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Abstract. 

The analysis of the behaviour of fuel pins irradiated in the same 
RAPSODIE subassembly, shows that titanium has a marked beneficial effect on the 
swelling resistance of CW 316 SS in a large range of temperature. This effect is 
particulary visible at high temperature since CW 316 Ti SS does not swell above 
550 °C up to a dose of 100 French dpa. 

The results obtained on samples irradiated in a RAPSODIE experimental 
rig give us confirmation of the good behaviour of CW 316 Ti SS which swells less 
and at smaller temperature than the other steels of the 316 series such as SA 316 
Ti or aged SA 316 Ti. 

The swelling differences between some of these matprials can be associa
ted to different microstructures which are also very different from the ones 
obtained on the irradiated steels aged in the same time and temperature conditions. 

KEYWORDS : neutron irradiation, void swelling, microstructure, 316 stainless steel, 
titanium stabilization, cladding, phase stability. 

INTRODUCTION. 

The 316 stainless steels being used as clads and wrappers in 

breeder reactors and so exposed to high fast neutron fluxes, must exibit good 

swelling resistance. In 316 série, Ti-stabilization appears to be one possible 

way [1, 2] to solve the problem of fast neutron irradiation induced void swelling. 

In this paper, we give the first results allowing, at least qualitati

vely, to analyse the swelling inhibition effect of titanium and thus to progress 

in the understanding of the complex phenomena occuring in the irradiated austenitic 

stainless steels. 
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EXPERIMENTAL RESULTS. 

Materials. 

The results refer to 31B Ti obeying to the AFNOR Z6 CNDT 17-13 specifi
cation irradiated either as fissile pins, or as specimens in capsules. 

The titanium modified 316 irradiated as cladding material is a high 
carbon steel all of the same heat. It has been irradiated in the SA and in the CW 
conditions. 

The capsule irradiated materials has been taken out of two different heats and 
irradiated in the SA, SA + aged or CW conditions as shown table 1. The swelling 
measurements are always performed by immersion density. 

Swelling of cladding. 

We have tried to get valuable informations on the effect of titanium 
on the swelling behaviour of 316 steel in the SA and CW states.To be able to 
explicit these effects, let us first recall our knowledge on the behaviour of 
316 steels. 

The analysis of the behaviour of PHENIX fuel cladding in SA as well as 
CW 316 [3] has shown that at a given temperature the knowledge of the dose is not 
sufficient to characterise the swelling behaviour because dose rate and time must 
be defined independently. Thus we have observed that at a given temperature swelling 
increases linearly with time after an incubation time almost dose rate independent. 

In fig.1 we compare the computed swelling of CW and SA 316 with a low or medium 
-7 -1 carbon content irradiated at a constant flux of 20 10 dpaF s for about 500 days, 

that is, far above incubation dose. One can note that both steels exhibit a maxima 
swelling between 600 and 620 °C and that in the temperature range, swelling increases 
faster in CW 316 than in SA 316. This is in agreement with the higher swelling rate 
observed in CW 316 [3]. For temperatures below 550 °C CW steel has a better swelling 
resistance than SA one,since swelling rate is slower and incubation dose, larger. 

Let us now compare the behaviour of 316 and the Ti modified version. This 
has been done keeping the carbon content similar since this is know to influence 
the swelling of 316 [A, 5]. Fig. 2 illustrates the effects observed in SA conditions. 
The Ti modified steel (full curve) has been irradiated with the flux distribution 
given in the upper curve.The dotted curve corresponding to unstabilized 316, is 
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extrapolated to the same dose and temperature conditions as the 316 Ti values. 

One can clearly state that in the solution annealed conditions the 
favorable effect of Ti is only firmly established above 520 °C. The maximum swelling 
being at 540 °C or most probably above, since beyond 540 °C the dose rate decreases. 

Let us now turn to the effect of Ti on CW 316. Fig. 3 compares the beha
viour of two fuel pins irradiated in the same RAPSODIE subassembly to a maximum 
dose of 72 dpaF. In this case the decrease of swelling with Ti is observed in all 
the temperature range and especially in the high temperature range. This sharp 
decreases of swelling of 316 Ti above 500 °C is not due to a decrease in dose rate as 
illustrated on fig. 4 for a fuel pin irradiated at 83 dpaF where one can note that 
the swelling marks a sharp decrease between 500 and 550 °C, region where the dose 
rate is almost unchanged. 

This absence of high temperature swelling is the essential feature of 
CW 316 Ti steels and represents at major difference with the unstabilized 316 where 
the beneficial effect of CW is lost in the high temperature range. 

These characteristics are precised by the results of the samples irra
diated in capsules. 

Swelling of specimens irradiated in capsules. 

All the samples have been irradiated in RAPSODIE reactor in the same 
neutronic and thermal conditions. 

Fig. 5 gives the overall behaviour of the different samples irradiated 
during the same time with the dose rate profile of fig. 5-a. Several facts must be 
pointed out. 

One finds that as well known [6] in the 316 série, ageing prior to irra
diation increases swelling. j 

As already noticed on fissile pins the swelling of CW 316 Ti decreases 
sharply above 500 °C wereas all the other samples have their peak swelling tempe
rature around 550 8C. There is thus a large difference of swelling at temperatures 
higher than 500 °C between SA and CW 316 Ti. This is a major difference with 316 
(fig. 1). 
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There is a great variability of swelling-between different heats in the 

same specification as shown fig. 6. 

Microstructural evolution. 

To get a better understanding of the macroscopic behaviour of the diffe
rent specimens described in table 1, we have examined by T.E.M. different samples. 
Two temperatures have been investigated : one corresponding to the peak swelling 
temperature of CW 316 and one (600 °C) in the temperature range where no swelling 
is observed in the CW material. On table 2 we have listed the samples examined and 
the swelling measured by immersion density. 

At 500 °C specimens A and B should allow us to compare the microstruc
tures during and after the end of the incubation dose, in CW 316 Ti. 

To try and get some reasons for the variability of swelling in the dif
ferent 316 Ti, samples B and C will be compared. Finaly the observations on samples 
D and E irradiated at 600 °C will be analysed to understand why cold work has dif
ferent consequences in the stabilized and in the unstabilized steels. 

The microstructural examination of thin foils have been performed by 
125 kV T.E.M. t3chnique. The equipment used allow us a phase identification by 
micrcidiffraction but not by X Ray microanalysis, this is not very convenient to 
distinguish without ambiguity some precipitates such M„-C_ and n carbides or even, 

Zi b 
the irradiation induced G phase whose structure and parameters are very similar. 

• ÇW_316_Ti_irradiated_at_500_°Ç. 

In sample A, still in the incubation dose where the macroscopic swelling 
is almost null, a low density of voids heterogeneously distributed is nevertheless 
observed as shown fig. 7. Their size range is wide 80 to 250 A". In this sample 

13 -3 transgranular precipitation is limited, less than 10 cm .As for all the samples 
irradiated at 500 °C diffraction analysis identifies the precipitate as M _C_, n 

23 6 
carbides or G phase. One must note that the regions where void nucleation starts 
do not present a larger phase instability,and that it is frequent to observe no 
precipitation in the voided regions. The dislocation structure is not completely 

10 -2 recovered and dislocation line density lies around 4.2 10 cm . 
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When irradiation time increases so a "> -each the swelling regime, the 
specimen (B) presents a uniform distribution of voids whose diameter is about 850 A° 

14 -3 as shown fig. 8. The precipitation is more abundant ('v» *f. 10 cm precipitates 
of ̂  0.1 y) but its nature remains unchanged. Dislocation density decreases slightly 

10 -2 (̂  3.6 10 cm ). 

The specimen C (H 2 CW steel) which has the same swelling for the same 
14 3 dose rate but at a shorter time, exhibits a lower density of precipitates (10 cm ) 

but of the same size as the specimens B. Dislocation density .'3 identical to the one 
observed in the sample B. Finaly, in all the samples irradiated at 500 °C, we must 
note that neither y' nor phases can be found. 

§ô_aDd_ÇW_316_Ti_irradiated_at_600_fÇ. 

At this temperature SA 316 Ti swells in spite of a modest dose (̂  68 dpaF). 
In fact the void population is heterogeneous and their size ranges from 250 to 1500 A° 
diameter. As shown on Fig. 9 the transgranular precipitation is very abundant. Dif
fraction patterns are characteristic of n carbides and G phase in agreement with the 
X Ray microanalysis mate by BRUN and All7] on an SA 316 Ti irradiated in the same 
conditions.There is no evidence for TiC precipitation in the sample. 

The microstructure of CW 316 Ti irradiated at 600 °C is drastically 
different of all the other specimens examined. On sample D the precipitates of 
carbides or G phases observed at 500 °C disappear to give place to 3 types of phases : 
an heterogeneous distribution of precipitates of Laves phase type Fe^Mo as shown 
Fig. 9, a fine and abundant precipitation of TiC on the dislocations (Fig. 10) and in 
the 111 planes, platelets of a new phase in 316 série recently identified [8] as 
hexagonal n Ni3Ti (Fig. 10). 

These observations are in perfect agreement with those reported by GILBON 
and Al. [8] on another heat of CW 316Ti irradiated as fissile pins in RAPSODIE reactor. 

DISCUSSION. 

The results presented in this paper can be summarized as follows. The 
CW 316 Ti swells less than CW 316 in the 400 - 650 °C temperature range. This effect 
is particulary visible above 550 °C where the swelling is maximum for the unstabilized 
steels and minimum for CW 316 Ti. When irradiated in the solution annealed state and 



6. 
specially in aged conditions, Ti-stabilized 316 loses the swelling resistance 
observed on CW Ti modified steel whatever the temperature and comparing SA 316 
to SA 316Ti, we conclude that the two materials do not behave very differently 
at least in the low temperature range. 

The electron microscope observations performed on CW 316 Ti irradiated 
respectively at the maximum swelling temperature (500 °C) and at a temperature 
where the material does not swell (600 °C), reveal important differences between 
the microstructures obtained in these two conditions. If at 500 °C, we observe a 
copious transgrannular precipitation of carbides (FL_CR and n types) and G phase, 
at 600 °C the main microstructural feature consists of finely dispersed TiC particles. 
Ni- Ti type platelets and wing shaped precipitates of Laves's phases. On the other 
hand in the SA 316 Ti which still swells at this high temperature, we observe neither 
TiC nor Mi^Ti type phase,but r\ carbides and G phase. 

These results seem to indicate that the presence of void-swelling at 
500 °C in CW 316 Ti and at 600 °C in SA steel can be correlated to the precipitation 
of r)-carbide and/or G phase. Since under irradiation these precipitates exhibit 
higher nickel contents than the matrix, it could be postulated that the beginning 
of the swelling is the consequence of a nickel depletion of the matrix. This widely 
used [9, 10] but also criticized [11, 12] asumption is inconsistent with some of 
our observations. Indeed, according to this point of view the end of the incubation 
period must be associated with a definite quantity of precipitated phase correspon
ding to a critical nickel content of the matrix. So, in this way, the precipitation 
must be identical in the B et C samples which are both in the same void swelling 
state for the same temperature and dose rate conditions. This conclusion is not 
consistent with our experimental results since the precipitation is less abundant 
in the C sample which has been irradiated during a lesser time than B. 

Thus the hypotheses of nickel depletion of the matrix must be rejected 
to explain the voids nucleation in the swelling incubation period, but it is not 
impossible that this effect may influence the behaviour of the material after the 
incubation phase, for example when abundant precipitation and nickel segregation 
to voids occur. 

Nevertheless we must not forget that n carbides and G phases are enriched 
in solutes which are good swelling inhibitor such as silicon and titanium [13, 7]. 
For example, G phase can be enriched by a factor of 15 or 20 for Ti. 
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The induced titanium depletion could then- affect void nucleation as 

emphasized in some experimental work performed in our laboratory : In aged 316 Ti 
similar to the one studied in this paper but ion-irradiated, we saw [14] that voids 
nucleate in the titanium depleted zones situated between the blocky TiC induced 
by the aging treatment prior to the irradiation. These observations could explain 
the bad swelling resistance of the aged samples reported in this paper. 

In fact all our results cannot be explained in this way since first we 
saw in A sample thet in the incubation phase the voids do not nucleate necessarily 
from a precipitated area and secondly, we must note that the action of the aging 
induced blocky TiC is quite different from the role of the finely dispersed TiC 
particles obtained under irradiation of non aged specimens. 

Furthermore, it is obvious that in the case of CW 316 Ti this material 
keeps a good swelling resistance at high temperature in spite of his phase instabi
lity under irradiation. Concerning this point, we must remember that CW 316 Ti irra
diated at 600°C exhibits a precipitation of TiC et Ni„Ti-type phases which could 
directly deplete the matrix in titanium. Furthermore we also observe Laves phase 
which are know to be highly enriched in titanium [8], 

In spite of such a precipitation we can ascertain that void nucleation 
remains difficult. So, it is well known that the nature and role of the existing 
phases may greatly affect the result. Particulary in the case of CW Ti stabilized 
316 irradiated at 600 °C the fine distribution of TiC and the presence of platelets 
like Ni„Ti could inhibit swelling either by stabilizing the cold worked structure 
by dislocation pinning , or by trapping gasos in their vicinity [16]. 

These mecanisms can explain the differences of behaviours between stabi
lized and unstabilized CW 316 and specially at high temperature where the CW stabi
lity is one of the bigger problems for 316 steels. 

In the SA 316 Ti which is not a very good void swelling resistant material 
the absence of TiC or Ni3Ti-type phase correlated with a higher recovery of the 
dislocation structure, tend to support this explanation. 

Let us note that the absence of TiC in SA 316 Tiîs induced bu irradia
tion because BRUN and al. [7] have shown that the same type of material, when aged at 
the same temperature (600 °C) and during a time even shorter, exhibits sufficient 
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quantity of TiC to be observed. Such a behaviour is «quite consistent with the results 
of LEE and ROWCLIFFE [15] which show that in the course of the ion irradiation of 
SA 316 Ti, rapid dissolution of TiC occurs for the benefit of G phase precipitation. 
On the other hand in CW 316 Ti, TiC is the most stable phase and G precipitation is 
delayed. 

As shown up to now, swelling behaviour is strongly correlated to phase 
stability under irradiation but we must keep in mind the specific effect of titanium 
solute element which could be due to particular interaction with gaz atoms, point 
defects and dislocations. 

Our experiments does not allow us to bring some precisions about the 
titanium-gas interaction but the comparison between SA 316 and SA 316 Ti could give 
any in formations about the efficiency of the titanium-points defects (here probably 
vacancy [17]) interaction. The consequence of this interaction would be an enhancement 
of the recombinaisons which would imply swelling reduction specially in SA material 
irradiated at low temperature. Our experiments presented fig. 2 show that it is not 
the case in high carbon steels. One saw that titanium can be less effective than 
carbon, at least at this high carbon content. 

On the other hand the work of D. GILBON and V. LEVY [18] which shows that 
titanium is a good inhibitor of pre-existing dislocation climb suggest a strong 
titanium- dislocation interaction, the consequence of which is the existence of 
titanium rich clouds in tne vicinity of dislocations. For the titanium case, such 
atmospheres may decrease the dislocation bias for intersticial capture and locally 
greatly entrance recombinaisons. The result is a resistant void and cold-work struc
tures probably inhanced by dislocation pinning at fine TiC or platelets-like Ni_Ti 
type precipitates as pointed out previously. 

Consequently the effect of Ti addition on swelling of 316 type steels 
could be shematically analysed as follows. As long as Ti remain in solution classical 
Inhibitor mecanisms could be invoqued, but when this element participates to preci
pitation reactions the nature of the phase existing under irradiation can greatly 
influence the swelling behaviour. Swelling is observed when G phase and/or n, carbides 
are present, whereas the most resistant void swelling microstructure seems to be 
obtained when the prédominent phases are TiC and/or Ni~Ti-type precipitates. 
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TABLE 1 : Description of the 316 Ti specimens irradiated in capsules 

Stee l M e t a l l u r g i c a l s t a te Comments 

H1 SA 

H1 CW 

H1 SAA 

H2 CW 

So lu t i on annealed 

Cold-worked 

So lu t i on annealed + aged 

Cold-worked 

Heats H1 and H2 obeys to 

t he AFNOR Z6 CNDT 17-13 

s p e c i f i c a t i o n but H2 CW 

swe l l s more than H1 CW. 

TABLE 2 : Description of samples examined by transmission electron microscopy 

' Sample S t e e l I r r a d i a t i o n temperature Swe l l ing (%) 

A H1 CW 500°C 'v» 0 

B H1 CW 500°c 2.3 

C H2 CW 500°C 2.7 

D H1 CW 600 °C ^ 0 

E H2 CW 600°C 2 

J 
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FIGURE CAPTIONS. 

Fig. 1 Temperature dependence of 316 SS swelling. 

Fig. 2 Effect of titanium in SA 316 SS. 

Fig. 3 Effect of titanium in CW 316 SS. 

Fig. 4 Temperature dependence of CW 316 Ti SS. 

Fig. 5 Overall behaviour of samples irradiated in capsule. 

Fig. 6 Comparison between the different materials irradiated at same temperature 
and dose-rate. 

Fig. 7 Microstrusture of CW 316 Ti in the incubation phase at 500 °C. 

Fig. 8 Microstructure of CW 316 Ti when the swelling starts at 500 °C. 

Fig. 9 Comparison of the SA (E Sample) and CW 316 Ti (D Sample) microstructures 
at 600 °C. 

Fig. 10 Precipitation structure of TiC and l\li_Ti-type phases observed on CW 316 Ti 
at 600 °C. 
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RESUME. 

L'analyse comparée du comportement de gaines irradiées dans un même 

assemblage du réacteur RAPSODIE, montre qu'une addition de titane aux aciers 316 écrouis 

réduit le gonflement à toute température. Cet effet est particulièrement marqué à haute 

température car l'acier 316Ti écroui ne gonfle pratiquement pas au-delà de 550 °C jusqu'à 

une dose maximale ne dépassant pas 100 dpaF. 

L'examen d'échantillons irradiés en capsule dans RAPSODIE confirme le bon 

comportement de l'acier 316Ti écroui. Celui-ci, en effet, gonfle moins et à plus basse 

température que le 316Ti hypertrempé ou hypertrempé et recuit. 

L'observation en mirroscopie électronique de certains de ces échantillons 

irradiés montre que cette variabilité de comportement en gonflement est associée à des 

différences notables dans l'évolution structurale, laquelle diffère totalement de celle 

observée sur les mêmes nuances mais vieillies hors flux dans des conditions voisines de 

temps st température. 
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