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Nous avons mené plusieurs expériences d'irradiation et nous avons testé plusieurs 
centaines d'éprouvettes en vue de mesurer l'effet de faible dose d'irradiation sur les 
propriétés mécaniques des structures proches du coeur des réacteurs rapides. Nos 
expériences comportent des irradiations réalisées dans les réacteurs à neutrons rapides et à 
neutrons thermiques, sur une durée d'irradiation allant de quelques jours à bien au delà de 
15 ans. On a cherché en particulier dans ces expériences, à se rapprocher des conditions 
de service: spécifications de matériaux, température, durée, dose, spectre neutronique et 
l'environnement du sodium. 

Les propriétés mécaniques mesurées après irradiation sont celles qui sont 
habituellement déterminées par essais de traction, resilience (Charpy V et U) ténacité 
(courbes J-R), fatigue et fatigue-fluage. La dosimetric des expériences a été réalisée à 
l'aide des détecteurs classiques intimement mêlés avec les éprouvettes et des détecteurs 
types isotopes lourds irradiés dans un emplacement voisin de celui de l'irradiation 
principale. 

Les résultats obtenus montrent que pour les structures inférieures du coeur, où la 
température de fonctionnement est de l'ordre de 400 °C et la ductilité et la ténacité sont les 
critères principaux de dimensionnement, les modifications provoquées par l'irradiation 
jusqu'à une dose de 2 dpa sont faibles. Pour les structures supérieures du coeur, où la 
température de fonctionnement est de l'ordre de 550 °C et la résistance à la fatigue et au 
fluage sont les critères principaux de dimensionnement, les modifications des propriétés 
conventionnelles de fatigue ou de la fatigue avec des temps de maintien inférieurs à 30 
mn, induites par la formation de l'hélium jusqu'à 2 appm, sont également négligeables. 
Toutefois, il est suggéré que l'augmentation de la durée du temps de maintien et donc du 
fluage, pourrait entraîner une accentuation de la rupture intergranulaire à cause de 
présence de l'hélium aux joints de grain. 
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ABSTRACT 
Numerous irradiation experiments have been 

carried out and several hundred specimens have been 
tested in order to assess the effects of low dose neutron ra
diation (<1 dpa or <1 appmHe) on merhanical properties 
of near core permanent structures of fast breeder reactors. 
The experiments conducted include irradiations in fast 
and thermal reactors lasting from a few days to well over 
15 years. In all cases, a particular attention has been given 
to correlation between service conditions and irradiation 
parameters, such as: temperature, time, dose, dose rate, 
spectrum and sodium environment, as well as to materials 
requirements through utilization of nuclear grade welded 
plates of stainless steel types 304L and 316L-SPH. Post 
irradiation properties measured are those usually ob
tained with tensile, instrumented charpy (U and V 
notches), fracture toughness (J-R curves), fatigue and 
fatigue-creep testing. Neutron metrology of experiments 
have been performed with conventional detectors distrib
uted amongst the specimens and in some cases doubled 
with parallel irradiation of heavy isotope detectors in 
adjacent reactor sites. 

The results obtained show that for lower core 
structure, where operating temperature is about 406C 
and ductility and toughness are primary design concerns, 
the changes provoked, by radiation doses up to 1.3 dpa, in 
overall mechanical properties of welded joints are small. 
For upper core structure, where the operating tempera
ture is about SSCfC and fatigue and creep resistance are 
major design needs, the changes induced, through forma
tion of up to about 2 appm helium, in conventional fatigue 
properties or fatigue with short hold times are negligible. 
With increasing hold time, intergranular rupture in irra
diated specimens is enhanced but the limited number of 
tests conducted in this study do not allow definite conclu
sions to be drawn. 
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1-INTRODUCTION 

The primary circuit structural components of Liquid Metal Fast Breeder Reactors 
(LMFBR) can be simply categorized as routinely replaceable items experiencing high 
levels of neutron irradiation, or as permanent/quasi-permanent structures which receive 
much lower neutron exposures. Examples of first classification include core components 
and the second, reactor vessel, above and below core structures, intermediate heat 
exchangers and primary pumps. While most components of the second classification 
receive negligible neutron fluences those situated near core see low doses provoking 
formation of up to 1 dpa or 0.1 appm helium in steel. 

The near core structures have four common characteristics. They are 1) fixed, 2) 
permanent 3) receive low radiation doses and 4) made from austenitic stainless steels. 
The first two characteristics invoke that unlike core elements these structures are designed 
for the life time of power plant (30 to 40 years) and that their failure would result in major 
or total loss of reactor. The third characteristic implies that these structures would not 
experience irradiation induced swelling or creep phenomena [1-6]. The fourth 
characteristic is at the origin of the reasoning until lately that the effect of low neutron 
doses on these structures can be ignored. 

During the past few years several researchers have reported significant changes in 
the mechanical properties of austenitic stainless steels following exposure to low and 
medium neutron fluences [7-13]. As a result some attempts have been made in Europe 
and in U.S.A. to include effects of low dose neutron irradiation in design rules. In most 
cases this has been sought either through introduction of a "threshold dose", at below 
which radiation effects can be ignored or application of coefficients by which various 
design values are adjusted. However, due to lack of data or the notable differences 
between operating conditions of various internal structures and those used in irradiation 
experiments these attempts have been stagnating. 

The present work details low dose neutron irradiation results which have been 
obtained in France over the past 20 years. It covers effects of irradiation on both below 
and above core structures; that is, structures which normally operate at about 400°C and 
550°C respectively. This distinction is important because the dominant deformation modes 
and neutron embriulement mechanisms associated with these temperaturts are different. 
For instance, below core structure, fabricated essentially with Type 304L stainless steel, 
operates at low temperatures (=400°C) where time dependent properties are not important 
and the atomic mobility is such that embrittlement is predominantly a consequence of 
irradiation hardening produced by displacement damage. In this case data on tensile 
properties and toughness are major design requirements and fast neutrons are responsible 
for most of damage. On the other hand the above core structure, fabricated essentially 
with Type 316L stainless steel, operates at high temperatures (=550°C) where time 
dependent properties are important and grain boundary embrittlement due to (n,a) 
transmutation reactions is the potential damaging mechanism. In this case data on creep 
and creep-fatigue resistance are major design requirements and thermal neutrons are the 
principal source of helium formation in steels [14-16]. 

2- MATERIALS 

The chemical analysis of materials used are given in table 1. They consist of: 

- a 70 mm thick 3O4L/3O8L/304L submerged metal arc but welded plate, 



- a 45 mm thick 316L plate which satisfies earlier SPH specifications but has 
higher boron concentration than the more recent upper limit imposed on SPH 
grades, 

- four IS mm thick 316719-12-2/316 welded plates with similar composition 
as that of the Rapsodie vessel, 

- two 19-12-2 large weld metal deposited molds, 

- a 316IV16-8-2/316L weld joint. 

All base materials were received and used in die solution annealed and all welds in the as-
welded conditions. Residual S-ferrite concentration in Type 316 steels was negligible, in 
Type 304L on the order of \%, in 308L weld metal about 9% and in other weld metals 
between 3 to 5%. 

For readers unfamiliar with French nuclear materials it is recalled that SPH 
specification designates Superphénix reactor grade. This specification was initially 
exclusively applied to Type 316L steel but it has been recently extended to cover also 
Type 304L. For this reason the 304L plate used in this experiment can equally be 
considered as SPH grade. The basic difference between SPH grades and conventional 
304L and 316L steels lies in the requirement of the former for nitrogen concentration 
between 0.06 to 0.080%. Other differences include stricter control of carbon, boron, 
impurity and residual ferrite contents, as well as the grain size [17,19]. 

Boron distribution in all materials (except 316/19-12-2/316 joints) was examined 
using boron autoradiography technique. A thin film of cellulose acetobutyrate (CAB) was 
placed in close contact with the polished surface of specimens prepared from materials 
and irradiated in a thermal neutron flux. The alpha panicles which escaped from the 
surface of specimens following 1 0B(n,a)7Li reactions were recorded in the plastic film. 
The results obtained were satisfactory and did not show any particular segregation of 
boron at the grain boundaries. 

3- PROCEDURES 
Several types of specimens were taken in base and weld metals. Those used for 

mechanical testing are: 

- tensile test pieces measuring 4 mm in gauge diameter and 20 mm in gauge 
length, 

- standard charpy-V and -U notched specimens measuring 10 mm * 10 mm * 
55 mm, 

- compact tension specimens measuring 20 mm * 48 mm x 50 mm (CT 20), 
as well as a few CT 12.5 measuring 12.5 mm * 30 mm « 31.25 mm, 

- cylindrical fatigue specimens measuring 75 mm in total length and 4.5 mm 
in gauge diameter. 

Specimens in weld metals were taken with their principal axis perpendicular to 
weld run. Charpy and compact tension specimens were machined with their notches 
located in the short transverse direction, except in 15 mm thickness 316 plates of 
Rapsodie experiment where (only charpy-U specimens taken) they were machined with 
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their orientations in long-transverse direction. All notched specimens taken in welds were 
checked before use to insure for correct positioning of cracks in centre of welds. Likewise 
tensile specimens taken in 304L/308L/304L joint were checked to insure that weld zone 
covered all of the gauge "-ngth. 

A priori weld specimen orientations were adopted for specimens taken in base and 
parent metals. For fatigue specimens where weld specimens were not involved, all 
specimens were machined in the longitudinal direction. 

All mechanical tests were performed according to current international rules and 
recommendations and in particular those recommended by AFNOR and ASTM [20,21]. 
In brief main test parameters used are as follows: 

Tensile tests were carried out at strain rates about 4.10*3 s"l and at test 
temperatures ranging from 20 to 750°C, but mainly at 400°C and 550°C. 

Charpy tests were conducted in general on an instrumented (359 joules max. 
energy) impact testing machine allowing recordings of load and energy evolutions during 
rupture. 

Fracture Mechanics tests were performed using single-specimen compliance 
method [10,22,23] to obtain the entire J-R curve. The results obtained were analysed 
using ASTM E 813-81 and Groupe Fragilité Rupture recommendations [24]. Test 
temperatures employed were 20°C and 400°C. In general specimens were side grooved 
before irradiation and precracked after but a few were precracked before irradiation in 
order to study the effect of sojourn in sodium. The extent of crack propagation was 
marked by heat tinting and final separation was done by fatigue at room temperature. 

Fatigue tests were made using fully reversible triangular strain controlled cycles at 
a strain rate of about 2.5 .10*3 s ' 1 [25,26]. Test temperatures were 400°C and 550°C and 
total strain ranges between 0.6% and 2%. Strains were measured in axial directions and in 
some cases doubled with diametral measures. In order to compensate the difference 
between irradiation temperaturt (400°C) and the operating ACS temperature (550°C), all 
Dinosaure 1 fatigue specimens tested at 550°C were aged for 24 hours at 550°C after 
irradiation and before testing. The aging time was increased to 1000 h for 316L-SPH 
specimens irradiated in HFR. 

Creep-Fatigue tests were performed only on 316L-SPH specimens, using same 
procedures as fatigue, with hold times introduced at maximum tensile strain. Longest hold 
time appiied to irradiated specimens was 30 mn. 

Fractographic examinations were performed using an electron scanning 
microscope equipped with an X-ray dispersion analyzer. 

4- IRRADIATION 

The units used in this paper are dpa (NRT-Fe) [27] and appm He. The former is 
used to represent damage due to atomic displacements and the latter that due to atomic 
transmutations. Dpa is used a) because it is becoming internationally accepted and b) 
because it is better adopted to soft spectra than other units such as total, E>lMeV or E> 
0.1 MeV fluences, see for instance figure 1•. Since the basic difference between NRT dpa 
and other dpa's such as die French dpa is the threshold displacement energy, the units can 
be easily converted to one another (dpa NRT= 0.7 dpa F [28]). Likewise appm helium 
can easily be converted to atom/cm3 of metal using Avogadro's number. 

In most cases 1 dpa can be approximately considered to be equivalent of MO4-' n/cm~E>0.1 MeV. 
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Three irradiation experiments are retained in this study: 

- IRZ2, conducted in Rapsodie reactor 

- Dinosaure 1, conducted in Phénix rector 

- Nast -15 (R-120), conducted in HFR reactor2. 

The character sties of all three experiments and final irradiation doses obtained are 
summarized in table 2. 

Rapsodie and Phénix are fast breeder reactors while HFR is a pool (thermal) type 
reactoi. In the two fast reactors specimens were bathed in flowing sodium whereas in the 
thermal reactor they were placed in static sodium. In Phénix and HFR experiments 
irradiation temperature was constant and about 400 °C but in Rapsodie it varied between 
425°Cand475°C. 

The experiment conducted in Rapsodie consisted of 10 rigs placed in identical 
positions in the outskirts of the reactor and withdrawn one by one over a period of 15 
years. 

The experiment conducted in Phénix lasted for 4 years. A large single rig 
containing more than four hundred specimens, including 25 CT-20's, was irradiated in 
the storage zone of the reactor. In this experiment in addition to conventional neutron flux 
detectors distributed amongst specimens, a second rig containing heavy isotope detectors, 
deposited inside stainless steel boxes, was irradiated in a neighbouring position. This 
latter experiment was removed and analyzed after one reactor cycle (3 months). Its results 
allowed on one hand to target the end of principal irradiation and on the other hand to 
cover a large neutron energy spectrum. 

The experiment conducted in HFR was the smallest of the three experiments. Its 
principal aim was to study the effect of helium formation in the above core structure (<0.1 
appm) without generating a significant displacement damage (<0,1 dpa). In Rapsodie and 
Phénix irradiations the main target was to simulate damage due to atomic displacements, 
although in both experiments higher helium concentrations than HFR experiment were 
produced (table 2). 

Notice that the Type 316L steel irradiated in Phénix and in HFR has more than 
three times boron than the Type 304L steel (or 308L weld) irradiated in the same 
experiments. This means that the amount of helium formed in the former is about three 
times higher than that in the latter under the same conditions (NAST-15 and Dinosaure 
l ) 3 • 

The number and type of specimens irradiated in each experiment are given in table 
3. 

1 Rapsodie and Phcnix are in France and HFR in Holland. 
3 The bulk of helium generated in austcnitic stainless steels at low doses in 
soft spectra is due to boron burn up. 



5- RESULTS AND DISCUSSION 

5-1. Tensile Properties 

Four important observations were made when tensile properties of irradiated and 
unirradiated specimens were plotted against the test temperature, see for instance figures 
2a and 2b. 

1) At low test temperatures there is an increase in tensile resistance with an 
associated reduction in total and uniform elongations. 

2) With increasing test temperature (>550°C), irradiation induced hardening is 
gradually lost and irradiated yield and tensile strengths tend towards unirradiated values, 
but tensile ductility and in particular uniform elongation continue to decrease with rupture 
surfaces becoming increasingly intergranular. 

3) The correlation between the quantity of helium formed in the steel, independent 
of its type, and high temperature reduction in ductility is not consistent (Fig. 2b). This 
irrplies that either helium is not the only source of high temperature irradiation damage 
(for instance irradiation induced grain boundary segregation is also involved [17]) or that 
its influence is over shadowed by differences in behaviour of Types 304L, 316L, 316L-
SPH and 308L. 

4) A short time exposure of irradiated specimens to 550°C suffices to restore 
practically before irradiation low temperature properties. This observation is important, 
because it means that incidental temperature transients, which are inevitable in service, do 
not have a detrimental effect on tensile properties and may even have beneficial effects. 

5) The changes induced in 316L-SPH by irradiation are less significant than those 
produced in 304L but more important than those found in the weld metals. This can be 
attributed to the fact that the weld metal has a higher yield and lower ductility than the 
parent metal to begin with. However despite such differences in behaviour, it is noticed 
that weld metal ductility remains always less than the base metal. 

The effect of irradiation dose on low temperature tensile properties is shown in 
figures 3a and 3b. At doses below about 0.5 dpa, changes induced in tensile properties 
are essentially within the scatter band drawn to contain unirradiated and aged data. At 
doses above about 0.5 dpa irradiated specimens exhibit an increase in strength and a 
decrease in ductility. The increase in yield stress is more pronounced than that in tensile 
strength. This means that the ability of metal to work harden is reduced after irradiation 
and hence the onset of plastic instability would be advanced, as indeed shown in figure 
3b. 

The above findings are in good agreement with those fcpoiied elsewhere [29-32] 
and follow trends which can be established with data obtained at higher irradiation doses 
[33-38J. From the design point of view, they show that despite important changes 
induced in yield strength the overall ductility of welded joints remains acceptable (uniform 
elongation> 8%). 

5-2. Impact Toughness 

All parent austenitic stainless steels tested, in particular Type 316L-SPH, exhibited 
highly ductile fracture. Frequently the charpy test pieces were not fully broken and the 
absorbed energies recorded were beyond the maximum level given by the testing 
machine. In contrast weld specimens showed clear fractu-? with rupture energies about 
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one third of the base metal toughness (figure 6). Increasing test temperature from 20°C to 
550°C had only a small effect on toughness of base metals and practically none on the 
welds. 

In many aspects information derived from instrumented impact tests were similar 
to those derived from tensile tests. For instance dynamic yield strength was found to be 
higher in irradiated specimens; base metal properties were more sensitive to irradiation 
than weld metal properties; weld metal was weaker element of the joint before and after 
irradiation; Type 316L-SPH toughness was better than that of the Type 304L. 

From the design point of view, weld meta! impact toughness remains the 
dctennining factor at low doses. Effect of irradiation on weld metal can be ignored. It is 
only a: much higher doses that impact toughness of austenitic stainless steels is 
significantly reduced by irradiation [35]. 

5-3. Fracture Toughness 

As demonstrated by the impact toughness results, austenitic stainless steels used in 
our experiments are highly ductile. As a result despite using large CT specimens, most 
room temperature J-Aa curves obtained for base metal were not exploitable and Jic's 
calculated were invalid (Jic > 500 KJ/m2). At 400°C there was a significant reduction in 
fracture toughness of base metal but nonetheless the values calculated remained above 200 
kJ/m2, figure 5. 

Weld metal exhibited significantly lower toughness and tearing modulus than the 
base metal. For weld metal J-Aa curves obtained were exploitable at both 20°C and 
400°C. Here also, J\ç values calculated at 400°C (=50 KJ/m2) were markedly lower than 
those at 20°C (=100 KJ/m2). 

Low dose irradiation had little effect on fracture toughness of parent and weld 
metals. Often the changes induced were small and occasionally beneficial (fig' st 5). 

The above findings differ from conclusions drawn in some report' [8,29] but are 
in good agreement with those of Mitchel and Gray [11] which have used similar types of 
specimens and procedures as those employed in our experiments, as well as with those of 
deVries and Schaap on unirradiated 304L[38j. The observed discrepancies are probably 
due to utilization of different types of materials, specimens (three point bend or smaller 
CT specimens), crack propagation measurements (potential drop technique), or testing 
conditions (temperature and straining rate). 

From the design point of view, the above findings show that low dose neutron 
irradiation has little effect on fracture toughness of lower core strucire. A more 
significant reduction in fracture oughness of austenitic stainless steels has been observed 
at higher doses [11, 33, 39, 40]. but even at doses as high as 10 dpa the reduction is not 
catastrophic and weld metal toughness is reported to be above Jir=30 KJ/m2 [11]. 

5-4. Fatigue 

Fatigue test results were analyzed and compared in terms of evolutions of total, 
plastic and elastic strain ranges as a function of number of cycles to rupture, a typical of 
which is shown in figure 6. In general it was found that fatigue resistance of Type 316L-
SPH was slightly better than Type 304L at low strain ranges. Type 304L steel which was 
tested at 400°C and 5503C showed slightly better resistance at 400°C. 

Both steels exhibited slightly better performance after irradiation when they were 
compared in terms of total strain range versus number of cycles to rupture. However, the 



effect of irradiation hardening was reflected on augmentation of elastic strain range 
through elevation of yield stress, as shown in figure 7. 

The above findings are in agreement with reported data in the open literature on 
fatigue and fatigue crack propagation [13,43-48]. They confirm that low dose neutron 
irradiation has litde effect on continuous fatigue cycling of austenitic stainless sleds at 
550°C. 

5-5. Fatigue-Creep 

Fatigue-creep test results were examined using similar procedures as those 
explained for fatigue. The results obtained showed that hold times up to 30 mn have no 
significant effect on fatigue properties or unirradiated 316L-SPH tested at 550°C, figure 
8. This observation is consistent with our previous findings as well as those reported 
elsewhere for the same type of steel[13,17,25,41,42]. It confirms thus tha* dwell times 
longer than 30 mn are needed to induce a noticeable change in fatigue resistance of Type 
316L-SPH. 

Irradiated specimens on the other hand -howed a slight reduction in fatigue 
resistance with introduction of 30 mn hold times, figure 9. This shift in materials 
sensitivity to dwell time is believed to be due to embrirdement of grain boundaries as a 
result of 1 appm of helium formed in irradiated 316L-SPH specimens. In terms of the 
three domains reported in 117,41,47,49-51]: 

a) fatigue dominated, covering areas where creep is negligible, that is when test 
temperature is low, imposed strain and strain rates are high, or hold time is short, 

b) simultaneous creep-fatigue, covering intermediate areas between a) and c), 

c) creep dominated, covering areas where creep is important, that is when test 
temperature is high, imposed strain and strain rates are low, or hold time is long, 

it means that areas covered by (b) is increased at the expense of (a). However this does 
not necessarily mean that irradiated specimens will continue to exhibit increasingly poorer 
performance than the unirradiated specimens. Indeed, although the mechanisms involved 
are not fully understood, one would expect that when both unirradiated and irradiated 
specimens are tested in domain (b), the differences in their behaviour will be less 
significant, as both will show intergranular rupture. Similar reasoning can be used to 
caution extrapolation of short time creep data to creep-fatigue properties, or those obtained 
with one type of steel [52,53] to another type of steel ( in particular 316L-SPH). 

The above findings confirm possible degradation of fatigue-cieep properties with 
irradiation but are limited in number and scope to allow definite conclusions to be drawn. 
In particular one would need tests at low strain ranges with significantly longer hold times 
to evaluate the true extent of irradiation damage on creep-fatigue properties. 

6- CONCLUSIONS 

The following conclusions are drawn with respect to effect of radiation, 
corresponding to formation of up to 1.3 dpa and 2 appm He, on internal structures of fast 
breeder reactors. 

For lower core structures which operate at temperatures about 400 °C, such as the 
diagrid, the effect of radiation at such doses can be ignord. This is due to the fact that 
design is based on weld metal properties, and weld metal is less sensitive to low dose 
irradiation than base metal. In addition current designs include adequate safety margins 
and in particular take into account further reduction in weld metal properties due to 
thermal aging. 
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For upper core structure which operates at temperatures around 550 °C, 
embrittlement is due to formation of helium. This embrittlement can be ignored if time 
dependent properties are not involved. When time dependent properties are involved, 
such as creep or creep-fatigue, the limited number of tests conducted here show that a 
reduction in these properties can be expected. However the extent of such reduction 
remains to be determined. In particular extrapolation of short dwell time data to long hold 
times is not advised since the mechanisms involved are not fully understood. 

Finally independent of what kind of radiation damage is involved or at what 
temperature the internal structure operates, use of Type 316L-SPH steel in preference to 
304L is recommended. 
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TABLE 1. Chemical composition of materials used in Rapsodie, Phénix and 
HFR experiments. 

I Welded Plate 
Weight% 
c 0.030 0.025 0.060 0.028 0.034 0.059 0.051 
Si 0.50 0.29 0.56 0.9 0.50 0.45 0.45 
Mn 1.50 1.45 1.99 1.50 1.50 2.09 2.07 
Ni 9.3 12.5 12.5 9.7 12.0 8.2 8.23 
Cr 18.8 17.5 17.4 18.8 19.3 16.5 16.0 
Mo — 2.53 2.39 <0.05 2.22 2.11 2.07 
S 0.0095 0.0047 0.016 0.015 0.014 0.012 0.011 
P 0.023 0.027 0.024 0.014 0.019 0.015 0.019 
Co 0.1 0.15 0.21 0.1 — — — 
Cu 0.38 0.15 0.18 0.08 — — — 
PPM 
B <10 25 <10 
N2 576 725 403 460 

(1RZ2) experiments has a slightly different 
In particular its carbon conttnt is on the order of 

t OKR3U we d metal used in Rapsodie 
composition from that shown in table 1. 
0.06%. 

TABLE 2- Characteristics of the three experiments considered!. 

| EXPERIMENT I REACTOR IPOSITION I ENVIRON! T(IRR) 1 TIME I DETECTORS* 

DINOSAURE 1 PHENIX 15/13 SODIUM «400°C 4 YEARS Fe.Ni,Co,Nb,Ti 
- Heavy Isotope. 13/15 l)U.Pu,Np 
- (containers) 13/15 2>Fe,Cr.Ni,Co 
IRZ1 TO IRZ10 RAPSODIE 15/15.... SODIUM 425^70°C 15 Years Ni. Cu 
(NASTR-120-15' HFR H2 SODIUM =400 48 Hours Fe.Ni.Co.Nb,U 

t Calculated maximum doses in irradiated steels with 20 ppm boron are about 1 dpa - 2 
appm He in Dinosaure 1. <0.1 dpa-0.8 appm in HFR and 1.3 dpa- 2 appmin IRZ. 
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TABLE 3. Type and number of specimens present in each experiment. 

SPECIMEN TYPE METAL DINOSAURE ] IRZ2 HFR 2 

TENSILE BASE 304L 12 — 10 
WELD 308L 8 — — 
BASE 316L-SPH 21 280 10 
WELD 19-12-2 - 200 
JOINT C 16-8-2 2 — 

RESILIENCE BASE-V 304L 16 — 4 
BASE-U 304L 15 — 4 
WELD-V 308L 6 — — 
WELD-U 308L 4 — — 
BASE-V 316L-SPH 11 — 4 
BASE-U 316/316L-SPH 11 60 4 
WELD-U 19-12-2 — 60 
JOINT C-U 16-8-2 2 — 

FRACT. MECH. BASE-CT20 304L 15 — 
WELD-CT20 308L 10 — 
JOINT C-CT12 16-8-2 6 — 
WELD- MOLD 19-12-2t — 5 
WELD-MOLD 16-8-2t — 5 

FATIGUE BASE 304L 20 — 7 
BASE 316L-SPH 46 13 
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FIG. 2a. Effect of low dose neutron irradiation at 400°C on yield stress of Type 304L 
steel as a function of test temperature (Solution Annealed, Transverse Direction). 
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FIG. 2b. Effect of low dose neutron irradiation at 400°C on uniform tensile elongation of 
Type 304L steel as a function of test temperature(Solution Annealed, Transverse 
Direction). 
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FIG. 3a. Variation of tensile strengths with irradiation dose for Type 316 steel irradiated 
at 425-475°C and tested at 350°C (Solution Annealed, Longitudinal Direction). 
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FIG. 3b. Variation of tensile ductility with irradiation dose for Type 316 steel irradiated at 
425-475°C and tested at 350°C (Solution Annealed, Longitudinal Direction). 
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FIG. 4. Effect of test temperature on chaipy-V impact toughness of austenitic stainless 
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FIG. 5. Typical J-Da curves obtained for irradiated and unirradiated 304L and 308L 
metals at 400°C (As Welded Short Transverse Direction). 
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FIG. 6. Fatigue resistance of Type 316L-SPH irradiated at 400°C and tested at 550°C 
following 24 hour exposure at 550°C (Solution Annealed, Longitudinal Direction). 
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FIG. 7. Montonic and cyclic work hardening curves derived for Type 304L steel tested at 
400°C in irradiated and unirradiated conditions (Solution /Annealed, Longitudinal 
Direction). 
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FIG. 8. Effect of hold time at maximum tensile strain on fatigue resistance of unirradiated 
Type 316L-SPHat 550°C (Solution Annealed, Longitudinal Direction). 
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