
program has been initiated in 1997, concerning the
electron beam (EB) weldability of transition joints between
a low activation martensitic steel and a nitrogen stabilised
stainless steel (316LN-IG), with a view to join the cooling
pipes of the first wall modules with unirradiated tubes.

The weldability tests have been carried out on the F82H
steel and a SS 316LN-IG. The thicknesses of concern as
regards the application, are lower than those of both steels
in the delivery state, so that they have been hot-rolled
down to 5 mm of thickness.

The operating weldability has been investigated in 97,
leading to the selection of suitable operating conditions for
joining.

Further, this year, in order to take into account
microstructural effects of an eventual misdirection of the
electron beam during fabrication, the position of the
weldment relatively to the joint has been ranged up to
1 mm from each side of the joint, leading to various
conditions of alloys dilution in the weld.

The microstructures of each type of transition weldment
have been investigated in cross section by means of EDS
analysis and SEM. Microhardness profiles have been
carried out in all cases.

1998 ACTIVITIES


OPERATING CONDITIONS

The plates of F82H and 316LN-IG were 5 mm of thickness
(hot rolling in 97).

The welded joints were processed at a relative welding
speed of 60 cm/min, in horizontal position, using a 30-kW
electron gun supplied with voltage up to 60 kV. The
nominal position of the electrons beam axis has been
ranged up to 1 mm from each side of the joint in order to
provide a wide range of dilution conditions.

The relative contributions of each steel to the melt have
been evaluated by means of images analysis, in terms of
respective melted surfaces relatively to the total surface of
the melted zone in cross section.

The welds and fusion lines have been controlled by X-rays.

Sampling was carried out for metallography and EDS
analysis in cross section. EDS analysis was carried out in
order to plot the massic concentration profiles of the main
elements. Preliminary EDS concentration profiles were
obtained with at least 3 measures within the melted zone.
Further investigations have been carried out with more
measures to precise the profile shape, especially at the
borders of the MZ (diffusion and limits of dilution).

Transversal microhardness profiles have been carried out
in cross section of the joints in the as-welded state.

RESULTS

The electrons beam process keeps applicable to the welding
of the transition joints in all conditions of dilution. The
welded joints display suitable shapes in cross section.

The dilution rates of F82H material in the melt are
estimated to be ranged between 10 and 87% according to
the images analysis results. Knowing the contribution of
each steel and assuming that there is only poor effects of
differential evaporation of the elements from the melt, one
can fairly estimate the melted zone composition of each
weld as a function of the gap between the joint plan and
the beam axis. Further, in order to roughly predict the
corresponding microstructures, the welds are located on a
Schaeffler diagram (which is actually fitted to TIG
welding). The diagram indicates that various combinations
of austenite, martensite and ferrite contents can be
expected (figure 1). The EDS analysis performed across
the transition welds in cross section indicate that the
melted zone is homogeneous in composition at this scale.
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Figure 1 : Distribution of the welded joints in the
Schaeffler diagram according to the proportions estimated

from the mixing law knowing each steel contributions
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For each element, the analysis confirms the concentration
calculated according to the relative contributions to the
melt. Further, the metallographic examinations roughly
confirm the predictions coming from the Schaeffler
diagram. From 87 to 50% of F82H contribution, the melted
zone is essentially martensitic. Then, from 50 to 20%, the
martensite content in the welded zone decreases as a
function of F82H contribution and the microstructures
displays small quantities of delta ferrite. Beneath 20% of
F82H steel in the weld, the melt is essentially austenitic
with small quantities of delta ferrite. The various phases
contents lead to specific hardness profiles across the joints.
In case of high F82H contributions (from 87 to 50%), the
hardness in the melted zone fits unannealed martensite
hardness (figure 2).
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Figure 2 : Transversal hardness profile (Hv1)
across the transition weld at half plate thickness,

F82H contribution to the melt : 68%

At lower F82H contributions (from 50 to 20%), the
hardness decreases from the unannealed martensite value
at the F82H side to the austenite value at the 316LN-IG
side (figure 3).
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Figure 3 : Transversal hardness profile (Hv1)
across the transition weld at half plate thickness,

F82H contribution to the melt : 35%

In case of austenitic melted zone, the hardness profile in
the melted zone is nearly at the level the austenitic base
metal (figure 4).
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Figure 4 : Transversal hardness profile (Hv1)
across the transition weld at half plate thickness,

F82H contribution to the melt : 23%

CONCLUSION


The processing conditions leading to various dilutions of
each alloy in the melt led to suggest that an eventual
misdirection of the electron beam would not be risky for
the status of the welded joint. The various conditions of
dilution that were obtained led to various corresponding
compositions of the melted zone. In case of low F82H alloy
fraction the melted zone displayed on the whole a
microhardness close to that of the austenitic stainless steel.
The corresponding microstructure was indeed essentially
austenitic. This result indicated that in such a case, the
melted zone would be able to partially accommodate the
restraint and the stresses due to the gap between the
expansion coefficients of both alloys.
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SM 4-5.1

Task Title : INVESTIGATION ON COMMERCIAL FILLER METAL FOR

GTAW OF LAM STEELS


INTRODUCTION


The task SM 4-5 of the SM (Structural Material) Fusion
program has been initiated in 1998. The aim of this task
was to provide filler metal as an input for TIG weldability
tasks planned for the next Structural Material program
(1999-2002). Informations concerning filler metal for the
TIG welding of low activation martensitic steel has been
gathered focusing on F82H steel proposed by JAERI.
Further, commercial product suppliers have been contacted
with a view to select suitable filler wire or electrode.

1998 ACTIVITIES


LITERATURE RESULTS

A literature review has been carried out concerning general
aspects of LAM steels weldability, focusing on F82H.

On a wide range of composition, the LAM steels are easily
weldable following the TIG process. The weldments are
shown to be usually free of cracks. It appears that a wide
range of filler metal composition could be suitable (in
particular, filler metal for chromium steels) except for the
low activation criterion.

Preferential vaporisation of chromium and manganese (a
lower manganese content could low down the Ac1
temperature) could occur during TIG welding so that filler
metal may compensate this phenomenon by slightly higher
contents of these two elements. Low tantalum content
(0.02%) and low carbon content tend to improve the
ultimate tensile strength of the weld. However, a higher
tantalum content tends to provide a finer martensite, so
that a compromise solution has to be reached. The effect of
carbone alone is not clear yet. The addition of borum
seems not to be necessary. This is a favourable point
knowing that the ductile brittle temperature transition of
LAM steels after irradiation can easily be lowed down of
about 100°C if lowing down the borum content from 300 to
5 ppm (considering a possible shift of DBTT after
irradiation, a high value of absorbed energy is desirable).

FILLER METAL SUPPLIERS INVESTIGATION

Thirty six filler metal suppliers have been investigated
until December 98 (Alliages Industrie, AMSR, Avesta
Sheffield, Boehler Aciers Spéciaux, Boehler, Bonnefon,
Chpolansky (Ets), Commercy-Soudure, Comptoire
Lyonnais de Soudage, Cupex SA, DOGA, ESAB,

Eutectic+Castolin, Forges de Saint-Hyppolyte (Sté des), FP
Soudage, Frésa, FRO Saldatura Spa / Air Liquide, Kobelco
Welding of Europe BV, Lincoln Electric France SA,
Lincoln Smitweld BV, Mannesmann, Messer Grieshein
France, Metrode France SARL, Oerlikon Soudure France /
Air Liquide, Perma France, R&D Metals and Chemicals
Inc., Reboud Roche (Ets), SAF / Air Liquide, Sandvik,
Sandvik, Sprint Metal / Imphy SA, Thyssen France SA,
Thyssen Schweisstechnik GmbH Hamm, Unifrance, United
States Welding Corporation, UTP Boehler Thyssen).

Up to now, not any of them can propose a commercially
available product.

In order to have some filler metal available for the next
step, two filler wires of ten kilograms each have been
supplied from the JAERI with attached composition. These
wires come from the same heat as those used by JAERI to
process TIG welded joints.

CONCLUSION


A literature review has been carried out showing that the
filler products for the TIG welding of LAM steels should
have compositions close to those of the base materials.
However, the investigation has shown that no filler product
is commercially available yet. As a substitutive solution,
two F82H filler wires have been supplied from JAERI.
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SM 5-1.2

Task title: EVALUATION FOR APPLICATION OF MECHANICAL DESIGN

CODES FOR FUSION MATERIALS


INTRODUCTION


Within the ITER program, Structural Design Criteria
(ISDC) have been developed. Irradiation-induced
embrittlement and swelling have been treated in ISDC.
High temperatures envisioned in the long term fusion
program, involve more significant consequences of
irradiation damages than in ITER.

Moreover, it is known that martensitic materials have a
mechanical behaviour that may be different, in particular
for cyclic loads, from austenitic steels.

So, the aim of this task is to assess the applicability of
ISDC in the loading and material conditions forecast for
long term programme.

In this framework, it is of great interest to evaluate the
influence of the evolution of material properties under
irradiation on design rules.

1998 ACTIVITIES


SIMULATION OF IRRADIATION MECHANICAL
EFFECT BY MATERIAL HARDENING

Irradiation gives rise in material to hardening and
reduction of elongation and necking performance. This
phenomenon was simulated by strain hardening of the
material. Even if the mechanisms at the microscopic level
are not the same, the macroscopic mechanical behaviour
can be very similar.

So, we are using rotating hammering in order to simulate
the mechanical effect of irradiation. This way is very useful
in order to test the impact of material behaviour
modification on plastic instability and secondary stress
limitation rules.
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Figure 1 : Comparison of tensile curves of irradiated and strain hardened material
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Starting from the rapid quenched state, we performed 4
controlled deformation levels (15%, 25%, 35%, 45%).
Thereafter, tensile tests have been carried out on both
smooth and notched tensile bars. The mechanical results
already obtained (figure 1) are very encouraging and give
us all the experimental base for the definition and
validation of design rules. We have also performed an
experimental program with four point bending tests on
smooth and notch specimens in order to validate also the
criteria in bending.

The report SEMT/LISN/RT/98-038/a, intitled
« development of new design rules for low ductility
austenitic » gives the details of these results and has been
sent to the designated persons.

INSTABILITY CONDITIONS OF THE MATERIAL
ON NOTCHED SPECIMENS

The experimental tests on notched specimen have shown
that the conditions of instability and rupture in notched
tensile specimens are largely influenced by the structural
effect occurring in this geometry. Simple methods are
presented here in order to use the values obtained from a
tensile test on a smooth tensile specimen and then to
calculate the values for the notched specimen. Different
investigators like Bridgman have shown that instability
conditions can be correlated with triaxiality factor. This
factor is here defined as the hydrostatic pressure divided by
the equivalent (Von Mises) stress.

This value is calculated at the centre of the reduced section
where it is maximal. For notched tensile specimens, it has
been demonstrated that the initial triaxiality factor TF is
given by:







 ++=

R2

a
1Ln31TF (1)

where a is the radius of the minimal section and R the
radius of the notch and TF value is normalised to give the
unity in the pure uniaxial stress state.

In figure 2, the values of the mean strains at instability are
the points given as a function of TF values calculated for
the 3 notched tensile and smooth configurations. For
notched tensile configurations, the different hammering
rates are indicated with different points in the figure. The
difficulty to define the mean deformation at instability
(because in this region the curves are rather flat) are
represented by vertical segments.

The experimental points indicate that the mean strain at
instability first increase with TF values ranging from 1 to
1.5 and then continuously decreases when TF is larger
than 1.5. For the different hammered materials, the
rational tensile curves were fitted according an Hollomon’s
relation: σ = kεn just before the instability region. The
different values of n obtained are n = 0.47, 0.27, 0.14 and
0.085.
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According to this equation and using the formulae
developed by Bridgman and assuming that the R radius
does not change during the loading, the following equation
was obtained to calculate the strain at instability :

n
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If α tends toward zero, the above equation is reduced to the
well known Considere equation :

n=ε (3)

The values calculated with equation (2) are represented by
the lines drawn on figure 2. The experimental points
follows the same general trends of reduction against TF
and hammering rates as predicted by this equation.

FAILURE CRITERION ON NOTCHED SPECIMENS

In figure 3, the failure points in term of mean strain of the
tests on notched tensile specimens are plotted versus
triaxiality factor.

The triaxiality factor is calculated according to the
Bridgman formulation with initial geometry. The results of
mean strains at rupture are normalised to the mean strain
obtained at rupture for the tensile test on smooth specimen.

For ductile materials, Mc Clintock has developed a damage
approach (based on void growth) which shown that strain
at rupture can be estimated by the equation :

( )TF.Asinh

B
rup =ε (4)

where A and B are 2 constants depending only of the
material. For positive triaxiality factor this equation
becomes :

( )TF.Aexp
B

rup =ε (5)

By normalisation with the strain at rupture of tensile tests
εrup

tensile the equation is reduced to :

( )[ ]TF1Aexptensile
ruprup −ε=ε (6)
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Figure 3 : Normalised mean strain at rupture versus triaxiality ratio
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Mac Clintock has shown that A parameter is proportional
to strain hardening coefficient n. This has been found also
in our experimental results. The A values are calculated
from εrup and TF experimental values with the upper
equation. This gives a linear correlation with the n values
that were obtained by fitting of n parameter of an
Hollomon’s equation of the tensile curves on smooth
specimen.

This model gives a fairly good approximation of the
experimental results obtained. For comparison, Figure
gives also the reduction calculated by Mac Clintock for a
plastic perfect material (n=0) for which A=0.86 is
proposed.

CONCLUSIONS


The four tasks which were scheduled in this program are
now achieved. The first task was entitled "Needs for
materials characteristics - Compilation of available
materials characteristics". The second one was entitled
"Local approach use assessment". The third one is
corresponding to "Experimental validation tests". Finally,
the last item was "Evolution of ISDC to a general fusion
reactors design guidance"

This set of work can now be use for the definition of an
eventual evolution of ISDC rules. Further work will be
required for the low cycle fatigue regime or the elastic-
plastic fracture mechanics area.
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SM 6-4.2

Task Title : MICROSTRUCTURAL CHARACTERISATION BY SANS

TECHNIQUES
Microstructural characterisation after thermal ageing of LAM and conventional
martensitic steels by Small Angle Neutron Scattering



INTRODUCTION


Low Activation Martensitic (LAM) steels are candidates
for internal structures of fusion reactors. The concept of
Low Activation steels or Reduced Activation steels was
introduced for new materials that offer benefits on
maintenance operations and waste management. For
martensitic/ferritic steels, the main alloying elements such
as molybdenum, niobium and nickel present in commercial
steels are substituted by elements such as tungsten,
vanadium, manganese and tantalum. These elements have
a similar influence on the constitution and structure but
exhibit a lower radiological impact.

In order to assess low activation materials and to
understand the effect of the substitution of W to Mo and Ta
to Nb on the evolution of the microstructure during long-
term ageing, LAM alloys and also conventional steels are
characterised by Small Angle Neutron Scattering (SANS).

1998 ACTIVITIES


LAM alloys F82H, JLF1, LA12LC and LA12TaLC were
characterised by Small Angle Neutron Scattering (SANS)
before and after ageing [1] and the results were compared
to those acquired previously on conventional steels (EM10
and HT9)[2].

MATERIALS

The chemical compositions of the steels used in this study
are listed in table 1. The Japanese steels F82H and JLF-1
alloys contain respectively (%wt) 7.5Cr -2W and 9Cr-2W
and are large industrial heats. Compared to F82H and JLF-
1, the LA12LC and LA12TaLC alloys (9Cr-0.8W), contain
low concentrations of W. These two last materials allow to
study the effect of a low W and Ta content on the
microstructure evolution under thermal ageing.

The alloys were austenitized at high temperature, then they
were tempered at 750/780°C during 1 hour. Some of the
studied materials have been 10% cold rolled. The details of
these treatments for each material are given in table 2.
After these thermal treatments, a fully martensitic structure
is obtained for all the alloys except for HT9 which presents
a small amount of delta-ferrite (<3%) in the martensitic
structure.

After normalisation and tempering treatments, the
predominant precipitated phase is a chromium rich M23C6

carbide. These particles are located preferentially along
prior austenite grain boundaries and along lath boundaries.
The chemical composition of the M23C6 was measured by
TEM on carbon extraction replica and does not really
differ from LAM and conventional alloys. It is about
35%Fe-60%Cr-5%W/Mo (in atomic %) [3,4] and for the
F82H steel no other precipitation has been detected [5].
Other second phases M2X and/or MC are also detected
respectively in EM10 and HT9. Some particles of Ta(N,C)
and of MX (M=11%Cr, 77%V, 10%Fe) have been
observed in the JLF-1 alloy [5]. For the LA12LC and
LA12TaLC, the TEM observations have not yet been
performed, but we could expect that V-rich MX and
Ta(N,C) (only in the Ta rich alloy) precipitates are present.

The normalised and tempered specimens, HT9 and EM10,
were aged at 400°C, 450°C and 500°C up to respectively
22000 h and 15000 h. The LAM alloys were aged at
250°C, 350°C, 400°C, 450°C and 550°C up to 13500 h for
F82H and JLF-1, and up to 5000 h for LA12TaLC and
LA12LC.

Table 1 : Chemical analysis of experimental steels (wt %)

Steel Cr W Mo Ni Mn Ta V Si C N

F82H 7.46 1.96 0.21 0.023 0.15 0.10 0.087 0.006

JLF-1 8.7 1.91 0.47 0.08 0.18 0.05 0.10 0.028

LA12TaLC 8.9 0.76 1.01 0.1 0.39 0.03 0.09 0.019

LA12LC 9.0 0.76 1.01 0.38 0.03 0.09 0.033

EM10 8.8 1.0 0.2 0.02 0.1 0.024

HT9 12 0.5 1.0 0.6 0.3 0.1 NA*

* Not  Analysed

RESULTS

Measurements have been made at room temperature, under
saturating magnetic field H=2T perpendicular to the
incident neutron beam direction in order to separate
magnetic and nuclear scattering.

LAM alloys

F82H alloy

The intensities obtained on F82H samples present an
anisotropy, before and after ageing, even in absence of
magnetic field. This anisotropy is probably the result of a
morphologic texture of the microstructure i.e. a
preferential orientation of the precipitates in the matrix.
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The scattered intensities obtained as a function of the
scattered vector q and measured on the samples aged
13500 h are presented in figure 1. There is no evolution of
the microstructure in comparison with the reference
sample (without thermal ageing). All the SANS intensities
are identical taking into account the error bars. The
scattered intensities are high at low q and correspond to
large size precipitates, i.e. the M23C6 carbides initially
present in the material.
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Figure 1 : Scattered intensities measured, without applied
magnetic field, on F82H samples before (reference)

and after thermal ageing for during 13500 h at different
temperatures

At low q, the A ratio(ratio on the scattered intensities
measured perpendicularly and parallel to H) of M23C6

carbides is about 4-4.5. The A ratio calculated using the
chemical composition measured by TEM, i.e. 35%Fe
65%Cr 5%W, is 3.5. This value depends on many
parameters which are unknown precisely, such as the
atomic volumes in the matrix and in the precipitate, and
the magnetic moments. So, to estimate the A ratio
corresponding to the carbides, we used theoretical values
(the atomic volume has been deduced from tabulated
Cr23C6 cell parameters, the magnetic moment is taken
equal to that of pure iron). Taking into account of this
uncertainty, the measured A ratio at low q is in agreement
with chemical composition of the carbides determined by
TEM.

JLF-1 alloy

The JLF-1 alloy has been characterised by SANS after :
2000 h at 550°C and 13500 h at 250°C, 400°C and 500°C.
The variation of scattered intensity in comparison with the
reference sample is too weak to be considered as
representative of a microstructure evolution. At 550°C, the
SANS intensity seems to increase at low q with ageing.
Some SANS measurements have been made with and
without magnetic field and have confirmed this behaviour
but this evolution of SANS intensity with the ageing at
550°C is too weak to be interpreted.

Furthermore, the A ratio measured at low q, does not
change with ageing and is about 3-3.5. This value is
slightly lower than for F82H alloy, although the chemical
composition of the M23C6 carbides is not significantly
different in these two materials. The difference of the A
ratio between the steels is significant and probably
representative of the presence of additional or different
phases. Quantitatively, it is very complicated to calculate a
mean A ratio resulting of several kinds of particles because
each contribution has to be weighted by its corresponding
form factor and by the number density of each phase. The
A ratio in a pure iron matrix is for TaC equal to 10, for VN
it is equal to 3.9 and for VC it is equal to 2.23.
Qualitatively, only the VC or VN or V[N+C] particles can
induce a decrease of the mean A ratio. Indeed, the presence
of TaC carbides should sharply increase the A factor. So,
to explain the results obtained on JLF-1, we have to
assume that the contribution of the V(N,C) particles in the
matrix have an important effect on the mean observed A
ratio.

LA12TaLC and LA12LC alloys

As for JLF-1 and F82H materials, we did not observe by
SANS any significant variation of the scattered intensity
after ageing ( figure 2). The A ratio measured at low q is
about 2.5 for the LA12LC alloy and 3 for the LA12TaLC
alloy.These values are lower compared to the other alloys.
The A ratio is higher for the Ta rich alloy which is
compatible with the presence of Ta(N,C) in the matrix of
LA12TaLC and not in the matrix of LA12LC.
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Figure 2 : Intensities scattered perpendicularly to
magnetic field measured on LA12LC samples before

(reference)  and after thermal ageing for during 5000 h at
different temperatures

Conventional alloys

For these alloys (in contrast with the LAM materials), after
each ageing treatment, we observed an increase of the
scattered intensity in comparison with the reference
sample.
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So, the intensities presented are obtained after subtraction
of the reference sample (without thermal ageing). The
scattered intensities obtained on HT9 alloy thermally aged
22000 h at 400, 450 and 500°C are plotted in figure 3.
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Figure 3 : Intensities scattered perpendicularly to
magnetic field, obtained after subtraction of the reference
sample, measured on HT9 samples thermally aged 22000 h

at different temperatures

EM10 alloy

The scattered intensities after treatment at 400 and 450°C
are similar and markedly lower compared to those
observed after ageing at 500°C.

For thermal ageing at 400°C and 450°C, mechanical
properties show a clear hardening with the same intensity
for the two ageing temperatures [6]. The scattered
intensities could correspond to the microstructural
evolution responsible of this hardening. The data treatment
shows that the SANS profiles can be interpreted with a
distribution of particles with a mean radius close to 3 nm.
The A ratios are constant on the whole measured q domain
and equal to 3.5 ± 0.6. This value could correspond to
several kinds of particles : M2C carbides with the following
chemical content M(at%)= 83Cr, 12Fe, 5Mo, or VC
carbides. The precipitation of M2C is not expected because
during thermal ageing at those temperatures they seem to
disappear [7]. Moreover, preliminary thermodynamic
calculations showed that, at the equilibrium, these carbides
are present only between 600 and 850°C.

At 500°C, the intensity is higher and follows a POROD
law (I ∝ A/q4) characteristic of large size particles. This
kind of profile can be due to Laves phases at grain
boundaries. The A ratio is equal to 6 ± 1, which is
consistent with Fe and Mo rich particles such as the Laves
phase Fe2Mo observed by TEM.

HT9 alloy

The behaviours at 400 and 450°C are different, the
intensity at 400°C is lower than at 450°C and 500°C.

On the other hand, we note only a small evolution between
450°C and 500°C as it is shown on figure 12. At high
temperature, the scattered intensities follow a POROD law
(I ∝ A/q4) as for the EM10 alloy. Furthermore, the A ratio
is equal to 3.45 ± 0.5 and 4 ± 1 respectively for 450°C and
500°C, which is consistent with Fe2(Mo,W) Laves phase.
Indeed, the substitution of Mo by W in the Laves phase
induces an important decrease of the calculated A ratio
(compared to the case of EM10, aged at 500°C, containing
no W).

At 400°C, the study of the form factor shows that the
radius of the particles is around 1nm. The associated A
ratio is equal to 2 ± 0.4, in agreement with the value
expected for alpha-prime clusters. With the assumption of
alpha prime-clusters containing 90%Cr and 10%Fe, the
precipitated volume fraction is around 0.25%.  For this
thermal treatment, no new phase has been observed by
TEM.

CONCLUSIONS

SANS experiments were performed on Low Activated
Materials JLF-1, F82H, LA12TaLC and LA12LC and on
conventional alloys EM10 and HT9. These measurements
have been made several times in order to confirm the
results and to define the experimental error bars.

This study confirms the different behaviours under thermal
ageing between the conventional and LAM alloys.

In the conventional alloys HT9 (12Cr 1Mo-W) and EM10
(9Cr 1Mo), the SANS results have shown, in agreement
with TEM observations, the formation of Laves phase
under thermal ageing beyond respectively 450°C and
500°C with a chemical composition depending on the W
and Mo initial content. A higher precipitated fraction
probably occurs in HT9 due to the higher Mo+W
concentration. The fact that no Laves phase occurs at
450°C in the EM10 can be explained by the low
precipitation kinetics at this temperature. At lower
temperature (400°C), in the conventional alloys, we
observed the formation of alpha- prime clusters in HT9 and
of a new precipitation in EM10 which are probably at the
origin of the hardening observed on mechanical properties.

In LAM steels, the structure developed after tempering
seems to be stable under thermal ageing up to 13500h at
temperature between 250°C and 550°C. The measured
scattered intensities correspond essentially to the M23C6

carbides present after tempering treatment. The A ratio
shows some variations with chemical composition of the
alloys which can be due to the presence before ageing of
other kinds of precipitates (VX or TaX). Under thermal
ageing, no significant evolution has been detected in F82H,
JLF-1, LA12TaLC and LA12LC alloys whatever the
ageing temperature. In particular, no Laves phase was
detected at 550°C even in the high W content steels (F82H,
JLF-1).
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Due to the very low solubility of W and Mo in iron, we
could expect the formation of the intermetallic Fe2(W,Mo)
in all the alloys. It seems that the precipitation kinetic of
the Laves phase in W rich steels is hindered by the weak
diffusion of the W in iron.

Furthermore, at low temperature, no new phase was
detected in studied LAM alloys although that the Cr
content is quite similar in EM10 and JLF-1, LA12LC and
LA12TaLC.

Finally, the LA12TaLC and LA12LC exhibit similar
microstructure stability under ageing, so no significant
effect of tantalum on precipitation evolution has been
observed excepted a slight increase of the A Ratio.

In order to clarify the role of each main element, studies of
model LAM alloys (LA4Ta, LA12Ta and LA13Ta)
thermally aged between 250 and 550°C are in progress.
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WP5

Task Title : COORDINATION

Materials R&D Strategy for Future Fusion Reactors


INTRODUCTION


Until recently, the fusion technology programme had a
near term goal and a long term goal.  The near term goal
aimed at construction of an International Thermonuclear
Experimental Reactor (ITER) in about 10 years time and
was carried out jointly by four Home Teams (EU, JA, RF,
US).  The long term goal focussed on post ITER machines
and was carried out primarily at the national level, though
the R&D programmes were usually harmonised under
different IEA implementing agreements.  The transition
between the two goals was insured through testing of
Breeding Blanket Module concepts in ITER.

With the recent changes in the fusion technology
programmes, at the national and international levels, the
near term objectives are scaled down and the long term
objectives delayed.  This paper addresses the consequences
of such changes on the EU materials long term
programmes and attempts to develop a materials strategy
for the future work.  It is based on a presentation made at
an IEA Sponsored Workshop on “Strategic Planning and
Co-ordination of Research on Fusion Structural Materials”,
5-7/9/98 RISÖ National Laboratory, Denmark.

1998 ACTIVITIES


MATERIALS R&D STRATEGY

The most likely scenario for the next step machine is a
reduced cost machine and/or an extension of existing
fusion machines.  ITER Test Blanket Module programme
has to be adapted to the new machine.  The delay in the
long term program could be used for evaluation of
alternative reactor concepts.  Though the present liquid
and solid breeding blanket concepts should remain
amongst the primary solutions, the possibility of a different
approach can not be ruled out.  As a result, the materials
programme must incorporate a certain degree of flexibility
and design independence.

To develop such a long term materials strategy, one could
make a number of assumptions that would apply to any
future fusion reactor concept and based on those
assumptions derive the target materials requirements.

Assumption 1 : The future reactor would operate
in a continuous mode

In a continuous operation mode, the reactor is only
periodically shut down for maintenance.  For instance, in a
pool type fission reactor, each operation cycle time is about
one month, in a research type reactor such as Phénix it is
about three months, and in a commercial reactor it is over
one year.  As a result, we can reasonably deduce that the
number of thermal fatigue cycles resulting from normal
start-ups and shut-downs would be small, about 20 to 200
times.  In another word, the number of thermal fatigue
cycles (excluding plasma disruptions) will be small, but the
exposure time and the neutron doses much higher.

Conclusion: Target materials may not need to exhibit a
high resistance to thermal fatigue resistance, but have to
withstand exposures to high neutron irradiation doses (100
to 200 dpa).

Assumption 2 : The future reactor has to be economical

A number of factors determine the economy of a reactor.
From the thermal efficiency point of view, the reactor must
operate at higher temperatures. A higher service
temperature would:

1) accentuate the creep damage,
2) modify the choice of coolant,
3) change the irradiation damage mechanism.

At low irradiation temperatures, the main damage
mechanism is hardening associated with a reduction in
ductility and toughness.  At high irradiation temperatures,
radiation hardening is less pronounced but swelling and
grain boundary embrittlement are enhanced.  The latter
two mechanisms are intensified with the increasing
irradiation dose.

Since some components or part of the same component
may operate at lower temperatures, the target materials
must also resist low temperature irradiation embrittlement.

Conclusion:  The target materials must have good elevated
temperature mechanical properties, be compatible with the
cooling medium and resist low and high temperature
irradiation damage.

Assumption 3 : Low activation materials

This assumption applies to materials that yield lower short
term (for intervention) and lower long term (for storage)
activation characteristics.
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Two solutions can be envisaged. One is to develop low
activation grade materials from the existing conventional
alloys (more affordable solution), the other is to develop
totally new alloys from advanced or alternative materials
(requires more extensive R&D work).

A reduction of high activation trace elements or impurities
in commercial materials is a generic problem and is tied to
technological advances and cost. It is, therefore, the
presence of major alloying elements that determine their
the aptitude of a materials towards low activation grade
development.

In a typical stainless steel alloy composition, nickel,
molybdenum, and niobium are the principal causes of
activation. Molybdenum and niobium can be easily
replaced with their equivalent low activation elements. In
contrast, replacing nickel with another element means
developing a totally new alloy.

The situation of ferritic / martensitic steels is different.
Here, nickel is not a principal alloying element and Mo
and Nb are present in small amounts and can be replaced
with other elements (e.g. W, V, Ta).

In the category of advanced / alternative materials,
vanadium alloys and silicon carbide ceramics offer an
excellent combination of low activation and high
temperature resistances.

Conclusion:  Ferritic / martensitic steels offer the easiest
and most reliable transition from the current qualified
family of materials to the low activation materials.  The
future R&D work needed for these alloys is mainly refining
of specifications developed under current national
programmes and generation of design data for different
product sizes and forms.  Development of high temperature
grades (e.g. ODS) should also be part of this work.
Alternative materials, such as vanadium alloys and
ceramic carbides offer higher service temperature
potentials.  The scope of the R&D work for these materials
should remain open and responsive in the next few years to
the results of the ongoing work and technological
advances.

Assumption 4 : A variety of materials will be needed

The operating conditions of various components in a fusion
reactor vary significantly.  Often one has to use different
materials or a combination of materials to satisfy these
conditions.  For instance, in ITER, Be was envisaged as an
armour material in the primary modules, but W and CFC
were chosen for the lower modules and divertor region.
Copper and copper alloys were placed on the stainless steel
to act as a heat sink.  Nickel and titanium alloys were
envisaged for attachment of primary modules to the back-
plate.

Conclusion: A large number of materials have to be
investigated.  However, most of these can only be identified
at a later stage of design or after qualification in the near
term machines.

Assumption 5 : Advanced Fabrication Methods

The complex geometries of first wall, blanket and vacuum
vessel require advanced fabrication methods. These include
solid and powder HIPing, casting, diffusion bonding,
brazing, etc.

Conclusion:  Target materials must be compatible with the
advanced fabrication techniques.

Assumption 6 : Joining, inspection and repair techniques

It is imperative to develop appropriate joining, inspection
and repair techniques for materials used in fusion reactors.
In fact, the choice of a material can be governed by the
availability of such techniques for that material.

Conclusion:  Identify and develop appropriate joining,
inspection and repair techniques for target materials.

GENERAL SUMMARY AND CONCLUSIONS

A number of assumptions are made in this paper regarding
the needs of future fusion reactors. From these
assumptions, principal requirements of structural materials
and related R&D programmes are derived. These can be
classified under three themes.

1) Principal axis of R&D
 
 Ferritic/martensitic steels are confirmed as the

reference target materials for future fusion reactors.
Work to be done on these materials in the next few
years includes fine tuning of compositions and
production of design data. Higher temperature grades
of F/M steels, e.g. ODS, should be developed for
specific applications.

 
2) Alternative materials
 
 Alternative materials such as vanadium alloys and

ceramic carbides offer a greater potential for future
reactors.  The scope of the R&D programme for these
materials should, nevertheless, remain open and
responsive to the ongoing work and the technological
advances.

 
3) Mechanistic studies
 
 Since the damage mechanisms resulting under true

fusion environments (e.g. 14 MeV neutrons) are not
fully understood, the R&D programme should integrate
basic studies and experimental facilities for validating
and guiding future programmes.
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WP3-3.3

Task Title : CHARACTERISATION OF MATERIAL, SPECIFIC TESTS AND

PERFORMANCE CONSIDERATIONS OF LOW ACTIVATION
CERAMIC COMPOUNDS (LACC) SUCH AS SiCf/SiC



INTRODUCTION


The use of SiCf/SiC composites as structural material
appears essential to demonstrate the potential of D-T
Fusion Power Reactors (FPR) in terms of safety. The low
activation- and afterheat-level associated with SiCf/SiC
after long-term neutron irradiation permits to design FPR
nuclear components showing high safety standards and
simplified maintenance schemes.

In particular two strategies [1] can be conceived : i)
minimize the inventory of activation in the plasma
chamber such as inherent safety can be achieved, which
leads to the ARIES-type proposals for breeding blanket
using Helium as coolant and Lithium-based ceramics as
tritium breeder, and ii) minimize the energy inventory in
the plasma chamber leading to passive safety, as obtained
in the TAURO-type proposal using Pb17Li as coolant and
breeder. In the first case accidental releases have
minimized radiological consequences for the public, in the
second case accidental releases have minimized occurrence
probability.

Within this framework, in the last couple of years the
activities of CEA, which started in 1992, have been
concentrated on the development of the TAURO concept
and on the definition of the main issues related with the
use of SiCf/SiC composite as FPR breeding blanket
structural material when comparing the required material
properties with present-day characteristics of industrial
SiCf/SiC.

Experimental activities for developing joining techniques
for SiCf/SiC (e.g., brazing) are also being performed at
CEA. In fact, these activities have continued in 1998
without support from the EU technology program and,
therefore, will not be reported here.

1998 ACTIVITIES


With reference to the 1997 Progress Report [2], the
activities in 1998 have further been focused on the
assessment of the use of SiCf/SiC as structural material for
fusion in-vessel components application and on the
development of the TAURO blanket design.

ASSESSMENT OF THE USE OF SiCf/SiC AS IN-
VESSEL COMPONENTS STRUCTURAL
MATERIALS [1]

The comparison of the characteristics of present-day
industrial materials with those required when ceramic
composites are used as structures of in-vessel components
in FPR can give an idea of the R&D efforts and lead time
for obtaining a satisfactory fusion-relevant SiCf/SiC. This
assessment, which was the most important objective of the
1995-98 activities, is shortly summarized hereafter.

Main characteristics of present-day industrial SiCf/SiC

Recently developed by SEP, a 3-dimensional SiCf/SiC

composite, the Cerasep N3-1, has been industrially
manufactured in 1996. Its main characteristic are given in
Table 1 in comparison with those used in the design

analyses. Cerasep N3-1 is based on an advanced texture,

called GUIPEX, a multilayer 3D texture in which a third
texture direction, created by linking the layers during
weaving, avoids delamination risks when shaping and
densifying the parts.

Furthermore, GUIPEX texture permits the manufacture

of parts with very complex shape. Cerasep N3-1 has the
same raw components as the previous 2D version, that is
NL207 Nicalon fibers and SiC matrix (CVI process).
Therefore, most results of tests obtained for 2D-materials,
such as compatibility tests, can be extended to this new
3D-material.

In order to improve the composite irradiation resistance,

the Cerasep N4-1 is under development ; this new

material has the same structure of the Cerasep N3-1 but
it uses Hi-Nicalon fibers which leads to a reduced Oxygen-
content in SiCf/SiC of 0.2 wt% instead of 4.6 wt%. It is
expected that the maximum operating temperature of this
new composites can be significantly increased up to
1400°C.

At present, the maximum thickness that can be
manufactured is 6 mm, lower than the 10 mm FW-
thickness assumed for TAURO. Techniques for achieving
the fabrication of higher wall thickness need therefore to
be developed.
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Table 1 : Main characteristics (and uncertainties) of present-day industrial SiCf/SiC
composite compared with those used in the calculations

SiCf/SiC Characteristics
Temperature

(°C)
Assumed in TAURO

analyses
Measured for Cerasep

 N3-1

Density 20 2.5 g/cm3 > 2.4 g/cm3

Porosity 20 10 % (10 ± 2) %

Fiber content - 40 % 40 %

Tensile strength (in plane) 20 285 MPa (300 ± 20) MPa

Tensile strain (in plane) 20 0.65 % (0.80 ± 0.25) %

Young Modulus (in plane) 20 230 GPa (200 ± 20) GPa

Trans-laminar shear stress (x-y) 20 - (200 ± 20) GPa

Inter-laminar shear stress (x-z) 20 40 44 MPa

Thermal Conductivity (in plane) 1000 15 W/m/K 15 W/m/K

Thermal conductivity (along the thickness, z) 20
800
1000

15 W/m/K
15 W/m/K
15 W/m/K

(13 ± 2) W/m/K
7.6 W/m/K
7.5 W/m/K

Thermal expansion coeff. (in plane) 20 3.0 x 10-6 K-1 4.0 x 10-6 K-1

Fracture toughness 20 30 MPa m-1/2 -

Poisson ratio, n 20 0.18 -

Assumed joining techniques (i.e., assembling during
manufacturing at a textile or intermediate densification
stage and/or brazing between finished components)
require, in order to be efficient in a fusion environment, to
be further developed and tested [3].

It is known that the presence of some kind of impurities
can considerably jeopardize the advantages of using low-
activation materials. In the case of SiCf/SiC, information
from industry are available on SiC, but very little is know
for the composite. However, because of the fabrication
method using CVI used for the SiCf/SiC, the only
significant impurities are those present in the SiC-fiber.
Table 2 summarizes the maximum levels of impurities that
have been measured for Nicalon-NL207 fibers and,
therefore, that can be expected in present-day industrial
SiCf/SiC.

Effects of neutron irradiation

Neutron irradiation have several deleterious effects on the
composites characteristics. The major ones, mainly due to
atoms displacements (dpa) and He-production, are the
reduction of thermal conductivity, the expected increase of
electrical conductivity, the reduced stability of the fibers to
bulk SiC-interface, the swelling, the fiber densification,
and the irradiation creep. Performed neutron irradiation
experiments on SiCf/SiC are in the dpa-level range of 20
to 50, to be compared at the more than 100 dpa expected in
FW of in-vessel components. Promising behavior on
radiation stability has been shown from Hi-Nicalon fibers
with a reduced Oxygen content.

Table 2 : Chemical composition of industrial
SiCf/SiC using Nicalon NL207 fibers

Element wt% Element wt% Element wt%

Si ~ 66.8 C ~ 30.1 O ~ 4.1

N 0.114 Al 6.3E-5 Cl 0.03

Ti 1.9E-4 V 3.0E-5 Cr 8.0E-4

Mn 2.9E-5 Fe 7.7E-3 Co 4.4E-5

Ni 4.2E-4 Cu 3.0E-4 Zn 8.3E-5

As 1.0E-5 Zr 1.0E-4 Nb 5.0E-4

Mo 4.0E-4 Ag 1.0E-5 Sn 3.0E-4

Sb 5.3E-6 Nd 1.0E-4 Eu 6.6E-8

Tb 2.0E-7 Hf 1.2E-6 Ta 1.1E-5

W 4.9E-5 Os 3.0E-3 Pb 1.0E-4

Na 3.2E-4 K 8.0E-4 Sc 7.6E-4

Br 4.7E-6 La 2.2E-6 Ce 1.1E-6

Au 6.0E-6 Hg 6.0E-7 Ga 4.8E-6

Thermal conductivity

Out-of-pile values of thermal conductivity for industrially-
available SiCf/SiC are already too low for their use in
plasma-facing components (e.g., blanket FW, divertor,
etc.); neutron irradiation will reduce even further such
values; a significant improvement of the thermal
conductivity of present-day SiCf/SiC (a factor 3 or more)
has to be obtained; this could probably be done by adding
some doping materials and/or by using advanced SiC
fibers; the choice is more limited for He-cooled
components.
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T-inventory and chemical stability

Very few information is available on the T-retention of
SiCf/SiC. Kinetics of possible chemical and physical
interactions between the composite and H-isotopes in
blanket-relevant conditions have to be experimentally
evaluated. Experimental data on Tritium diffusivity and
solubility over the temperature range of 1000 to 1500°C
are only available for vapor-deposited b-SiC. Both
diffusivity and solubility are found higher than for metals.
There are indications that both diffusivity and solubility
are controlled by tritium trapping at lattice defects.
However, the extrapolation to relatively highly-porous
SiCf/SiC is not straightforward.

Design-related issues

The following main developments are needed :
i) appropriate design codes and design criteria;
ii) appropriate models for evaluating ceramic composites
behavior taking into account the multi-layers structure and
the spread of the experimental data on basic material
characteristics ; iii) methods for evaluating joints
behavior ; iv) basic calculation models concerning both
fatigue analysis and the evaluation of the impact of
irradiation effects (e.g., dpa, He-production, etc,) on
lifetime and properties modification.

Hermeticity

This issue is more important for He-cooling than for
Pb17Li cooling and it is related to porosity. Densification
up to almost zero-porosity of SiCf/SiC is in principle
feasible (very long process); however, the final material
will be highly brittle because porosity favors the composite
elastic behavior. Therefore, a difficult compromise is
needed : reaching very high tightness to the coolant
without loosing the good mechanical and thermo-
mechanical properties of the composite (even more
difficult in case of SiCf/SiC tubes). In case of He, the only
available solution appears the use of dense SiC-coating on
porous SiCf/SiC. Lifetime and efficiency of coatings are
still very critical issues.

Electrical conductivity

The proposal of self-cooled liquid-metal blanket is strongly
based on the assumption that SiCf/SiC is an electrical
insulator and, of course, that will remain as such after
neutron irradiation. The requirement is that the wall
electrical conductivity should be not much larger than
500 W-1m-1, which corresponds to a relatively "bad"
insulator. The measured out-of-pile value of the electrical
conductivity for SiCf/SiC at 1000°C is just about to 500 W-

1m-1. However, insulators electrical conductivity tends to be
increased under irradiation and therefore an in-pile test has
to be performed. It must be recalled that a low electrical
conductivity would simplify the issue of disruption-induced
loads for all type of blankets.

Chemical compatibility

Chemical compatibility with high T, high-velocity Pb17Li
has to be measured for a relevant time length. In this case,
the issue is related to the SiCf/SiC tightness towards
Pb17Li; in fact, although the hermiticity issue is expected
to be marginal in respect to Pb17Li spills in the VV, a
Pb17Li slow penetration through the SiCf/SiC thickness
could have a significant impact on the SiCf/SiC
mechanical properties. Compatibility of Pb17Li with the
joining material (brazing) has also to be checked.

PROGRESS ON TAURO BLANKET DESIGN STUDY

It is recalled that the basic module of the TAURO
blanket [2] is essentially formed by a SiCf/SiC box with
indirectly-cooled FW which acts as container for the
Pb17Li which has the simultaneous functions of coolant,
tritium breeder, neutron multiplier and, finally, tritium
carrier. The design is based on the FPR specifications
defined for SEAFP study [1]. The module is divided in the
toroidal direction in five sub-modules, each of them
supported by the back plate and cooled in parallel through
a common top horizontal collector formed by two levels,
one for the inlet and one for the outlet flow. The feeding
pipes are located behind the module. The maximum
Pb17Li velocity is about 1 m/s occurring in a thin channel
(thk = 1.25 mm) located just behind the First Wall (FW).
The design activity in 1999 has been focused on improving
the calculation model used for the mechanical analysis, the
design criteria and the neutronic analysis.

Adopted modeling and design criteria

All the calculations have been performed with the CEA
finite element code CASTEM 2000 using an orthotropic
monolayer model for the SiCf/SiC composite. A new fully
3D massive elements modeling (Fig. 1) has finally been
adopted in order to obtain the detailed 3D stress
distribution in the structure.

The mechanical behavior of the composite has been
assumed as linear and elastic, i.e. no modeling of the
damage mechanism has been made. This hypothesis is
valid as long as the stress levels do not exceed the matrix
micro-crack threshold. For the 2D composite Cerasep®
N2-1 the measured threshold value was approx. 110 MPa
in the case of tensile loading in the plane of the composite.
The mechanical behavior remains elastic, although no
more linear, up to approx. 145 MPa. No data are currently
available for the Cerasep® N3-1. Also, no data on the
stress-strain relation through the thickness are available
neither for the 2D nor for the 3D composites.

On the basis of the above considerations, the following
resistance criteria have been adopted: starting from the 3D
stress tensor, components in plane and through the
thickness have been separately investigated.
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Figure 1 : FEM models used for the mechanical analyses of the TAURO blanket

Components in plane have been combined to express the
Von Mises stress. Stress levels up to 145 MPa have been
considered acceptable, taking into account that they should
decrease when the non linear behavior of the composite
will be taken into account. For the shear stress through the
thickness the limit of 44 MPa, corresponding to the inter-
laminar shear stress (rupture limit - SEP data), has been
assumed. For tensile stress through the thickness a limit of
110 MPa has been assumed.

Further improvements in the design criteria are still
needed. A behavioral model capable to simulate the non
linear stress strain relation and to predict the damage
status of the composite is required. Also it must be noticed
that the current resistance criterion does not distinguish
between compressive and tensile stresses.

Mechanical analysis [4, 5]

The mechanical calculations performed on 3D massive
finite element model of an outboard sub-module showed
that, for an wall thickness of 10 mm, the basic module able
to withstand the load due to the Pb17Li hydrostatic
pressure (1.5 MPa).

Although the maximum values of the Von Mises stress are
higher than those obtained in previous analyses, they are
still below the assumed limits. The analyses also showed
that, with the current design, the box bottom is capable to
withstand the pressure load even without reinforcing
stiffeners. Concerning the stresses along the orthotropy
axes, they are quite far from the measured material
strengths; so, depending on the adopted criteria, there
could be still a wide margin to fully exploit the material
properties.

The maximum composite thickness that can be achieved
with present state-of-the-art manufacturing techniques is
instead 6 mm. Performed analyses showed that, by
increasing the number of stiffeners, stress levels could
become acceptable even if such a low wall thickness.

Neutronics analysis [6]

This reports presents the results of a 2D neutronic analysis
of the TAURO blanket. All the calculations have been
performed with the Monte-Carlo code TRIPOLI 4 using
the ENDBF-VI transport cross section library. The adopted
model reproduces half sector (i.e. 11.25 degree) of the
blanket geometry at the equatorial plane (see Fig. 2).

Figure 2 : Horizontal cross-section of the model used for the TRIPOLI neutronic analyses of the TAURO blanket



- 229 -

Obtained results showed that with 90% 6Li enrichment a
TBR value of 1.37 is obtained. A rough 3D-estimate,
taking into account the presence of 10ports, would give a
TBR of about 1.17 which leave some margin for
decreasing the  6Li -enrichment  (up to 30%).

Power deposition in the blanket has been evaluated to be
about 2600 MW (taking into account the FW surface heat
flux). Knowing the mass flow in one module (approx. 250
Kg/sec), the specific heat of the Pb17Li (189 JKg-1K-1) and
the temperature at entrance of the module (275ºC), then
the temperature of the Pb17Li at the module’s exit is about
615°C.

Also a detailed distribution of the power density deposition
has been obtained. The maximum values of the power
density in the SiCf/SiC and in the Pb17Li are about 18
W/cm3 and 20 W/cm3 respectively.

CONCLUSIONS


The use of SiCf/SiC composite as structural material for
the blanket components could permit to achieve high safety
standards in future fusion power reactors. The results of
the performed design activities and analyses confirm that
the TAURO design has the potential of fulfilling all the FPR
blanket requirements.

At the same time, the necessity of further R&D on the
SiCf/SiC composites to be used for fusion applications has
been pointed out. Appropriate design criteria need to be
further developed in order to fully exploit the resistance
limits of the material. Other main examples of R&D
requirements are the improvement of the thermal
conductivity through the thickness (at least by a factor of
2), the improvement of the composite’s resistance to
neutron irradiation, the assessment of the compatibility
issues between flowing Pb17Li and SiCf/SiC (including the
brazing material) and a better characterization of the
material’s properties under irradiated and unirradiated
conditions.
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UT-SM&C-HIP

Task Title : SOLID AND POWDER HIP TECHNOLOGIES DEVELOPMENT


INTRODUCTION


Hot Isostatic Pressing (HIP) is considered as a production
process in manufacturing Fusion Reactors components, as
this technology allows to fabricate and join complex shape
ones without welding. This technology can be used in
various ways : consolidation of powder to manufacture net
shapes components, diffusion bonding to join two solid
parts of the same or of different materials. In the above
processes, an helpful tool is given by Finite Element
calculations. It allows to predict the kinetic of densification
or the final shape when modelling powder consolidation.
When diffusion bonding is considered, it can also predict
the residual stresses and strains.

1998 ACTIVITIES


During this year, attention has been focused on three kind
of junctions : 316LN/316LN, 316LN/Glidcop and
F82H/F82H, and on a better knowledge of the Glidcop.
The first two junctions are foreseen in the ITER concept to
produce the baffle components. In the previous years, these
junctions have been performed following the European
process [1]. This year the junction 316LN/316LN/Glidcop
has been done during a single HIP cycle (with a step at
1050°C) following the Japanese concept. A comparison of
the results obtained with the two processes is given in the
first part. Although only the 316LN/Glidcop junction at
1050°C was foreseen in this task, it has been decided to
perform the whole junction , including the 316LN/316LN
one, since the low activation martensitic steel "eurofer"
(foreseen to be used in the future DEMO reactor) could not
be delivered on time.

As a consequence, it has also been decided to work on
another LAMS , F82H (supposed to be representative of
the future martensitic steel "Eurofer"), in order to improve
the solid/solid joining HIP process of martensitic materials.
Thus, two homogeneous junctions of this martensitic steel
(F82H) have been carried out and analyzed by
metallography and mechanical testings.

SOLID 316LN/316LN/GLIDCOP JUNCTION
AT 1050°C

Following the Japanese concept, the
316LN/316LN/Glidcop trijunction has been performed
with the following HIP cycle : 1050°C / 140 Mpa / 2 hours
step.

Solid 316LN / 316LN

The bond cleanness is shown in figure 1, where a δ-ferrite
line can be observed.

Figure 1 : 316LN/316LN junction at 1050°C

Tensile and impact tests at room temperature and at 300°C
have been done. The results are good and similar to those
obtained previously on a single 316LN/316LN bond
performed by Tecphy at 1050°C [4, 6].

On impact test samples tested at room temperature, one
can see that the crack does not follow the bond (figure 2).

Figure 2 : Impact test at 20°C -
316LN/316LN at 1050°C

As already observed on the previous 316LN/316LN
junctions performed, a band, 40 µm large, containing
microvoids initiated on small particles and surrounding the
joint is observed in the high plastic zones.

joint
200 µm

notch side
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Solid 316LN / Glidcop

A typical microtructure of the bond is given in figure 3,
where no extrinsec particles are observed.

Figure 3 : 316LN/Glidcop junction - 1050°C

Tensile tests on the Glidcop monomaterial after such a HIP
cycle as well as on bimaterial samples have been carried
out at room temperature and at 300°C under vacuum, since
the Glidcop damage behaviour depends on the surrounding
atmosphere. The rupture does not occur in the diffusion
affected zone. Thus, the Cr and Fe rich inclusions observed
in figure 3 do not embrittle the bond. Some clusters of
alumina oxides can lead to a premature damage (figure 4).

Figure 4 : Particles cluster in a glidcop tensile
specimen at room temperature

Charpy impact tests performed at 20°C and 300°C give
very low values. However, these values are representative
of the glidcop properties in the short direction. The
laminate structure is clearly revealed, while at a higher
magnification dimples representative of a ductile mode of
failure are observed.

Although such a bond shows good properties compared to
a bond performed at 920°C, the effect of such a high
temperature on the Glidcop Al-25 should be clearly
analyzed.

SOLID F82H/F82H

Two HIP cycles have been tried in order to perform this
junction : 1080°C/100 MPa where the pressure is input
when the temperature has reached the step, and a trial
cycle where a first step is performed in the ferritic domain
to limit the time corresponding to the normalising
conditions.

During the tensile tests performed at room temperature, the
rupture always occured outside of the bond. A typical
fractography is given in figure 5.

Figure 5 : Tensile test - F82H/F82H - cycle 1 -
Fractography

For both cycles, the impact properties are not satisfactory.
Concerning the cycle 2, a fractography (figure 6) clearly
shows that the step at low temperature was not long
enough (or with a too small pressure) to remove all the
micro voids between the two initial surfaces.

Figure 6 : Impact test (KCU) - F82H/F82H - cycle 2 -
Fractography

20 µm
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CONCLUSION


1) Following the Japanese concept, a
316LN/316LN/Glidcop junction has been performed in
our laboratory at 1050°C.

Since the SS/SS junction has good tensile as well as
impact properties, a 1050°C cycle is recommended
rather than a 1100°C cycle to keep the smallest
austenitic grains as possible.

The SS/Glidcop junction mechanical properties are
found at least as good as the Glidcop ones. However,
the influence of such a high temperature on the
mechanical properties of the ITER foreseen copper
alloy should be carefully addressed in the future.

2) Two different cycles have been perfomed in order to
bond two solid parts of F82H martensitic steel.

The first one had previously been established to
assemble a mock-up.

The second trial cycle has been performed in order to
limit the step temperature and time close to the
normalising conditions.

Although the tensile results are good, the impact
properties are poor for both cycles. The surface
preparation and the HIP cycle still must be improved.
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UT-SM&C-LAM2

Task Title : IRRADIATED BEHAVIOUR OF REDUCED ACTIVATION (RA)

MARTENSITIC STEELS AFTER NEUTRON IRRADIATION AT
325°C



INTRODUCTION


The objective of this task is to study the metallurgical and
mechanical behaviour of FeCrW Reduced Activation (RA)
compared to the conventional FeCrMo martensitic steels
during neutron irradiation at 325°C, relevant temperature
for fusion reactor applications. Irradiated specimens of
each material will be available for 5 levels of radiation
damage ranging from 1 to 9 dpa, doses that appear as
enough to investigate the first step of irradiation-induced
embrittlement and hardening of such materials.

Post-irradiation examinations (PIE) involve tensile tests,
measurements of area reduction to rupture, fractographic
examinations and microstructural studies by transmission
electron microscopy (TEM) of irradiated specimens. PIE
also include dose decay rate and spectrometric
measurements of activated elements after irradiation. Up to
now, PIE have been performed on specimens irradiated
with three dose levels ranging from 1 to 3.4 dpa.  Samples
with the higher fluence levels (6-9 dpa) will be available at
mid-1999.

1998 ACTIVITIES


During this period, the main activities were focused to the
determination of tensile properties at room temperature of
available specimens irradiated with three dose levels
ranging from 1 to 3.4 dpa.

Reduction in area measurements have been also performed
by image analysis techniques on broken specimens. The
fractography of broken specimens have been also started.
Moreover, measurements of dose decay rate have been
performed after different cooling-times (9, 15 and 27
months after unloading) from specimens irradiated at 0.8-1
dpa.

IRRADIATION CONDITIONS

Irradiation in Osiris reactor started on January 96 and the
ending of this experiment is planned on the first semester
1999. Because of two partial unloadings, made on March
and December 96, irradiated samples are available up to
now with 3 different dose levels, that is, 1, 2 and 3.4 dpa.
Specimens with higher doses (6-9 dpa) are expected during
1999. Materials are irradiated at 325°C (+5°C, -10°C) in
pressurised water at 155 bars as tensile specimens and
plate samples intended for different post-irradiation
examinations. Irradiation is carried out in a mixed neutron
spectrum. The maximal neutron flux is about 2.1014 n/cm2s
(E > 1Mev) and the fast to thermal flux ratio is about 1.1.

MATERIALS

Two types of relevant martensitic materials for fusion
applications are irradiated in the present experiment, that
is, 7/11CrW RA steels and 9/12CrMo conventional
martensitic steels, which have been used as reference for
RA alloy development.  Chemical compositions are
summarised on table 1.

Table 1 : Chemical composition of martensitic steels irradiated in Osiris reactor at 325°C (in wt%)

C Si Mn Cr V W Mo N Ta Nb

RA steels

F82H - N&T 0.087 0.10 0.21 7.46 0.15 1.96 - 0.0066 0.023 -

LA12LC 0.089 0.03 1.13 8.92 0.30 0.73 - 0.035 0.01 -

LA4Ta 0.142 0.03 0.78 11.08 0.23 0.72 - 0.0410 0.07 -

LA13Ta 0.179 0.04 0.79 8.39 0.24 2.79 - 0.0480 0.09 -

Conv. steels

9Cr-1Mo 0.105 0.37 0.52 8.39 - - 1.05 0.0175 - -

9Cr-1MoNbV 0.105 0.43 0.38 8.26 0.20 - 0.95 0.0055 - 0.08

Manet 2 0.10 0.18 0.76 10.37 0.21 - 0.58 0.032 - 0.16

HT9 0.21 0.37 0.50 11.80 0.29 0.51 0.99 - -
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The following nuances of RA martensitic steels are being
irradiated :

- F82H is a 7.5CrWTaV RA-steel developed by JAERI
(Japan) and produced for the first time as a large-scale
heat (5 tons).

- LA12LC, LA4Ta and LA13Ta are RA experimental
alloys of 9/11CrWTaV type with different contents of
Cr, W, Ta.

Conventional martensitic steels  are commercial alloys
which present different contents of Cr (9 to 12%), Mo and
stabilising elements (V, Nb). These materials were
produced as plates in the normalised and tempered
condition (N&T) like F82H RA-steel.

RA experimental alloys have been supplied by AEA-
Culham as cast ingots. They were subsequently
transformed in our laboratory as plates, where the last
steps of the fabrication route consisted on the
normalisation and tempering followed by 10% cold-
working (N&T-CW).

TENSILE PROPERTIES

Tensile specimens irradiated in this experiment are plate
samples of 2 mm wide, 1 mm thick and 8 mm of gauge
length. Previous tests conducted at the irradiation
temperature, that is 325°C, have been reported previously
(see Annual Report CEA/Euratom, 1997).

Several available specimens have been tested at room
temperature for doses ranging from 1 to 3.4 dpa. Values
of 0.2% proof stress, Ultimate Tensile Strength (UTS),
total and uniform elongation have been measured.
Reduction in area measurements have been performed
using an image analysis procedure to evaluate the cross-
section area of broken specimens.
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Before irradiation tensile strength depends on the
metallurgical condition. RA and conventional steels in the
N&T condition presented 0.2% proof stress values of
about 540-580MPa and about 680-740 MPa for N&T-CW
RA steels. Figure 1 shows the evolution of the 0.2% proof
stress and reduction in area measurements as a function of
the dose.

In all the cases, an important increase of tensile strength
with the fluence is observed, which ranges from 190 to
520 MPa depending on the chemical composition and the
metallurgical condition of steels. The most important
irradiation-induced hardening is obtained for HT9 (N&T)
steel  (520 MPa) followed by 9Cr-1Mo (350MPa), F82H
(310MPa), LA4Ta (270MPa) and LA12LC (190MPa). So,
the lower hardening levels are obtained for the RA
martensitic steels.

Ductility values decrease simultaneously with the
increasing strength. In particular, a strong decrease of
reduction in area value is obtained for materials
displaying the higher increase of strength.

The best compromise between the strength value and
reduction in area level is obtained for F82H, LA12LC and
9Cr-1Mo steels.

DOSE RATE DECAY MEASUREMENTS

To check the concept of « reduced activation », the dose
rate measurements are being performed on several types
of steels, including stainless steels, conventional and
reduced activation martensitic alloys, all of them
irradiated in the same conditions.

Measurements have been conducted on specimens coming
from the first unloading (0.8-1 dpa), which was obtained
on March 1996.
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Figure 1 : Evolution of the 0.2% proof stress and reduction in area values of reduced activation
and conventional martensitic steels as a function of the dose
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Measurements after 9 months
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Figure 2 : Evolution of the dose rate with the cooling-time for different classes of steels irradiated at 0.8-1dpa
in the Osiris reactor. Measurements performed 9 and 27 months after unloading

The dose rate is measured with a Geiger-Müller counter
for different distances between the samples and the
counter, that is, 50, 100 and 185 mm. The first
measurement has been performed 9 months after
unloading, the following ones at 15 and 27 months and it
is planned to go on them each 12 months.

Figure 2 compares the dose rate values measured after 9
and 27 months for a distance sample-counter of 100 mm.

After 9 months of cooling, the group of stainless steels
(type 304 and 316) present the higher residual activity (30-
58mGy/h) and both types of martensitic steels are
characterised by dose rates in the range 8-20mGy/h).
Measurements performed after 27 months show a decrease
of the residual activity for all materials.

At this time, the activity of stainless steels is always the
higher one and ranges from 16 to 36 mGy/h, the
conventional martensitic steels CrMo from 3 to 12 mGy/h
and only 2.5-3.0 mGy/h are found in the case of the
reduced activation CrW martensitic steels.

It is worthwhile to point out that the rate of the decreasing
activity is different for each class of steels. Compared to
the first measurements (9 months), 304 and 316 steels
exhibit a reduction of the dose rate of 20-32%, 30-55% in
the case of conventional martensitic alloys, and 65-80%
for the reduced activation steels.
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These first experimental data assess the good performance
of « reduced activation steels » from the point of view of
radiological effects and environmental considerations.
Consequently, reduced activation materials are very
encouraging for applications as structural materials for
fusion reactors and other projects where components are
submitted to in-service high doses.

CONCLUSIONS


Several Cr-W low activation and Cr-Mo conventional
martensitic steels have been irradiated in the Osiris reactor
at 325°C for three dose levels : 1, 2 and 3.4 dpa.

Tensile tests were performed at 25°C. All materials
exhibited an increase of tensile strength accompanied by a
decrease of ductility.

• For the fluence levels examined here, 7.5-9%Cr
containing steels present a lower sensitivity to the
irradiation-induced hardening and ductility
degradation. The best compromise strength/ductility is
obtained for F82H and LA12LC reduced activation
martensitic steels and the conventional 9Cr-1Mo.

• In contrast, a strong hardening accompanied by a
severe ductility degradation is obtained in the case of
HT9 (12%Cr) conventional steel.

Measurements of the dose rate have been performed after
several cooling-time to validate the concept of « reduced
activation materials ».  For this purpose, specimens of
different types of steels have been examined : austenitic
steels, conventional martensitic and reduced activation
martensitic alloys, after irradiation for a dose of 0.8-1 dpa.
Experimental data, obtained up to 27 months of cooling-
time, show that :

• The reduced activation martensitic steels exhibit the
lower residual activity (< 3 mGy/h). Conventional
martensitic steels are characterised by an activity level
of 4-12 mGy/h.

• The higher activity values were found for the austenitic
steels, 304 and 316 type (15-35 mGy/h), which are
about 4 to 15 times higher compared to martensitic
alloys.

• On the other hand, reduced activation martensitic steels
display the higher rate of desactivation.
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UT-SM&C-LAM3

Task Title : MICROSTRUCTURAL INVESTIGATION OF REDUCED

ACTIVATION MARTENSITIC STEELS BY SANS
Study of secondary hardening phenomena in F82H steel by Small Angle Neutron
Scattering



INTRODUCTION


The assessment of potential reduced activation martensitic
steels requires a good understanding of microstructural
features to correlate them with mechanical behaviour.

The aim of this task is to study by SANS the
microstructural evolution of Low Activation Martensitic
steels after annealing and neutron irradiation. The
microstructural investigations are focus on the different
phenomena (precipitation, dissolution, segregation,
coalescence) responsible of the embrittlement detected by
mechanical tests. Specially, it is interesting to characterise
the microstructural features responsible of secondary
hardening phenomena detected in the as-quenched
martensite matrix during annealing.

The secondary hardening of martensitic steels is observed
on as quenched materials during annealing in the range
450-550°C. It is related to the first steps of Cr-rich M2X
(X= C or N) precipitation. Transmission Electron
Microscopy (TEM) is able to detected this precipitation but
only after almost 100 annealing hours when the size of this
phase is close to 10 - 20 nm. On the other hand, Small
Angle Neutron Scattering (SANS) allows to detect this
phase in the first step of the precipitation.

Different kinds of martensitic steels are studied by SANS
to characterise the secondary hardening :

- the conventional martensitic steel : T0 (9Cr-1Mo-N
rich),

- the low activation martensitic steels : F82H (7.5 Cr-
2W-(VTa)), LA12Ta (9.8Cr-1W-(VTa)), LA13Ta (9C-
3W-(VTa)).

For T0, the results are presented in the reference [1].

1998 ACTIVITIES


During 1998 the acquisition of SANS spectrum on F82H,
LA12Ta and LA13Ta steels, quenched and thermal aged at
500°C during 1 to 2000 hours, was performed. The data
treatment of F82H steel was realised [2] and this report
presents the results obtained on this steel.

MATERIALS

The chemical composition of F82H steel is the following :

Alloy C Si Mn Cr V W N Ta

F82H 0.087 0.10 0.21 7.46 0.15 1.96 0.0066 0.023

Samples have been normalised for 30 minutes at 1050°C
and quenched to room temperature in order to induce fully
martensitic transformation. Then, annealing was
performed at 470°C, 500°C, 550°C for various annealing
time between 1 hour and 2000 hours.

CHARACTERISATION BY TEP, HARDNESS AND
TEM

Hardness

Figure 1 presents the hardness as a function of the
annealing time for F82H steel. For the annealing at 550°C,
the hardness of the material decreases continuously from
420 HV (as-quenched condition) to 240 HV after 500
hours. On this material the secondary hardening is weakly
pronounced and for the annealing at 500°C, a slight
increase of the hardness is observed between 1 and 30
annealing hours. For annealing at 470°C the hardness is
almost stable up to 500 annealing hours.

200.0

250.0

300.0

350.0

400.0

450.0

500.0

550.0

600.0

0.01 0.1 1 10 100 1000 10000

Time (h)

H
ar

dn
es

s 
(H

V
)

470°C

500°C

550°C

Figure 1 : Evolution of hardness of F82H steel quenched
and aged at different time

Thermoelectric Power measurements

TEP measurements were performed on samples of 40 mm
long, 4 mm wide and 2 mm thick.
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The samples were aged in air and under vacuum. Reported
TEP values in figure 2 are the average of 4 measurements
for each sample. Pure copper has been chosen as reference
metal, due to its high electric conductivity (S0 = 1.83
µV/K). The accuracy of the TEP values is about 0.005
µV/K. It appears that for the three annealing temperatures,
the TEP values (known to be very sensitive to the
interstitial content in the matrix) decrease continuously
with the annealing time. This evolution is the sign of a
continuous precipitation of carbo-nitrides (M3C, M7C3,
M23C6 and M2X) in the matrix.
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Figure 2 : Evolution of thermoelectric power
measurements of F82H steel quenched and aged

at different time

Characterisation by TEM

F82H steel, quenched and aged during 2000 hours at
500°C, was characterised by TEM. Figure 3 shows carbon
extraction replica micrograph of this material. Fine
intergranular precipitates, that seem responsible of the
secondary hardening observed, were characterised.

100 nm

M2X

Figure 3 : TEM of M2X precipitates in F82H steel
quenched and aged 2000 hours at 500°C (carbon replica)

We performed diffraction patterns on groups of precipitates
and we measured the distance between the different planes.
The obtained results are the following :

dhkl measured
(nm) 0.29 0.24 0.21 0.19 0.16 0.12

and they could correspond to M2N or M2C precipitates.
Indeed, the interplanar distances (in nm) of theses phases
are :
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The size of the M2X precipitates was determined by image
analysis. We reproduced on a tracing-paper the M2X
precipitates and we determined by image analysis the size
of the particles. We analysed 250 precipitates and the
average radius obtained was : 13 nm with a ratio between
the big and the small axis of about 1.6.

CHARACTERISATION BY SANS

The experimental set-up and the data treatment were
already described in [1]. SANS experiments were
performed on F82H samples aged 0, 1, 5, 24, 100, 500 and
2000h at 500°C. The scattered intensities measured in the
direction parallel to the applied magnetic field are plotted
in figure 4.
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Figure 4 : Intensities scattered parallel to the applied
magnetic field obtained on F82H samples annealed at

500°C during times between 0 and 500h

These are intensities without subtraction of the reference
sample. We notice a clear evolution of the scattered
intensity with annealing time even after 1 hour at 500°C.
This evolution affects all the q range. At small q (q <0.5
nm-1), the scattered intensity is dominated by the relatively
large (carbide) precipitates, already present in the as-
quenched samples. The A ratio (ratio on the scattered
intensities measured perpendicularly and parallel to H)



- 283 -

obtained on the q<0.5 nm-1 domain, decreases with the
annealing time (see table 1). For 1h, it is equal to 11 as for
the reference sample which can correspond to M3C
carbides with M=20%Cr+ 80% Fe. Then for 24h, the A
ratio decreases hardly in agreement with the expected
stoechiometry variation M23C6. For long annealing times,
it is compatible with M23C6 carbides containing for
example 75%Cr, 25%Fe and 5%W. At high q (q>0.5 nm-

1), the increase of the scattered intensities is related to the
formation of the fine precipitation of M2X particles. In
order to analyse it, we have considered the intensities
obtained after subtraction of the reference sample in the
large q range. The profiles have been fitted taking into
account a size distribution of spherical or afterwards rod-
shaped ellipsoidal precipitates. The best fits were obtained
considering that M2X particles were nearly spherical for
the shorter times of annealing (t<100h) and became
afterwards rod-shaped ellipsoidal with a ratio between the
big and the small axis of about 1.5 (figure 5) in agreement
with the TEM observations after 2000h at 500°C.
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Figure 5 : Intensity scattered perpendicularly to the
magnetic field obtained on the 100h annealed sample

fitted with a rod-shaped ellipsoidal ( the ratio between the
big and small axis is equal to 1.5 ) form factor and a

gaussian size distribution

The mean radius, given in table 1, increases continuously
with annealing time and for 2000h the mean diameter (18
nm) is consistent with the TEM results. We observe also a
variation of A ratio with annealing time. For 1h annealing,
the A ratio is around 4 which can correspond with the
assumption of carbides M2C, to a metal site composition of
60% Cr, 30% Fe and 10%V (at. %).

Then, the A ratio decreases with annealing time showing
an enrichment of chromium. After 100h, it is equal to 2.5,
it can correspond to a metal site composition of 80% Cr
and 20%V (at. %). For such chemical content, the
precipitated fraction is around 0.7 % but the chemical
composition has to be confirmed by TEM measurement. As
for the T0 alloys, the interstitial element X seems to be
essentially carbon because in the case of nitrogen, the A
ratio would be higher.

CONCLUSION


SANS experiments, performed on F82H steel, quenched
and annealed and aged at 500°C, have shown that this
technique is very sensitive to microstructural evolution in
martensitic steels. For large M2X precipitates, observed
after long time annealing by TEM, the SANS results are in
agreement with TEM observatiion. For the fine
precipitation not detected by TEM, SANS experiments put
forward specific information. In fact, M2X precipitation
was characterised even after short annealing time (1h à
500°C) when the precipitate size is around 1 nm.

About the determination of the chemical composition of
M2X, if we assume that they are M2C carbides, SANS
results are consistent with a content of about 20% in
vanadium and 80% in chromium after annealing 2000
hours at 500°C. This result has to be confirmed by TEM
measurements that are in progress.

Table 1: SANS results obtained on thermally aged F82H samples at 500°C
** Mean equivalent sphere radius calculated with the following relation:
Re= Rmin (b)1/3 and b=Rmax/ Rmin, Rmin is the minor radius of the ellipsoid.

Annealing time (h)
at 500°C

A ratio (q<0.5 nm-1)
M3C or M23C6

A Ratio

M2X

Mean radius (nm)
M2X

∆R (nm) Rmin

(nm)

Aspect ratio

1.0000 11 ± 0.4 3.9 ± 0.6 1.03 0.1 1.03 1

5.0000 9 ± 0.5 3.2 ± 0.5 1.22 0.26 1.22 1.

24.000 4.7 ± 0.6 2.8 ± 0.3 1.4 0.4 1.4 1.

100.00 3 ± 0.1 2.5 ± 0.3 2.9** 0.2 2.5 1.5

500.00 3 ± 0.1 7.2** 1.5 6.3 1.5

2000.0 3.2 ± 0.2 8.9** 1 7.6 1.5
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