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ABSTRACT

The French programme for design and development of Space Power Systems

envisages a 20 kWe reactor, project "ERATO", with three technological options. The

first option is a sodium cooled reactor, derived from the fast breeder reactor

technology, and has an upper core outlet temperature of 700°C. The second option is

based on the High Temperature Gas-cooled Reactor technology and has an outlet

temperature situated between 700°C-900°C. The third option is the reference solution,

lithium cooled and UN fuelled fast spectrum reactor, with an outlet temperature as

high as 1200°C. It is shown that the choice of these systems are essentially dominated

by the material considerations, and more specifically by the problems related to the

compatibility with the cooling medium and to the high temperature creep resistance.

For the first system limited developmental or characterization work will be needed as

the technology used is well experimented and there is a wealth of information on the

austenitic stainless steel Type 316L-SPH from the fast reactor works. For the second

system, where superalloys have to be employed, most of the work conducted to this

date has been concentrated on characterization of existing commercial alloys. This has

included the preselection and the testing of a number of superalloys in unirradiated

and irradiated conditions. The results obtained from high temperature tensile and

creep tests have allowed selection of Haynes 230 as the primary candidate material

and have also permitted calculation of allowable design stresses for this alloy. For the

very high temperature system the French R&D programme has focussed on the

development and characterization of Mo-Re alloys. The results obtained to this date

from microstructural examinations and mechanical tests performed on different alloy

compositions have allowed selection of Mo-25%Re for future optimization work.

They have also shown the need for evaluation of creep properties at low stresses

where microstructural instabilities are likely to occur as a result of long exposure to

high temperatures.
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1. INTRODUCTION
The early satellites launched into the earth orbit used chemical batteries whose powers

were drained in the matter of days. Todays large satellites are equipped with

photovoltaic solar panels capable of supplying several kW of electricity for 7 to 10
years. This trend is expected to continue in the foreseeable future particularly with the

advent of programmes such as the space stations and 'he space radars [1,2], where

the power sources needed will be tens or hundreds of kWe for periods greater than 7

years. In this context the nuclear reactors are the only means currently capable of

satisfying such requirements.

In France a joint programme has been conducted since 1983 by the national Space

Agency and the Atomic Energy Commission of France (CNES and CEA) for the

design and the possible development of the Space nuclear Power Systems capable of

generating 20-200 kWe energy. Since 1986 the programme has been oriented
towards the comparative evaluation of various reactor candidate technologies and

system design options of the 20 kWe class. This power level is expected to meet the

projected electricity needs of the first European space missions anticipated from the

year 2005 onwards and its timing coincides with the availability of the European

launcher Ariane V. The project is named ERATO and its characteristics have been

described in details in references [3-9]. An update of the programme and its

conceptual studies has been recently given by Carré et al in [10].

In the present work after a brief description of the design needs the accent will be

placed on the development and evaluation of structural materials required for the

ERATO project.

2. DESIGN NEEDS

Space reactors are essentially characterized by the conversion system that they use for

transforming thermal energy into electricity. On this basis there is a basic difference

between ERATO and those reactors which have been used either by the Soviet Union

or the U.S.A. for their space missions until today. While the latter have used static

systems (Thermionic and Thermoelectricity), ERATO will employ a dynamic system

(a gas cooled turbomachine with closed cycle, BRAYTON cycle). The main

advantages of dynamic conversion systems have been outlined by Carré et al [3,S],

they include limited developmental works needed to meet the project requirements

[11], a mass advantage, an efficiency of about 20% as compared with a few percent

for the static system and a technology (Brayton system) which has been well

experimented in the auxiliary systems of the aircraf ts.

Another particularity of the space reactors is their heat sink, limited in space to
dissipation of calory through radiation. The surface of the radiators needed for this



purpose obviously depends on the temperature and the thermal power to be

evacuated, but independent of such considerations it has an upper limit tied to the

pay load capability of the launcher. For the Ariane V, the radiator surface has been

estimated to be < 140 m2 [3]. Using this radiator surface it has been shown that die

reactor outlet temperature for generating 200 kWe must be very high, about 1150°C

[3].
With the reduction of the power from 200 kWe to 20 kWe for ERATO, the outlet

temperature needed is considerably reduced and the reactor technology required

becomes less constrained. Indeed, comparative evaluations of various reactor

candidate technologies and system design options have allowed definition of three

solutions (see also figures la, Ib and le):

• a sodium cooled reactor, derived from the fast breeder reactor technology

such as the Phénix and the Superphénix reactors (oudet temperature 400°C-700°C),
• a gas cooled epithennal or thermal reactor, similar to that studied in Europe

for the High Temperature Gas Cooled Reactors (HTGRs), with particle beds and a

direct conversion cycle (oudet temperature 700°C-900°C),

• the reference solution, lithium cooled and UN fuelled fast spectrum reactor

(outlet temperature 1000°C-1200°C).

All three options are designed for a 7 year lifetime with a 0.9 reliability goal. They all

use a single Brayton machine for power conversion. The fast neutron and gamma

doses are designed to meet the limit of 1013 n/cm2/s (E> IMeV) and 0.5 Mrad on the

payload plane. At the end of life, maximum cumulated neutron doses on the structural

components are estimated to be less than 15 dpa. Finally the reactor concept and the

amount of energy stored in the APUs would be such that they would allow multiple

(>10) restarts, 10 h being considered for the periods between shut down and the

subsequent start up [12].

The near optimum design points for these three solutions are summarized in Table 1.

The radiator surface area required for each of the options is calculated and presented

in Table 2. It can be seen that the area required is less than the 140 m2 limit imposed

by Ariane V and that the needed surface sharply decreases with the increasing reactor

outlet temperature and the cycle efficiency.



Table 1. Near optimum design points for the three candidate 20 kWe Nuclear Brayton Power

Systems.

Type=»

Items li

Reactor

Intermediate

Heat Exchanger

Alternator

Compressor

Turbine

Recuperator

Radiator

Thermodynamic

Cycle

System

Characteristics

Peak Coolant T(K)
Coolant Outlet T (K)

Coolant T Rise (K)

Power (kW)

Pinch Point AT (K)

Gas T Rise (K)

Power (kWth)

Rot. Speed (rpm)

Efficiency

Inlet Pressure (MPa)

Inlet Temperature (K)

Pressure Ratio

Efficiency

Inlet Temperature (K)

Efficiency

Power (kWth)

Effectiveness

Power (kWth)

Inlet/Outlet T(K)

Area (m2)

HeXe mol. w. (g/mol)

Gas flow rate (kg/s)
KAP/p) (%)

Efficiency

Recycled Power (kWe

Overall Efficiency

UO2/Na/SS
650°C

943
923
114

119

9.6
218

110.5

40000

0.859

0.40

324
1.95

0.850

912
0.888

128
0.843

88
488/317

116
50

1.24

7.5
0.201

2.74

0.168

HTGR

850°C

1123

1113

312
115

45000

0.858

0.30

390
2.09

0.847

1113

0.892

97
0.746

98
633/382

56

55
1.03

9.0
0.209

1.65

0.173

UN/Li/Mo

1123°C

1423

1387

135
114

40

411

98

48000

0.866

0.21

403
2.36

0.828

1339
0.874

78
0.764

76
703/390

38

60
0.71

9.0
0.220

2.18
0.176



Table 2. Comparison between the radiator area and the cycle efficiency of the three ERATO

solutions

Reactor Type

LMFBR derivative (650°C)

HTGR derivative (850°C)

UN/Li/MoRe(1123°C)

Radiator area (m2)

115
55

38

Cycle Efficiency (%)

0.201

0.209

0.220

3. MATERIAL CONSIDERATIONS

For an overall view of the material considerations for space applications the reader is

referred to the article in [13], here the attention will be focussed on the specific

requirements for the primary circuit of ERATO, namely :

• compatibility with the cooling fluid,

• creep resistance at high temperatures (0.5% deformation in not less than 7 to

10 years),

• resistance to irradiation damage

The above requirements have in fact been amongst the main considerations which

have strongly influenced the choice of the 3 ERATO solutions. This is better

demonstrated when the three solutions are classed according to the reactor outlet

temperature and for each temperature range the domain of application of engineering

alloys are identified, Fig. 2.

Elevated Temperature (400-700°C\

This temperature domain is very similar to that of the current French fast breeder

reactors (sodium cooled UO2 fuel fast spectrum reactor). As a result the primary

candidate for structural components and for fuel cladding has been the austenitic

stainless steel Type 316L-SPH used in Superphénix. Since there is a wealth of

experience with this steel one can reasonably expect that only a limited work will be

required to meet the ERATO's specific requirements.

The properties of 316L-SPH are not discussed in this paper but it is pointed out that

in order to maintain an adequate safety margin, the operating temperature of the steel

must be limited to 650°C. At this temperature the allowable design stress, according

to RCC-MR, is about 38 MPa. Although this stress level is relatively low, it is

nonetheless acceptable due to the fact that the sodium circuit is not pressurized.



Hlfh Temperature <700-900°C)

This temperature range is beyond the capability of the conventional austenitic stainless

steels and utilization of high temperature materials such as the superalloys will be

needed, Fig. 2.

Superalloys have been used to a liuiited extent in the nuclear industry while in

contrast they have been widely used in the thermal power plants and more importantly

in the aeronautics and astronautics [13-15]. As a result the R&D effort needed for the

space reactors is considered to be less developmental and more characterization work.

The work needed becomes clearer when one notes that the space reactor structures

will be exposed to thermomechanical loadings at high temperatures for long periods

(7 to 10 years) and simultaneous neutron irradiations (10-15 dpa). In another word

for the design of the gas-cooled panicle bed reactor one would need primarily

experimental data on the high temperature creep resistance of the superalloys, and this

preferably in the irradiated state.

Vert High Temperature (900-1200°C)

It is obvious that at such temperatures neither the conventional steels nor the

superalloys will be suitable and that one must call upon refractory alloys, Fig. 2. The

Americans have opted for Niobium-1% Zr for their SP 100 project because of their

past experience with this alloy in the nuclear industry [16], despite the fact that there

are some experience with stronger niobium alloys [17-19] and that a significant effort

has been devoted to development and evaluation of tantalum alloys (ASTAR 811C)

[20,21]. For ERATO, we have chosen molybdenum-rhenium alloys, partly because

the service temperatures are higher and partly because these alloys are more

promising (compatibility with coolant medium,...) than niobium or tantalum base

alloys [22].

However, unlike the high temperature case, for this option the R&D work needed

will be both developmental and characterization. In another word one would need

first to identify the most suitable Mo-Re alloy composition, based on the following

criteria:

• a good behavior under fast neutron irradiation,
• a good compatibility with the cooling medium (Li) and the fuel (UN),

» a sufficient ductility and weldability,

• a good creep resistance at 1150°C

and then proceed to characterization of this alloy with high temperature mechanical

tests to constitute the needed data base.



4. SUPERALLOYS
4.1 Introduction

The term superalloys covers a large family of alloys developed for diverse

applications [15,23,24]. A preselection work was therefore conducted to limit the

scope of the ERATO investigation to those alloys which were more promising for the

space reactor application.

As a first measure all cobalt based superalloys or superalloys containing large

amounts of cobalt were discarded because of their radiation hazards. The

developmental alloys or the lesser known superalloys were also discarded. On the

finer scale preference was given to the solid solution strengthened alloys as the

precipitation reinforced alloys were expected to loose their resistance after prolonged

exposure to high temperatures (800°C to 900°C) due to over-aging.

4.2 Materials
The above considerations plus those usually used for materials selection, led to

selection of five superalloys for further investigations. The chemical compositions of

these alloys are given in Table 3. The only exception to the rules set previously is the

presence of the iron based alloy Pyrad 38D. This alloy was included in the study

because a similar version of it had been selected by the Americans for the Stirling

engines and it had been reported that it offers numerous advantages over conventional

supcrallovs [25].

All materials were received i" the form of 5 mm thick plates and in the solution

annealed state. They were all tested in the as received condition, except the Pyrad 38D

which was given a precipitation heat treatment, 2h at 820°C+16h at 700°C, before

utilization.

Table 3. Chemical composition of superalloys examined (minor elements are not indicated)*.

Superalloy

Haynes230

Hastelloy S
HastelloyX

Hastell. XR

Pvrad38D

C

0.11

0.012

0.09

0.067

0.053

Si

0.36

0.42

0.31

0.30

0.30

Mn

0.53

0.49

0.63

0.55

0.17

Cr

22.2

15.58

21.63

21.75

17.92

Mo

1.19

14.4

8.95

9.0

5.17

W

14.5

<0.10

0.49

0.597

-

Al

0.30

0.34

0.12

.

0.81

Co

0.27

<0.05

1.09

0.002

.

Ti
.

.

0.040
_

2.31

Fe

1.25

0.52

19.32

18.8

.

La

0.011

0.042
_

_

.

Ni

Bal.

Bal.

Bal.

Bal.

37.59

* All alloys are commercial products except Pyrad 38D which was obtained from a

special laboratory melt.



4.3 Experimental Procedures
Specimens taken from the plates were irradiated in OSIRIS (a pool type reactor), at

temperatures 740°C and 900°C, to doses on the order of 2 dpa. Post Irradiation

experiments were performed on irradiated and unirradiated specimens. These

included conventional tensile, low strain rate tensile tests and constant load creep

tests. Simulated irradiation damage experiments were also performed using high

voltage (1 MeV) electron beams.

4.4 Results
The results of the simulation studies have been reported elsewhere [7]. In brief they

show that in the temperature range of 500°C-700°C Hastelloy X swells more than the

Haynes 230 and that Hastelloy S swells less than both of them. But most of all they

show that the onset of accelerated swelling is not expected to occur in the superalloys

at ERATO doses.

Results obtained from conventional tensile tests performed at 20°C, 700°C, 800°C and

900°C, all at a strain rate of 3 xl(H /s, are summarized in Table 4, see also [26]. It

can be seen that all the superalloys investigated exhibit a reduction in their uniform

elongation (U.E.) with the increasing test temperature. This reduction is particularly

marked for Pyrad 38D. Despite this reduction all the superalloys conserve relatively

high ductility (total elongations, T.E., greater t^ji 45%) even at 900°C.

Irradiated specimens also exhibit a reduction in the total and the uniform elongations

with increasing test temperature, but most of all they show very low uniform

elongations (<1%) and low total elongations, less than 5% at 900°C.

From the tensile strength point of view the resistance of Haynes 230 is in general

superior to all the other alloys tested, Fig. 3. Pyrad 38D which presents the highest

resistance at temperatures less than 800°C, rapidly loses its superiority to become

equal if not the least resistant alloy at higher temperatures.

From the results which have been obtained until today no clear conclusion can be

drawn with regards to the pure irradiation effects. The reason for this is twofold:

a) the observed changes are small and

b) irradiated specimens have been thermally aged during irradiation.

An example of the evolutions of stress versus times to 1% creep deformation, to the

end of the secondary creep (0.2% offset) and to creep rupture is shown in Fig. 4.

These results are extracted from the conventional constant load creep tests performed

on unirradiated specimens. For irradiated specimens creep properties is deduced from

the slow strain tensile tests as the facilities available in our hot cells do not include

high temperature creep testing machines. Prior to utilization of these test results,

however, the validity of the procedures employed were experimentally verified with



several creep and slow strain tensile tests performed on one of the superalloys in the

unirradiated condition. Furthermore during the deployment of the tests care was taken

to use only those tensile results which correctly reproduced the secondary creep state

situation, that is a near constant flow stress.

Table 4. Tensile properties of superalloys in unirradiated state.

T °C

20

700

800

900

Alloy

H

S

X

H

S

X

XR

P

H

S

X

XR

P

H

S

X

XR

P

Y. S.

442

446

396

297

302

255

241

685

300

274

250

200

435

206

182

172

173

193

U.T.S.

879

848

777

637

609

530

499

865

508

457

405

380

547

311

277

255

256

258

U.E. %

50

51

48

47

49

43

47

6

17

15

13

20

3

5

5

4

5

3

T.E. %

57

62

58

56

80

68

66

25

79

129

91

103

45

99

107

98

104

65

Z %

50

67

59

37

55

52

47

27

57

83

66

67

46

69

82

69

67

72

The actual procedures used for determination of the creep characteristics, ar, a\% and

O"o.2%S» are schematized in Fig. 5. Actually they employ the well known correlation

between the creep rate and the other creep characteristics. For instance in Fig. 5 the

tensile strain rate is used as the equivalent creep rate (a) to obtain the corresponding

applied creep stress (b) and from the creep stress (c) the creep rupture time (d). This

method has however an important shortfall for ERATO as the lowest tensile strain

rate achievable from conventional or modified tensile testing machines can seldom

attain straining rates less than 10'7 /s. Such rates are well above the creep rates needed

for design (e.g. for 0.5% deformation in 105 h the corresponding creep rate is on the

order of 10*n/s) and hence one has to extrapolate the results to domains far beyond

the normal extrapolation ranges, see Fig. 6. Fortunately the results obtained in the
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present work have shown that the effect of irradiation at high temperatures is small

and that the evolution of creep rate versus the applied stress in both conditions is

similar. Based on these observations it is possible to use the unirradiated results for
calculation of design stresses provided that necessary precautions are taken to cover

the loss of ductility due to irradiation.

4.5 Allowable Design Stresses

The time dependent criteria (the term St in design) are based on the least values of the

three quantities:

• 2/3 of the minimum stress to cause creep rupture in time, t; and

• 80% of the minimum stress to cause the onset of tertiary creep in time, t; and

• the minimum stress to produce 1% total strain in time, t.
Here below we will attempt to tentatively calculate these values for the Haynes 230

which has clearly emerged as the strongest superalloy from our tests, Fig. 7. Notice

that the loss of Pyrad 38D's strength, reported earlier (cf the tensile properties) at

temperatures above 800°C, is confirmed by the creep results. In fact the latter results

suggest that the maximum service temperature for Pyrad 38D is closer to the

austenitic stainless steels (700°C) than the high temperature superalloys.

Fig. 8 shows evolutions of the average creep stresses, <TI%, as, crr, versus the

Larsson-Miller parameter, P, for the Haynes 230. It is recalled that P is an equivalent

Time-Temperature parameter which is usually used to compensate the lack of long

duration creep test results by data taken from the high temperature creep tests. The

procedure is obviously valid if there is no change in the deformation mechanism or in

the microstructure of the material when the temperature is increased.

In Fig. 8 the corresponding P values for 105 h at various temperatures are identified.
These can be directly used to determine <Ji%, as, o>, but the the results obtained give

the average stress values. Before deducing St from them, we need to clarify two

unknown factors. One of them is the scatter in the data, required for determination of

minimum values, and the other is the effect of irradiation.

The number of experimental points in Fig. 8 are obviously inadequate to allow a

reliable determination of the scatter band and hence calculation of minimum stresses

for design. As an approximate measure one may use 90% of the average stress values

to obtain the minimum values.

It was shown earlier that the most significant effect of the irradiation on the tensile

properties is the reduction in total elongation, this is also confirmed by the slow strain

test results. In practical terms one would expect the tertiary creep stage to be

significantly reduced and the time to rupture to approach that of the end of the

secondary stage. To account for this possibility we suggest that the 2/3 factor
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reserved for creep rupture should be applied to the lowest of the <5\% and os to obtain

the St.

From figure 8 it can be seen that the allowable stresses at 900°C estimated in this

manner will be very low and on the order of 10 MPa. However it should be pointed

out that the actual metal temperature will be considerably lower than the reactor outlet

temperature. For instance in ERATO the vessel temperature is estimated to be about
600°C. At this temperature the minimum as will be about 70 MPa and hence the St^

42 MPa.

5. REFRACTORY ALLOYS (Mo-Re)
5.1 Introduction

Molybdenum is a body-centered-cubic metal which does not undergo allotropie
transformations. As a result alloy designers have had to rely on solution hardening

and strengthening by dispersed phases for achieving improved properties. In

addition, like other bcc refractory metals, molybdenum suffers from the poor ductility

and the risk of the ductile to brittle transition behavior at low temperatures. In this

perspective addition of rhenium to molybdenum not only increases the elevated

temperature resistance through solid solution strengthening [26] but also improves its

low temperature ductility [27].

Recent advances made in Mo-Re alloy developments, including their major

advantages over the other refractory metals (availability, high temperature specific

strength, and oxidation resistance) and their disadvantages (poor ductility in

transverse direction, recrystallisation and grain boundary embrittlement) have been

lately reviewed by Wandsworth et al [28]. These aspects are not repeated here but it is

noted that despite major progress made in the production and in the fabrication of Mo-

Re alloys there is still no agreement on the optimum Mo-Re composition which

would concurrently satisfy ductility and strength requirements. This choice is further

complicated by the extent of rhenium which can enter into solid solution with

molybdenum. However a look at the Mo-Re equilibrium diagram [29] shows that for

prolonged service at temperatures around 1000°C the maximum Re concentration

should not exceed 42%.

5.2 Materials and Procedures
Three compositions were chosen to be investigated, a pure molybdenum, a dilute

alloy (Mo-13%Re) and a rich alloy (Mo-41%Re). Products to these specifications
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were procured through Metallwerke Plansee2 and were received in the form of 10

ram diameter rods.

Chemical compositions of the three products are given in Table 5. Notice that
concentration of impurities in all three products, notably oxygen and carbon, is low.

This is particularly important as these elements have significant influence on the

ductility of molybdenum-rhenium alloys [28]. On the finer scale however,

distribution of Re in the dilute alloy was found to be heterogeneous and vary by as

much as ±5% while it was relatively homogeneous in the 41% Re alloy. A new Mo-

13%Re product ordered to the same composition presented similar aspects but given

our past experience this was considered to be a minor point and it does not signify a

real problem in elaboration of homogeneous 13%Re products.

Table 5. Chemical compositions of Mo-Re alloys.

Alloy

Mo-13%Re

Mo-41%Re

wt%

Mo

86.95 ±1

58.94 ± 1

Re

13 ±1

41 ±1

pptn

Fe

100

100

W

300

300

C

30

30

02

50

50

Irradiation experiment was conducted in OSIRIS under the same conditions as those

used for the superalloys but at 850°C. Equally simulated high temperature irradiation

experiments were performed in a IMeV transmission electron microscope with

irradiation doses up to 14 dpa at 1000°C.
Aging and mechanical tests were all performed in vacuum. Tensile tests were

conducted at low and high temperatures and at three strain rates (1(H, 10'2,1(H /s).

Creep tests were done only at 1200CC. Microstructural examinations were realized
using conventional and high resolution microscopes.

5.3 Results
The three materials examined presented macrostructures atypical of the molybdenum

bar products. In the longitudinal cross section, grains were elongated along the bar

axis and in the transverse section they were relatively equiaxed with some texturing.

Within the grains existed numerous subgrains of 2 to 4 |im in diameter (as compared

with 300 um for the average grain size itself)- Some of the subgrains were almost
free of dislocations while others contained a high density of dislocations.

2 Procedures used for preparation of the alloys consisted of simultaneous reduction of MoQz and
NH4ReO4 powders followed by mixing, blending, sintering and finally forging, picketing, machining
and cleaning.
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After 30 minutes of aging at 1300°C all products were fully recrystallued. Pure

molybdenum and 41%Re alloy were also recrystallised in less than 500h at 1200°C

while the 13%Re alloy remained relatively stable at this temperature at least up to

2000h. These times are of course well short of the service duration envisaged for the

ERATO project (> 60000 h at 1150°C) and in the long term one could reasonably

expect that the 13%Re alloy will also be recrystallised. As a result the future ERATO

R&D work should include means and ways of delaying recrystallisation and/or

reducing its adverse effects. One way of doing this is through control of impurity

contents and another is through improved utilization of final mechanical and thermal

heat treatments.

The results obtained from conventional tensile tests (strain rate of l(H/s) carried out

at -196°C, -50°C, 20°C and 1200°C on 13%Re and 41%Re alloys are summarized in

Table 6. Those acquired at higher strain rates (10'2 and lO'l /s) are not shown but

they were similar. The tests at low temperatures were primarily done to evaluate the

ductility of Mo-Re alloys during their handling on earth. Table 6 shows that tensile

elongations of both alloys are less than 10% at low temperatures but that they increase

substantially at 20°C. In addition they show that the alloy with 13%Re undergoes a

ductile to brittle transition rupture at -120°C while the one with 41%Re remains

ductile even at -196°C.

Table 6. Tensile properties of Mo-Re alloys, all tests performed on cylindrical specimens

(2 mm in dia. and 10 mm gauge) at a strain rate of IQ'^/s

T °C

-196

-120

-50

20

1109

Alloy

Mo-13Re

Mo-41Re

Mo-13Re

Mo-41Re

Mo-BRe

Mo-41Re

Mo

Mo-13Re

Mo-41Re

Mo-l3Re

Mo-41Re

Y.S.

1348*

1255

985

1029

545

971

590

528

813

210

289

U.T.S.

1407

1545

985

1137

652

1029

625

603

913

213

307

U.E. %

<0.02%

7

3.5

7

6

5

13

6

6

0.6

1.5

T.E. %

<0.02%

7

3.5

8

6

5

40

7

7

24

34

' yield stress at 0% offset

Creep rupture ductility of molybdenum at 1200°C was found to increase with
additions of rhenium to the extent that the 41%Re alloy exhibited a quasi superplastic
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behavior (creep rupture elongations greater than 100%). In contrast the creep

resistance did not always increase with Re addition [30]. For instance in Fig. 9 the

creep rupture strength of the 41%Re alloy is higher than that of the 13%Re (solid

solution strengthening effect of Re), hut if the comparison is made for time to reach a

given creep deformation this situation may change and the lower rhenium alloy could

become superior. For example the time to reach 5% elongation under an applied

stress of 25 MPa is 960 h for 13%Re alloy and 520 h for 41%Re alloy. The reason

for this transition is due to the fact that a significant fraction of the creep life at high

stresses is spent in the tertiary stage where the higher ductility of 41%Re plays an

important role.

The above situation is also noted when the creep rates are compared, Fig. 10. Both

?Jloys exhibit a stress exponent (è= A on) near the theoretical value of 4 (3.5 to 5.5)

calculated for power law creep. But the small differences between the two materials

are such that at low stresses the 13%Re alloy becomes stronger.

Obviously one may rightfully argue that the number of experimental points available

to this date are few or that the observed variations are due to the scatter in results or

again that at lower stresses the stress exponents of both alloys may vary or become

identical, but nonetheless microstructural examinations performed on creep tested

specimens tend to confirm the above findings. These examinations show that the

higher Re alloy undergoes significant recovery by polygonization and dynamic

recrystallisation throughout the creep test. This means that at lower stresses the effect

of solid solution strengthening, brought about by the presence of Re, is effectively

countered by an easier recovery process which occurs in the higher Re alloy.

Independent of such arguments it is admitted that the duration of creep tests

performed to this date are much shorter than the ERATO's design life. This fact

coupled with the possible recrystallisation of Mo-13%Re alloy with increasing

exposure time highlights the need for creep tests at lower stresses before any firm

conclusions can be drawn (e.g. allowable design stresses).

Finally results obtained from microstructural and mechanical tests performed on

irradiated specimens, both neutron and electron irradiated specimens, contain positive

and negative points. On the positive side they show that at high temperatures the risk

of significant cavitation or irradiation hardening is very small. On the negative side

they reveal accelerated microstructural transformations in the three materials and the

formation of Re rich phases, particularly in the higher Re alloy.

5,4 Optimum Composition
The above results clearly indicate that the optimum Mo-Re composition for ERATO is

somewhere between the two alloy compositions tested. The higher Re alloy offers
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better ductility while the lower Re alloy gives improved microstructural stability. In

order to further narrow down the range of Mo-Re composition needed a theoretical

model advanced for describing contributions from solid solution strengthening and

dynamic recovery (cross slip) processes competing during creep [31] is used. The

data for this model are taken from the 5% creep deformation results, that is at a

deformation level situated in between the low creep deformations (0.5%, 1%, ...)

and the creep rupture criteria used in design.

Fig. 11 illustrates the evolution of the applied creep stress versus time to 5%

deformation for pure molybdenum, Mo-13%Re and Mo-41%Re. From this figure

two other figures (also shown in Fig. 11) are derived which illustrate variations of the

time to 5% deformation as a function of the Re concentration at two stress levels, 50

MPa and 25 MPa. Notice that care is taken to compare the results under identical
conditions, for instance in the same secondary creep rate range. At the higher stress

case (50 MPa) the creep resistance expectedly increases with a rise in Re

concentration. In the lower stress case (25 MPa), which is more relevant to the

present work, there seems to be an optimum rhenium concentration on the order of

25%. We consider this composition, Mo-25%Re, as a potential choice for future

work which its choice has to be confirmed by additional creep tests at stresses less

than 25 MPa.

6. CONCLUSIONS
Analytical and experimental work performed for selection of structural materials for

the three 20 kWe reactor options retained for the ERATO project have led to the

following conclusions:

• For the sodium cooled fast reactor solution with a maximum core outlet

temperature of 650°C, austenitic stainless steel Type 316L-SPH is selected because

there is a considerable experience with this alloy in the nuclear industry.

• For the gas cooled thermal reactor with a maximum outlet temperature of

900°C, Haynes 230 is selected due to its superior mechanical resistance. Additional

work will be needed to quantify the behavior of this alloy particularly in the welded

condition.

• For the lithium cooled fast reactor with a maximum core outlet temperature

of 1200°C, Mo-25%Re alloy is selected. This alloy has to be fully characterized

particularly with respect to its long term structural stability and its creep resistance at

low stresses.
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Figure 2. Typical service temperatures of high temperature metallic materials.

1000

a.

o>

I5>

800

600

s
400

200

Pyrad 38D

Hastclloy S

Hastelloy X

Hastelloy XR

200 400 600 800 1000

Test Temp*ratur«, °C

Figure 3. Evolution of the U.T.S. versus test temperature for unirradiated superalloys.



20

1000

100
M
«

55

10

• Hattellov X (800 "Cl

Rupture

1 %

End of 2nd

1 0 " 1 10° 10 1 102 103 104

Time, h

Figure 4. Evolution of creep properties versus time for Hastelloy X tested at 800°C.

10000

1000 r

0

E

i Hastelloy X (800° C)

O

10
1000

- 1 0

Figure 5. Method used for determining creep properties from slow strain tensile test
results.



21

1000

o
0.
S

o

s

100

10

Hastelloy S

740 °C

700 °C
TENSILE

CREEP
900 °C

900 °C

, -9 , -8 , - 7 ,-6 , -5 , -4 10 -310"" 10'° 10'' 10'° 10'3 10"

Creep rate or tensile strain rate, /s

Fig. 6. Evolution of applied stress versus creep rate (unirradiated) and tensile

strain rate (irradiated) for Hastelloy S

1000

(0
o.

« 100
M

S
5ï

10

Superalloys, 800 °C

+ Hastelloy X

o Haynes 230

• Hasteloy 8

A Pyrad 38D

10° 101 102 103 104 1C

Creep rate, 10A-6/h

Figure 7. Comparison between creep behavior of supcralloys at 800°C



22

1000

a
a

M
M

S
w

100

Hayn»s 230 (UNIRR)
Rupture (10*5 h)
101 MPa (700°C)
72 MPa (750°C)
52 MPa (800°C)
37 MPa (850°C)
27 MPa (900°C)

700° 750° 800o 850e

100000 h

A A

10
15000 16000 17000 18000 19000 20000 21000 22000 23000 24000

P= (T+273)*(LOG(t)+15)

Figure 8. Determination of average creep properties for Haynes 230.



23

100

10

Cr««p-Ruptur«
Mo-R« Alloys

Mo-41%Ra

Mo-13%R*

1 0 ' 10 10
Tlmt to rupture, h

1 0

Fig. 9. Stress versus time to rupture for three molybdenum materials investigated.

100

10

1200°C

Mo-41%R»

Mo-13%R«

Mo

101 102 103

Cr««p Rat», %/h

10"

Fig. 10. Stress versus creep rate at 1200°C for Mo and Mo-Re alloys.



24

L<J MPa

60

SO

40

30

20
' 7900 U-contraint

t 5% à 50 MPa

•contrainte

moyenne \

Ê î I 0 - 4 à l 0 - 5 h - '

0 13 25 41

temps à 5%
10-1

temps a
; i i i i 1 1 1 i

10 100 1000

Figure 11. Evolution of creep resistance for time to 5% deformation as well

as the creep rate versus the rhenium concentration in Mo-Re alloys (all tests

at 1200°C).


