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Résumé 

Les principales limites des matériaux de cœur des réacteurs à neutrons rapides sont géné
ralement le gonflement et la fragilisation sous flux. Des essais de traction et de resilience, réali
sés sur des tubes hexagonaux 316Tk irradiés dans PHÉNIX jusqu'à 100 dpa NRT, ont mis claire
ment en évidence la corrélation entre gonflement et fragilisation. 

Les essais de traction ont été réalisés à la température ambiante, à 200*C et à la tempéra
ture d'irradiation sur des éprouvettes de traction usinées dans des tubes hexagonaux ; les essais 
ont été effectués sur différentes nuances conduisant à différentes valeurs de gonflement. 

Les essais de resilience ont également été réalisés à la température ambiante, à 200°C et à 
la température d'irradiation sur des éprouvettes Charpy usinées dans différents tubes hexago
naux. 

Quand le gonflement augmente, on observe tout d'abord une forte décroissance de l'énergie 
totale absorbée par la rupture de l'éprouvette lors des essais de resilience et l'absence de striction 
avant rupture dans les essais de traction ; quand le gonflement atteint environ 6 %, l'énergie 
totale des essais de resilience devient très faible et rallongement réparti mesuré dans les essais de 
traction décroit ; pour de plus fortes valeurs de gonflement, on peut observer une rupture, après 
essais de traction, sans déformation plastique, ainsi qu'une forte décroissance de la résistance à la 
traction. 

CENTRE D'ETUDES NUCLEAIRES DE SACLAY 
91191 GIF-sur-YVETTE CEDEX 
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ABSTRACT : For fast breeder reactors core materials, the main limitations are usually swelling 
and irradiation embrintentent. Tensile tests and Charpy tests performed on CW 316 Ti wrappers 
irradiated in PHÉNIX up to 100 dpa NRT have shown strong evidence of correlation between 
swelling and embrittlement. 

Tensile tests were performed at room temperature, at 200"C and at irradiation temperature on 
tensile specimens machined from wrappers ; the tests were done on different heats leading to 
different swelling values. 

Charpy tests were performed also at room temperature, 200*C and irradiation temperature on 
Charpy specimens machined from different wrappers. 

As swelling increases, first we observe a large decrease of the total energy absorbed by specimen 
rupture in Charpy tests and the absence of necking before failure in tensile tests; when swelling 
reaches about 6 %, the total energy in Charpy tests becomes very low and uniform elongation in 
tensile tests decreases ; at higher swelling values failure in tensile tests may occur without any 
plastic deformation, the UTS itself decreasing sharply. 

KEY WORDS: irradiation embrittlement, swelling, tensile tests, charpy tests, CW 316 Ti 

Fast neutron irradiation strongly affects the mechanical properties of the subassembly 
structural materials. The changes have been reported in many instances [1-2-3-4] and for dif
ferent types of austenitic steels in the SA, CW, CW + aged conditions, the dependence of strength 
and elongation with the neutron fluence has been emphasized. 

It was generally admitted that resistance and elongation tended to saturate at a modest dose 
then remained unchanged. More recently it was shown that for CW 316 dads irradiated to high 
doses an important degradation of both properties occured around 70 dpa NRT [5] and the 
asumption was made that swelling by itself may be responsible for a degradation of the ductility 

In this paper we will describe and analyse results of post irradiation tensile and charpy 
tests performed on CW 316 Ti wrappers irradiated to high doses in Phénix Reactor 
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Experimental procedurei 

Material 

CW 316 Ti test specimens have been machined by a sparkling technique from irradiated 
wrappers. 

Different heats of 316 Ti with variable swelling resistance have been tested. The chemical 
composition of these materials is within the AFNOR specification z e CNDT 17-is [6] and is given 
in table I. 

Irradiation conditions 

The irradiations have been conducted as full subassemblies in Phénix reactor. The tempe
rature-dose rate dependence along the wrapper tube is given on fig. 1. The dose range investi
gated his between 0 and 100 dpa NRT. 

Tensile testing 

The tensile specimens have been tested on a mechanical tensile testing machine (INSTRON) 
working in a hot cell ; the specimens are heated to the test tc.nperature in a radiation furnace, 
the temperature measured by a thermocouple being within ± 10°C. 

All the specimens were tested with a standard strain rate of 3 10"* s ' 1 at 25"C, 180"C 
and the irradiation temperature. 

Ckarpy tests 

They were carried out using iso v samples thinned down to 3.5 mm. The Tinius Olsen 
pendulum with a 300 J capacity in instrumented. The impact velocity of the tests was 3 m/s. 

Swelling 

Swelling has been measured by immersion density 

Results 

Tensile tests 

Fig. 2 illustrates the evolution of the tensile properties along a CW 316 Ti wrapper irra
diated to 90 dpa NRT and having •< maximum swelling of 2 %. The general trends of this plot 
are very similar to those usually observed on CW austenitic steels : 

- Below the fissile colum, where the temperature is almost constant and dose increases, yield 
strength and ultimate tensile strength (UTS) increase and the uniform elongation decreases 
indicating an embriitlement of the material. 
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- At the level where the fissile column begins and the temperature increases the hardening 
decreases ; a softening of the alloy being observed at the top of the fissile column. It is impor
tant to note that the minimum of ductility does not occur for the maximum dose. 

When the tests are conducted at the irradiation temperature the general trends are similar, 
except that a decrease of the elongation occurs at a level corresponding to an irradiation nnd test 
temperature above 500'C. This effect can be attributed to grain boundary sliding. Fig. 3 
compares yield strength, trrs, total and uniform elongations measured at 20*C and irradiation 
temperature. 

Let us now analyse in more detail the effect of dose on the mechanical properties. We will 
distinguish two domains in the analysis : the temperature domain where the swelling measured 
on the samples is moderate in the dose range examined i.e below 400*C and above SOO'C and ihe 
temperature range where the specimens exhibit important swelling and important heat to heat 
swelling variability i.e between 400*C and 500*C. 

- Low swelling temperature range 

Fig. 4 gives the evolution with dose for UTS and uniform elongation for two heats of CW 
316 Ti irradiated below 400*C. 

Although the absolute figures for the two heats differ slightly the general trends are 
similar. For UTS a tendency towards a steady state is observed ; as for the uniform elongation it 
decreases with dose as long as swelling is nil, then one can note a slight increase. In the tests at 
25°C or 180*C performed on samples irradiated above SOO'C, where swelling is zero through
out the dose range, UTS remains constant and a steady state occurs for uniform elongation 
below 40 dpa NRT (fig. S). 

- Swelling temperature range 

In this temperature range (400-500'C) it is difficult to analyse the results in terms of 
dose, erratic results are observed, essentially related to heat to heat variations. Such effects are 
illustrated on fig. 6 and 7. On fig. 6 we compare UTS and ductility (measured by the diffe
rence between total and uniform elongation) for two heats of CW 316 Ti irradiated to the same 
total dose and tested at 180°C. At this dose there is no major difference in UTS for the two 
heats, but, large differences in ductility are observed ; they can be correlated to differences 
in the swelling of the two heats. 

Fig. 7 illustrates the effect of the same increase in dose on UTS for the two heats. Here 
again large differences are observed for the two heats once more correlated with the swelling 
levels. 



Charpy tests 

The results obtained during charpy tests performed on samples cut off from wrapper tubes 
are very consistent with the tensile tests. 

Fig. 8 illustrates the typical load-time test trace. 

On fig. 9 we give the evolution of the total absorbed energy measured at 2S*C, 180*C and 
the irradiation temperature along a wrapper tube irradiated at 100 dpa NUT. It clearly shows 
that this energy exhibits a marked minimum in the region of the swelling peak. In this zone the 
measured general yield load is equal to the maximum load confirming the loss of ductility 
observed in the tensile tests. Furthemore in the regions of the wrapper where swelling occurs 
and as for the tensile properties, the evolution of the total absorbed energy cannot be analysed 
in terms of a simple dose effect. 

In the temperature range (~ < 400*C) where swelling remains negligible, the absorbed 
energy exhibits a charp decrease at very low dose followed by a continuous slower evolution 
(fig. 10). A tendency towards saturation of the effect being only observable when the tests are 
conducted at the irradiation temperature. 

Fracture surfaces 

Fractographies have been performed on some samples irradiated at different temperature 
and tested at 180*C. They indicate a very good agreement between the fracture surfaces 
observed on the tensile and charpy specimens. 

In all cases a transgranular fracture is observed (fig. 11). 

For temperatures around 450-480*C where swelling is important (> 6 %) the fracture 
surface is normal to the stress axis ; the rupture is brittle, it presents a stair like structure with 
planar type surfaces akin to cleavage facets observed. 

At high temperature where no swelling is observed the samples exhibit a ductile fracture 
with dimples. At 400-410T where moderate swelling is present the fracture surface was slan
ted at an angle of 45 degrees to the tensi; axis suggesting a shear mechanism ; a mixture of 
ductile and planar brittle zones coexist. 

Discussion 

The degradation of the mechanical properties observed in the swelling domain can either 
be due to the associated evolution of the microstructure of dislocations and precipitation or to the 
voidage itself. 

To try and get a better understanding of the phenomena we have tried to see how far the 
effects can correlate with the overall voidage. 
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In fig. 12 we have plotted the total and uniform elongation measured at constant tempera
ture (180*C) venus the overall swelling for samples of different heats irradiated at different 
temperatures. One can observe a clear correlation between ductility and swelling. In a first step 
both total and uniform elongation decrease, total elongation decreasing at a faster rate ; when 
swelling reaches about 6 % rupture occurs without striction ; nil ductility is reached when 
swelling is of the order of 10-12 %. For UTS, heat to heat differences yield differences which 
do not enable us a precise analysis, nevertheless it is clear that when no more striction is obser
ved UTS aad yield strength start to decrease. 

In the case of charpy test similar correlations can be displayed. Fig. 13 where we have 
plotted the total stored energy versus swelling illustrates this points. 

Although a possible contribution of precipitation or dislocation structures cannot be ruled 
out these correlations indicate that voidage is most probably the major cause of the degradation 
of the mechanical properties observed in the high dose range. 

The mechanisms involved in void embrittlement are not yet clear, nevertheless some 
assumptions can be made to explain the phenomena. 

At fluences above 2 10" n/m* (£>0.1 MeV) in temperature range of from about 300-
480*C a fracture mechanism unique to irradiated materials referred to as "channel fracture" has 
been found. The fractographies of our failed specimens are very similar to those published by 
Fish [7-8] suggesting as proposed by GrossbecK and Coworkers [9] that the channel of sheared 
voids may be a major contributor to channel fracture since it has been observed at room tempe
rature testing only in swollen specimens. Another possible contribution of voids to the degrada
tion of the mechanical properties resides in stress concentrations leading to the nucleation of 
cracks between voids. 

To elaborate sophisticated models more information are needed in particular on the effect 
on test temperature and void size distributions on the phenomena. 
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Figure captions 

FIG. 1 -Typical distribution of temperature and dose along an irradiated wrapper. 
FIG. 2-Evolution of the tensile properties along a CW 316 Ti wrapper irradiated 

to 90 dpa NUT maximum 
Fig. 3-Comparison of the tensile properties measured at 20*C and the irradiation temperature 

a) yield strength 
b) ultimate tensile strength (UTS) 
c) uniform elongation 
d) total elongation 

FIG. 4-Evolution of UTS and uniform elongation versus dose for two heats of CW 316 Ti 
irradiated at 400*C and tested at 1S0*C 

FIG. 5-Evolution of UTS and uniform elongation for CW 316 Ti irradiated above SOO'C and 
tested at 180*C 

FIG. 6-Variation of UTS and ductility along two wrappers of different heats of CW 316 Ti 
irradiated to the same total dose 

FIG. 7-Effect of dose increase on the tensile properties of two heats of CW 316 Ti wrappers 
FIG. 8-Typical load-time test trace 
FIG. 9-Evolution of the total absorbed energy along a CW 316 Ti wrapper measured at 25'C, 

180*C and the irradiation temperatu. e 
FIG. 10-Evolution of the total absorbed energy versus dose for samples irradiated at 400*C 
FIG. 11-Fractographies of wrapper samples irradiated at different temperatures and tested at 

180°C 
FIG. 12-Evolution of the uniform and total elongation measured at 180'C versus the overall 

swelling 
FIG. 13-Evolution of the total absorbed energy measured at 180*C versus swelling 



TABLE x-Chemical composition of a standardized titanium-modified Type 316 stainless steel 

Element 

C Mn P S Si Ni Cr Mo Other 

% b y . . . <0.08 <2.0 <0.04 <0.03 <1 12tol4 16tol8 2to2.5 5C<Ti<0.6 
weight 
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FIG. 2-Evolution of the tensile properties along a CW 316 Ti wrapper irradiated 
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FIG. 11-Fractographies of wrapper samples irradiated at different temperatures and tested at 
180'C 
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