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Abstract

Tensile and stress corrosion cracking tests have been carried out on
MANET-type (1.4914 and FV448) and reduced activation (LA12TaLC)
high-chromium martensitic steels. The materials had previously been exposed
up to 5000 h at ~275°C in the core, above the core and remote from the core
of a high pressure water loop in the Studsvik R2 reactor. After the
mechanical testing the materials were examined visually and
metallographically.

The steel samples exposed in the core section showed large increases in
tensile yield strengths when tested at 25O°C. However, the magnitude of the
radiation hardening was considerably smaller in the reduced activation steel
compared to the commercial steels; this observation is consistent with
published data on other high-chromium martensitic steels and is associated
with the lower chromium content of the LA12TaLC steel (8.9<fr) compared
with those of the commercial steels (10.6 and 11.3%).

Irradiation assisted stress corrosion cracking (IASCC) was not delected in
any of the stressed steel samples after autoclave testing for times up to
1500 h at 25O°C in air-saturated high purity water. This apparent resistance
to IASCC may be due to the high chromium martensitic steels not being
scasitized by the irradiation in a comparable manner to that shown by the
austenitic steels. However, additional studies are required to clarify some of
the existing uncertainties with respect to IASCC of these martensitic steels.
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1 Introduction

Solution annealed Type 316L austenitic stainless steel was initially selected
for the first wall and breeder blanket structural components in the Next
European Torus (NET) [1] and subsequently in the Conceptual Design
Activity (CDA) phase for the International Thermonuclear Experimental
Reactor (ITER). However, a fully manensitic steel containing 10-1 l<i? Cr
with additions of Mo. V and Nb, referred to as MANET (MAnensuic NET -
reactor material), was later chosen as an alternative first wall and breeder
structural material for NET and as the reference structural material for the
DEMO relevant tritium breeding blanket concepts which are being developed
as part of the European Long Term Fusion Technology Programme [2].
Several DEMO breeder blznket designs have been proposed, including the
use of solid lithium ceramics with water as the coolant and a water cooled
concept with liquid Lij7Pbg3 as the breeder.

The high-chromium martensitic steels have many advantages over the
austenitic steels, including lower decay heat, increased resistances to thermal
stress development and irradiation induced high temperature (helium)
embrittlement and void swelling [3]. Also, the corrosion rates in Lii7Pbg3
are determined, following an incubation period, by the more or less uniform
dissolution of iron and chromium at a rate significantly lower than that for
nickel in austenitic steels. The Principal disadvantage of the martensitic steels
is that they exhibit a ductile-brittle transition temperature, which is increased
by irradiation with a consequent reduction in fracture toughness.

Micro-chemical changes and instability of the austenitic phase in austenitic
steels can occur due to the irradiation induced segregation of solute elements
such as Ni, Si. S and P at free surfaces, grain boundaries and dislocations and
of elements such as Cr, Fe and Mo away from these interfaces. These
elemental changes at the grain boundaries, possibly coupled with radiation
hardening and embrittlement effects, are believed to be responsible for the
irradiation assisted stress corrosion cracking (IASCC) failures of Type 304
and 316 austenitic steel components at low fluences (1-2 dpa) and at
temperatures in the range 26O-32O°C in the water with a relatively high
corrosion potential in Boiling Water Reactors (BWRs) and to a lesser erteni
in the totally deoxygenated coolant in Pressurized Water Reactors (PWRs)
[4,5,6].

Studies of the corrosion of the martensitic steels in static and flowing high
temperature, high pressure water have not hitherto revealed any unexpected
or abnormal behaviour [7, 8]. These manensitic steels are generally less
susceptible to stress corrosion cracking (SCC) than the austenitic steels in
the absence of irradiation. However it remains to be etablished if they are
prone to IASCC during or following irradiation in high temperature, high
pressure water typical of that of a proposed fusion reactor coolant. This



STUDSVIK MATERIAL AB STUDSVK/M-94/18

1994-02-23

report therefore describes the results of preliminary SCC tests on some high-
chromium martensitic steels previously exposed in a high pressure water
loop (HPWL) in the Studsvik R2 reactor [8,9].

rapp\94-18\Eli
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2 Experimental details

2.1 Materiab and irradiation

Four martensitic steels were included in this investigation: three commercial
steels [NL1.4914 (Netherlands Energy Research Foundation (ECN)).
Fl .4914 (Commissariat å TEnergie Atomique (CEA), France) and FV448
(United Kingdom Atomic Energy Authority (UKAEA) MANET-type] and
one reduced activation steel [LA12TaLC (UKAEA)]; their chemical
compositions are given in Table 1.

Table I
Chemical compositions of the martensitic steels (wt-%).

Material

NL1.4914
F 1.4914
FV448
LA12TaLC

C

0.13
0.13
0.15
0.09

Si

0.37
0.37
0.26
0.03

Mn

0.82
0.82
0.88
1.01

Cr

10.6
10.6
11.3
8.9

Ni

0.87
0.87
0.75
0.02

Mo

0.77
0.77
0.66

<0.01

Nb

0.16
0.16
0.30

<0.01

Ta

0.9

V

0.22
0.22
0.25
0.39

W

0.76

N

0.02
0.02

0.19

Fe

bal.
bal.
bal.
bal.

Corrosion coupons of the steels had previously been tested for 1460 or
4947 h (time at a reactor power of >30 MW) in water at a temperature of
275±10°C and a pressure of 90 bar in an austenitic stainless steel loop in the
R2 reactor as follows [8,9]:

• in the core region where they had been subjected to neutron
irradiation and exposure to the products of the radiolysis of the
water,

• above the core where some of the radiolytic species were
expected still to be present but the neutron flux was zero,
referred to as the radiolysis region, and

• remote from the core, referred to as the reference region.

The thermal and fission neutron fluxes at the core centre were about
1.2x 1018 and 1 .Ox 1018 n .nrV1 respectively at an average reactor power of
46 MW; the displacement doses were estimated to be 0.60 and 2.34 dpa for
the respective exposure times. The water flow rates in the core, radiolysis
and reference regions of the loop were approximately 3.5,3.0 and 0.2 m s-1

respectively.

rapp\94-18\Eli
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The twelve corrosion coupons listed in Table 2 were selected for tensile and
SCC testing; two of the coupons (3 and S) contained a 3 mm CO2 laser
weld. Tensiie. SCC and metallographic specimens were machined from the
coupons as indicated in Figure 1.

Table 2
Experimental details and tensile yield strength data at 25O°C for the steel
coupons tested in the HPWL in the Studsvik R2 reactor.

Coupon
No

28
27
26
5
3
0A3
A5
A8
A2
A7
D2
D7

Steel

NL1.4914
NL1.4914
NL1.4914
F1.4914
F1.4914
FV448
FV448
FV448
FV448
FV448
LA12TaLC
LA12TaLC

Position
in HPWL1

Reference
Core
Core
Core
Core
Core
Radiolysis
Reference
Core
Reference
Core
Reference

Exposure
time(h)

4947
4947
1460
4947
1460
4947
4947
4947
1460
1460
1460
1460

dpa

2.34
0.6O
2.34
0.60
2.34

0.60

0.60

YS2

(MPa)

469
841
698
729
589

1021
790
750
936
741
723
621

AYS'
(MPa)

372
229

275(271-286)
45

190(186-195)

102

1 high pressure water loop
2 yield strength
3 increase in the yield strength after radiation

D
•O

Q 1m

m

SCC sped men

metallographic specimen

tensile test specimen

Figure 1
Specimens machined »orn the corrosion coupon.

rappW4-18\EJi



STTDSVIK MATERIAL AB STUDSVIK/M-94/18

1994-02-23

2.2 Tensile tests

The dimensions of the strip tensile test specimens are shown in Figure 2: the
thickness of the specimens varied according to the thickness of the respective
corrosion coupons. The tensile tests were performed in a shielded servo-
hydraulic materials testing machine at 25O°C and at an initial average strain
rate of 0.0021-0.0060 s 1 depending on the thickness of the specimen (0.6 -
1.65 mm).

25.i

Figure 2
Tensile test specimen dimensions in mm.

2.3 Stress corrosion cracking tests

The SCC tests were performed in a Type 316L austenitic stainless steel
autoclave. The autoclave system is shown in Figure 3. Deionized water,
saturated with air at room temperature and filtered to remove humic matter,
was used in the experiments. Relevant test data for the autoclave system are
given in Table 3; an increased conductivity of the water at the outlet relative
to the inlet is characteristic of low flow autoclave systems.

rappW4-18\Iih
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Table 3
Test data for the auliKiavc testing.

Volume (I* 0.75
Temperature ( C> 250
Pressure (MPa) X
Inlet water conductivity
after purification (|iS/cm) 0.1
Inlet water conductivity after
purification and air saturation (pS/cm) 0.4
Outlet water conductivity (|iS/cm) I 5
Inlet water oxygen content (ppm) S
Water flow rate (I/h) 0.5

The SCC specimens, with the dimensions M) x 5 x (0.6-1.65) mm. were
polished and their thickness measured before stressing to 95 '7< of the yield
strengths with the aid ol the screw in the three-point bend specimen holder
illustrated in Figure 4. The laser welds in the SCC specimens 1 and 5 were
located in the center.

-r»_

inner surface

' outer surface

Figure 4
The three-point bend specimen holder.

SCC specimen

The SCC tests were conducted with four specimens simultaneously (Table 4)
for a total lime of 1 500 h (three periods each of 500 h). The external
surfaces were inspected using a video microscope at the end of the periods to
determine if cracking had occurred. The extent of the stress relaxation was
measured in the servo hydraulic materials testing machine alier testing.

IX in
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Table 4
SCC specimens included in each test.

Test

1
2
3

Specimen

27. 26.:
A3. A5.
A2. A7.

5. 3
A8.
D2.

28
D7

2.4 Metallographic examinations

The SCC specimens and their metallographic specimens (reference material
from each corrosion coupon, see Figure 1) were finally prepared and etched
for optical metallographic examinations to confirm the presence or absence
of microcracks and to elucidate if any other changes had occurred durin:!
testing. The area section chosen for the metallographic examinations is
indicated in Figure 5.

- 4
11

Figure 5
The area section of SCC specimen examined metallographically (longitudinal
section).

nippVM-IXJ.il



STl'DSVIK MATERIAL AB STL I )S VI K/M 44/IS

I*W-O2-23

3 Results and discussion

3.1 Tensile data

The tensile yiekl strengths of the steels at 250 C. together with the increases
in the yield strengths produced by the exposure in the core and radiolysis
regions of the loop relative to the reference region, are included in Table 2.
The following is observed:

a The yield strength of the FV448 steel is considerably higher
than that of the NL 1.4914 steel exposed in the reference region.
The reason for this difference is not known, but it may be due
to different initial austenitizing and tempering treatments as
well as minor differences in the compositions of the two steels.

b The yield strength of the FV448 steel was not affected by the
increased exposure in the reference region of the loop from
1460 to about 5(XK) h: furthermore, exposure in the radiolysis
region had only a minor influence on the 250 C yield strength
of the steel.

c The radiation hardening of the NL 1.4914 and FV44S steels
produced by exposure in the core region of the loop is
approximately proportional to the cube root of the neutron
liuence as shown in Figure 6:

AYS = A

where

AYS is the increase in tensile yield strength in MPa.
<>t is the neutron flucnce (>1 MeV) in units of 1024 n. nr2 . and
A is a constant.

Such a fluencc dependence is consistent with earlier results on
the radiation hardening and cmbrilllcment of reactor pressure
vessel steels [10. 111. The FV448 steel is more resistant to
radiation hardening than the NLI.4914 steel, the values ot A
being 124 and 157 respectively: this difference may reflect
differences in the initial heat treatments of the steels, resulting
in different prior austcnite grain sizes and precipitation charac-
teristics.

r,ipp'»4-IX\l.li
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NU 4914

FV448

( IOW3)

Figure 6
Fluence dependence of the radiation hardening in the martensilic steels.

VÖ7
where AYS is in MPa and 0t is in units of 1024 n. nv2 (>1 MeV).

rapp\'M-IS\J:li
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The yield strengths of ine Fl .4914 steel aa* approximately
KM) MPa lower than those of the NL1.4914 steel after 1460 h
and 4947 h exposure in the core region of the loop. This may
be due to the presence of the laser welds in the CEA steel
specimens and/or differences in the heat treatment of the steels.

The yield strength of the LA12TaLC steel falls in between
those of the NL 1.4914 and FV448 steels following exposure in
the reference region. However, the LA12TaLC steel, with a
chromium content of 8.9%, shows considerably reduced
radiation hardening (A = 68), as evidenced by the single result
after exposure for 1460 h in the core region, compared with
that (A = 157 and 124 respectively) for the two commercial
steels with chromium contents of 10.6-11.3%. This observation
agrees with US data showing that commercial and reduced
activation martensitic steels with chromium contents of 7-9%
have greater resistances to radiation hardening and
embrittlement than 11-12% Cr steels, albeit following
irradiation at a higher temperature of -365°C [ 12|.

3.2 Stress relaxation

The results given in the Appendix show that the magnitudes of the stress
relaxation by creep during the autoclave testing at 25O°C was negligible in all
the specimens with the exception of the LA12TaLC steel specimen D2
previously exposed for 1460 h in the core region of the R2 reactor loop.

3.3 Visual and metallographic examinations

The low power visual examinations gave no indication of cracks in the
coupons exposed in the autoclave up to the maximum time of 1500 h. The
appearances of the inner and outer surfaces of the NL 1.4914 steel coupon 27
(originally exposed for about 5(KK) h in the core region of the R2 loop) after
autoclave exposure are illustrated in Figures 7 and 8. The inner surface
(Figure 8) shows marks from the screw used for the three-point bend
specimen holder.

rappW4-lH\i;ii
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Figure 7
Outer surface of SCC specimen 27 after 1500 h. X11.

Figure 8
Inner surface of SCC specimen 27 after 1500 h. X11.

The optical metallographic examinations did not reveal any cracks in any of
the steel specimens after autoclave exposure or during subsequent prolonged
exposure at ambient temperature. Micrographs of SCC specimen 27
(NL1.4914) and the corresponding reference material (metallographic
specimen, see Figure 1) arc shown in Figures 9 and 10. The structures of all
the specimens consisted of tempered martensite as exemplified in Figures 11
through 13. but the materials (NL 1.4914, FV448 and LA 12TaLC) differ in
prior austenite grain sizes and precipitation characteristics. Any obvious
changes in the structures after autoclave exposure could not be detected by

rapp\')4 1H\| I
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the optical microscopy: compare the longitudinal sections in Figures 11 and
14.

These observations demonstrate that the commercial 1.4914 and FV44S and
reduced activation LA12TaLC high-chromium martensitic steels are not
prone to IASCC (or intergranular stress corrosion cracking ) under the
experimental conditions employed in the present studies. It is well established
that Type 316L and other austenilic steels are prone to failure by IASCC
under similar test conditions [4. 5. 6).

metal

(a)

metal

(b)

Figure 9
Melallographic longitudinal section of SCC specimen 27. Outer surface,
(a) XI53. (b)X83().

rapp'.1 »4 IS I
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14

mctal

(a)

mctal

(b)

Figure 10
Metallographic reference material 27.
(a)X153.(b)X83().

r;ipp\'».J.
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(b)

Figure 11
Etched metallographic longitudinal section o! SCC specimen 26. Omcr
.surface.
(a)XI53. (b)X83().
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Figure 12
Ftched mclallopaphic longitudinal section ot'SCC specimen A.V ()ulei
sur lace. XI 53.
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Figure 13
Etched mctalloL'raphic longitudinal section of SCC specimen 1)2. X IS V
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(a)

(b)

Figure 14
Lichcd mciallographic ivlcivncc material 26.
(a) XI53. (h) XS3O.
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The high-chromium martensitic steels may be inherently resistant to 1ASCC.
Alternatively, it may be argued that the following factors, which are believed
to be necessary either singly or in combination to promote IASCC failures in
austenitic steels in aqueous environments, may not have been fulfilled in the
current investigations on the martensitic steels:

a irradiation-induced micro-chemical changes (intertacial

elemental segregation)

b radiation hardening and/or embrittlement

c water with a high corrosion potential.

Extensive radiation hardening was produced in the steels by the prior
exposure in the R2 reactor, as described in Paragraph 3.1, and the water
used in the autoclave exposure had a high oxygen content. However, it is not
known if the prior neutron irradiation to the maximum displacement dose
achieved in this study (2.34 dpa), or ever, higher doses, is able to scnsiti/c
and thereby promote IASCC cracking in the high-chromium martensitic
steels. Whilst extensive analytical microscopy and associated theoretical
studies [13, 14] have established that non-equilibrium segregation resulting in
interfacial micro-chemical changes can occur during irradiation o!" the fee
austenitic steels, relatively few studies of a comparable nature have been
carried out on the bec high-chromium martensitic steels. Nevertheless, it is
known that Si, B, P and other elements segregate to interlaces in these steels
by non-equilibrium processes during cooling at critical rates from the
austenitising temperatures [15]. Furthermore, it has been established
experimentally that non-equilibrium segregation of Ni, Si, Mo and P to
regions around precipitate-free martensite lath boundaries and prior austenite
grain boundaries is produced in quenched and tempered FV448 steel during
irradiation to 46 dpa at 465°C [16. 17. 18]; the observations of a' (Cr-rieh
ferrite) precipitates in irradiated high-chromium martensitic steels [12, 19]
also implies that extensive irradiation-induced compositional changes can
occur on a microscopical scale. The additional investigations required to
further elucidate the effects of irradiation on the micro-chemistry and
structure and resistance to IASCC of the high chromium martensitic steels
are presented in Section 5.

r;ipp\lM-18\|-.li
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4 Conclusions

Prior exposure of commercial (1.4914 and FV448) MANET-type and
reduced activation high-chromium martensitic steels at 275' C in the core and
remote from the core of a high pressure water loop in the Studsvik R2
reactor for times up to about 5000 h did not induce IASCC (nor IGSCO
failures during subsequent autoclave exposure in air-saturated high purity
deionized water at 25()°C for times up to 15(X) h. However, significant
radiation hardening was produced in the samples exposed in the core region
of the loop to irradiation displacement doses of 0.60 and 2.34 dpa.

This apparent resistance to IASCC may be a consequence of the fact that the
steels were not sensitized by the irradiation. However, additional work with
more severe irradiation and test conditions is required to further our
understanding of the IASCC behaviour of these high-chromium martensitic
steels.

rapp\'»4-IS\I-:ii
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5 Recommendations for further work

The present investigations should be extended to include:

a Autoclave SCC testing of the high-chromium manensiiic steel
coupons, previously exposed in the core and reference regions
of the R2 reactor loop, with:

(i) testing times in excess of 1500 h

(ii) notches machined in the three-point bend
specimens to produce a triaxial stress system

(iii) initial stresses above the yield strengths.

b Autoclave SCC testing of high-chromium martensitic steel
specimens irradiated to displacement doses of 5-15 dpa at
temperatures of 2(X)-35O°C in a non-aqueous reactor
environment.

c Analytical electron microscopy, with supporting theoretical
studies, of the micro-chemical and structural changes induced
by neutron irradiation of the martensitic steels.

rappW4-lH\j;ii
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