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Résumé:
Dans ce document on étudie le comportement en traction des gaines fissiles en 316Ti et 15-15Ti

écrouis irradiées dans Phénix. Les essais de traction ont été réalisés sur des tronçons de gaines

irradiées jusqu'à 115dpa dans la gamme de température 400-6400C. La température d'essai

correspond essentiellement à la température d'irradiation.

Les résultats montrent que bien que la ductilité diminue après irradiation, la rupture se produit

toujours avec une déformation plastique significative même pour les gaines les plus irradiées.

Aux températures d'irradiation inférieures à 56O0C, la fragilisation des deux aciers est corrélée au

gonflement et ainsi à l'apparition des cavités induites par l'irradiation ; dans ce cas la rupture est

transgranulaire. Aux hautes températures, une grande différence est observée entre les deux aciers

lorsque les essais sont effectués à la température d'irradiation : la rupture est essentiellement

intergranulaire pour le 316Ti et transgranulaire pour les autres lots de 15-15Ti.

Les propriétés de traction des gaines en 15- 15Ti sont meilleures car ce matériau gonfle moins et est

moins enclin à la fragilisation de type fluage.
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ABSTRACT: This paper deals with the tensile behavior of CW316Ti
and CW15-15Ti Phénix fuel pin cladding. The tensile tests were
conducted on defueled tubes irradiated up to 115 dpa3 in the 400-
640 0C temperature range. Test temperature corresponds essentially
to irradiation temperature.

The results emphasize that although irradiation induces a
reduction of ductility, failure always occurs with significant
plastic deformation even for the most irradiated clads.

At irradiation temperatures below 560 0C, the embrittlement
of both steels is correlated to the swelling and thus to the
occurrence of irradiâtion-induced voids; in this case, the failure
is transgranular. In the high irradiation temperature range a great
difference is observed between both steels when the tests are
conducted at the irradiation temperature since the rupture is
essentially intergranular on CW316Ti and transgranular on all the
CW15-15Ti heats.

The tensile properties of the CW15-15Ti steel cladding are
better because it swells less and it is less prone to exhibit
creep-like embrittlement.
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For fast breeder reactors, the increase in burn up depends on
the behavior of the replaceable core components, which are exposed
to severe fast neutron damage in the high temperature range. These
irradiation conditions induce void swelling and irradiation creep
which control the component deformation, as well as a degradation
of short and long term mechanical properties. The optimization of
performances led to the choice of austenitic stainless steels as
fuel pin cladding materials. Both CW316Ti and CW15-15Ti are used as
fuel pin cladding in the French reactors. Phénix and Superphénix.
CW15-15Ti is now the reference for Phénix since it has a better
swelling resistance [1 - 2 ] . An optimized nuance is proposed as one
of the prime candidate for the European Fast Reactor.

It was first accepted that the tensile properties of these
alloys tended to saturate at a modest dose. However, results
obtained on CW316 cladding have shown that an important degradation
occurs at high doses [A. 5.] • Such an embrittlement depends on
swelling as it was emphasized from results obtained on CW316Ti
wrappers [§,] .

This paper describes the results on the tensile behavior of
CW316Ti and CW15-15Ti Phénix fuel pin cladding irradiated to a
maximum dose of 115 dpa. These will be analyzed in relation with
the already published results [21.

EXPERIMENTAL PROCEDURE

Materials

This work refers to one lot of CW316Ti (lot C2 described in
[U) whose chemical composition is within the AFNOR specification
Z6 CNDT17-13, and three lots of CW15-15Ti.
-- C6 lot is a 15-15Ti belonging to the standard 1.4970
specification.
-- C5 is an experimental Si-modified version of the 1.4970
specification with a standard cold work level, its composition was
optimized to increase the swelling resistance.
-- C8 lot corresponds to the actual standard Phénix specification.

C5 and C6 lots have been developed and studied in the frame of
the fast breeder reactor European agreement by CEA/KfK/Interatom.

The respective chemical compositions and amounts of cold work
are given in Table 1.

TABLE !--Chemical composition and amount of cold work-

Alloy Réf. Chemical composition (Wt %) Cold-Work

Cr Ni Mo Mn Si Ti C P B (%)

CW316Ti C2 17.1 14.1 2.75 1.5 0.49 0.34 0.04 0.015 0.002 20

CW15-T5T1 C6 15.2 14.7 1.14 1.75 0.46 0.40 0.10 0.005 0.003 20

CW15-15Ti C8 15.0 15.1 1.23 1.7 0.62 0.45 0.105 0.033 0.006 20

Si-mod 15-15Ti C5 14.9 14.8 1.46 1.5 0.95 0.5 O.0B5 0.007 0.004 23



Irradiation conditions

In this study, the tensile properties were obtained from tubes
irradiated as Phénix fuel pins in standard subassemblies. The dose
values reached at the mid-plane are respectively 76 dpa and 91 dpa
for CW316Ti, 83 dpa for Si-mod 15-15Ti/1.4970, 115 dpa for CW15-
15Ti standard Phénix. Two CW15-15Ti fuel pin corresponding to clads
of the Si-mod lot and the 1.4970 standard were further irradiated
in a rig up to 115 dpa.

The temperature dose dependence along the cladding tubes is
given in Figure 1; the temperature range investigated varies from
400 to about 630 0C. The irradiation temperatures are determined at
the mid-wall from thermohydraulic calculations and correspond to an
average of the thermal history during the life time.
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FIG. 1--Typical distributions of temperature and dose along a
fuel pin cladding.

Swelling measurements

The swelling values of CW316Ti cladding reported, were deduced
from fuel pin diametral strains. Respective contributions of
swelling and creep deformations in total deformation were estimated
using results obtained on other lots.

For CW15-15Ti cladding the swelling was measured by immersion
density. Figure 2 shows clearly that the swelling resistance of
CW15-15Ti under neutron irradiation is higher.
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FIG. 2--Swelling profiles along CW316Ti and CW15-15Ti fuel pin
cladding irradiated to equivalent dose.

Tensile

The tests have been performed in the longitudinal direction on
defueled irradiated tubes (outer diameter = 6.55 mm, inner diameter
= 5.65 mm). Two types of specimens have been used (Figure 3):
- tube pieces 60 mm long with swage-lock attachments.
- samples machined by spark discharge to get a better definition of
the gage length which is 13 mm with a width of 3 mm.

Clearly all specimens are in non standard geometries.

Swage locks

FIG. 3--Design of the samples used in tensile tests on the
cladding (outer diameter = 6.55 mm, wall thickness = 0.45 mm)
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CW316Ti specimens were tested on a Instron mechanical tension
testing machine working in a hot cell. The specimens were heated to
the test temperature in a radiation furnace. The temperature is
measured by a thermocouple to ensure it is within ±10°C. The time
for the sample to reach the test temperature is of about 20
minutes.

CW15-15Ti specimens were tested on a Mayes machine equipped
with a resistance furnace. The temperature control is made by a
thermocouple placed in the center of the furnace. The accuracy of
determining the tdtc temperature is ±2°C. For both alloys,
elongation is obtained from the displacement of the tensile -"ack. A
great number of tests were performed at a temperature equivalent to
the irradiation temperature, with a strain rate of 4x10"^ s~l.

RESULTS

Comparison of results obtained with both types of samples

Results obtained on the two types of samples are compared for
equivalent irradiation and test conditions in Figure 4a. These
relate to a CW316Ti cladding irradiated to 76 dpa. On this figure,
one observes that non machined samples (I] lead to a slightly lower
ultimate tensile strength (UTS) but a significantly smaller uniform
elongation. To try and understand the origin of the difference,
diametral measurements were performed along the gage length of the
non machined samples. It can be shown that they exhibit a non-
uniform plastic deformation (Figure 4b); as a result UTS and
especially uniform elongations are underestimated.

As for the machined samples, to confirm their validity yield-
plastic finite element calculations were performed. Their analysis
shows that the results obtained are effectively representative of
the tensile properties.

To avoid complex analysis related to the non uniform deforma-
-tion of the tubes, only results obtained on machined samples will
be considered any further.

Cold worked

Tests at the irradiation temperature give the most practical
information for performance evaluation. However, tests at 20 CC are
very interesting because they yield inform on the irradiation
damage independently of the effect of test temperature.

Figure 5 compares the evolution of the UTS and uniform
elongation measured at 20 0C and at the irradiation temperature
along CW316Ti fuel pin clads irradiated to 91 dpa. When specimens
are tested at 20 "C a marked minimum of UTS and ductility is
observed in the lower part of the clad; this minimum does not
exactly occur at the maximum dose but rather when swelling is
maximum. This figure also emphasizes the importance of the test
temperature. This is most effective in the high temperature range
where drastic differences are observed both on UTS and uniform
elongation, at 20 0C they are typical of the unirradiated clad.

In Figure 6, we present the characteristics obtained along
CW316Ti fuel pin clads irradiated at two different doses (76 and 91
dpa) and compared to the unirradiated clad.
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PIG. 4 —a)Comparison between results obtained on non machined
(from Ref. 7) and machined samples, they are cut from CW316TÎ
fuel pin cladding irradiated to 76 dpa.

—b)Variation of the plastic deformation along the gage
length on non machined samples.

J



r
12Q0

i

I
EO

S
Jn

i wo

0
3D

20

10

1 1

10 -

Fuel column

"T+
L on

I I i

20 0C

P0

Leirr
I I I

20 'C

Unirradiated
2a' C

Unirradiated
20? C

SI

5

-400 -200 0 2oo

Distance from fuel mid-plane (mm)

FIG. 5--Compari9on of the evolution of the ultimate tensile
strength and uniform elongation measured at 20 0C and at the
irradiation temperature along fuel pin clads irradiated to
91 dpa.



Compared to the unirradiated, a reduction of the elongation is
always observed. However, we must note that the steel remains
ductile even at the highest reached doses. A hardening occurs as
long as irradiation temperature is below 5000C since tensile
resistance is higher for irradiated than control. At higher tempe-
-ratures, all characteristics are degraded.

As the dose increases, one can observe that the evolution
depends on the temperature. It is not important in the low
temperature range since the UTS decreases slightly and elongation
does not vary. On the contrary a significant decrease, especially
for ductility, is observed at the higher temperatures.
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PIG. 6—Ultimate tensile strength and uniform elongation along
CW316Ti fuel pin clads irradiated to two different doses (76
and 91 dpa). Tests were performed at the irradiation
temperature.

Cold worked

Experimental results obtained on CW15-15Ti cladding irradiated
to a dose of about 80 dpa have been extensively published f7.81 .
They have emphasized that the most swelling resistant Si modified
CW15-15Ti [2] heat possesses also the best tensile properties.

Since then, more results have become available at a higher dose
(115 dpa), both on the alloys previously tested and on a standard
Phénix CW15-15Ti fuel pin cladding exhibiting a maximum volume void
swelling of about 5 %.



A comparison of the tensile properties of these materials at
this dose is given on Figure 7. This figure confirms the good
behavior of the Si-modified steel up to this dose and indicates
that the standard CW15-15TÎ Phénix fuel pin cladding has a very
similar behavior. More precisely the ductility drop observed at
580 0C on the standard 1.4970 is absent on both C5 and CS lot.

900

I 800

f> 700
S
Z 600

I soo
S
I 400
5

300
6

5--

3--

2 +
°

I " 4

400 650450 500 550 600
Irradiation temperature ("C)

FIG. 7--Comparison of the tensile properties of the standard
CW15-15Ti Phénix, 1.4970 standard and Si-modified 15-15Ti
irradiated to the same dose (115 dpa). Tests were performed at
the irradiation temperature.

Figure 8 describes the effect of the dose increase between 83
and 115 dpa on the Si-modified alloy. One can see that UTS is
almost unchanged between 83 and 115 dpa and that the decrease in
uniform elongation is moderate and maximum in the swelling peak
region.

Comparison between both steels

Figure 9 illustrates the difference in behavior between the two
standard Phénix CW316Ti and CW15-15Ti for the maximal doses reached
on each steel, 91 dpa for CW316Ti and 115 dpa for CW15-15Ti.

On these figures, it appears that CW15-15Ti exhibits the best
tensile properties. Despite a higher dose, its UTS and ductility
remain appreciable above 520-550 0C.
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-- CW316Ti is irradiated to 91 dpa.
—CW15-15Ti is irradiated to 115 dpa.
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Fractoaraphies

To get a better understanding of the rupture mechanisms, frac-
-tographies have been performed on some tensile Samples taken from
cladding of both alloys at different tested levels. The main
features are summarized hereafter.

In the temperature range around the swelling peak rupture is
clearly totally transgranular. The greatest part of the fracture is
normal to the tensile axis. For all heats, a similar irregular
foliated aspect is exhibited (Fig. 10 a, c, d). High magnification
examinations would suggest presence of very small cavities
(Fig. 10 d) . On the most swollen CW316Ti samples, we can also see
some stairlike structure zones with planar surfaces akin to
cleavage facets (Fig. 10 b). These could correspond to channel
fracture as already observed by other authors r5.10.Ill .

In the temperature range above 560 0C where some ductility loss
is observed on CW316Ti and standard 1-4970, differences are
observed on CW316Ti and the different heats of CW15-15Ti.

In CW316Ti irradiated at 580 0C and tested at room tempera-
-ture fracture is transgranular and typical of a ductile material
(Fig. 11 a) in agreement with the tensile results; when the test
temperature is equal to the test temperature, the rupture is
essentially intergranular (Fig. 11 b) although some transgra-
-nular rupture can locally be evidenced.

In this temperature range the rupture observed on the tested
heats of CW15-15Ti are mostly transgranular (Fig. 11, c to f) even
for heat C6 where the uniform elongation is close to that of
CW316Ti. Some intergranular fracture localized in the inner surface
of the clad is nevertheless observed in some cases and can be
related to fuel cladding chemical interaction.

DISCUSSION

The results presented in this paper show that in the dose
range investigated the effect of an increase in dose is moderate,
but that the irradiation and test temperatures are of great
importance on the results. They have further confirmed the already
published lot effects on the tensile properties of CW15-15Ti [Z]•

To analyze the mechanism involved in the effect of
irradiation on the tensile properties we will follow the evolution
of the tensile properties along the length of the fuel pin
cladding. This leads us to distinguish three domains where the
observed properties seem to indicate that different mechanisms are
operating.

1. At the bottom of the fuel pin where the clad temperature
is below 500 0C and the swelling is moderate an irradiation
hardening is observed on all the alloys tested. It is characterized
by an increase in UTS and yield stress and a decrease of the
uniform elongation; the rupture is transgranular with dimples. This
scheme is independent of the test temperature although the uniform
elongation decrease is much larger when the tests are performed at
the irradiation temperature. Furthermore in this domain despite a
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FIG.10--Fractographies of c ladding samples i r r a d i a t e d in the
temperature range around the swel l ing peak (T . I r r — 500 0C).
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higher value of UTS for CW15-15Ti, the two types of cladding
materials exhibit a similar behavior.

All this features are in good agreement with the previous
results obtained on different cold worked austenitic claddings
f12 - 2A]• This hardening which saturates with dose is essentially
due to the irradiation induced loops as well as a small contri-
-bution of the radiation induced voids and precipitates.

2. When temperature increases clear differences appear in
the behavior according to the test temperature. For a CW316Ti
fuel pin cladding exhibiting a swelling of 12 % and tested at
20 0C a sharp drop in UE and UTS is first observed, with a
minimum value of both occurring at the swelling peak. These
minimums are not observed when the tests are conducted at the
irradiation temperature where a smooth decrease of UTS is
observed; however in the temperature range of these minimums an
absence of necking is observed in the high temperature tests
confirming a loss of ductility.

These characteristics associated to the fractographies
observed are in good agreement with the effect of swelling on the
tensile properties described by 1,15.], and with the better ductility
of the more swelling resistant CW15-15Ti heats.

It is nevertheless important to note that even for swelling
values of 12 % the uniform elongation remains above 1 %.

3. When we move to the top of the pin where the temperature
exceeds 540 0C, large differences are observed with the test
temperature and between CW316Ti and CW15-15Ti.

For the high swelling CW316Ti material tested at 20 0C the
UTS and ductility are typical of the unirradiated cladding and the
rupture transgranular with dimples, but if the cladding is tested
at the irradiation temperature a decrease of UTS and UE is observed
which seems to increase with dose. The rupture is then essentially
intergranular.

In CW15-15Ti however this ductility drop is not observed
except on 1.4970, and for all these alloys the failure is
essentially transgranular except in the region where the clad faces
fuel where some intergranular is locally observed in some cases.

To get a better understanding of the loss of ductility a few
more tests were conducted in the transverse direction on specimens
of the same types as those described in [2]• They have shown that
the low ductility obtained on the CW316Ti irradiated cladding is
associated to the high test temperature (> 540 0C) since when
tested at the same temperature (400 or 600 0C) samples irradiated
at 475 or 600 0C yield the same results.

Furthermore, it has been shown that strain rate is an
important factor as shown on figure 12. On this figure we can see
that ductility decreases with strain rate, and that at all the
strain rates involved CW15-15Ti has a larger ductility.

These results are in good agreement with in pile creep tests
performed in Fast Flux Test Facility at 680 0C on pressurized tubes
where CW 1.4970 offers larger times to rupture than CW316Ti.
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FIG. 12--Evolution of the post irradiation ductility versus
strain rate for CW316Ti and CW15-15Ti tested as rings.

These observations indicate that when the test temperature
is above 540 0C creep mechanisms become operative on CW316Ti and
that the ductility drop is always associated with a shift of the
nature of the failure from transgranular to intergranular. The
origin of the ductility drop is not clear and TEM work is in
progress in this field. Nevertheless, some assumptions can be made:

- the low ductility associated with grain boundary failure
does not seem to have its origin in the fuel cladding chemical
interaction since if it was the case CW15-15Ti would suffer the
same problems. Similarly, Helium embrittlement, although its role
cannot be ruled out, should in fact affect significantly CW15-15Ti
since He production in this alloy should be higher due to the
difference in Nickel and Boron contents.

- the most probable explanation of the difference between
CW316Ti and CW15-15Ti would be that the CW15-15Ti matrix is softer
than the CW316Ti since a fine precipitation of TiC has been
observed in this last alloy and not in the former. These matrix
differences could be associated differences of the grain boundary
precipitation which are under investigation, therefore yielding
that CW15-15Ti is less susceptible to high temperature grain
boundary embrittlement than CW316Ti. This assumption has been
already evoked by Anderko and al [H] to explain the difference in
behavior between 1.4970 cold worked and cold worked + aged.

CONCLUSION

The present analysis of the post irradiation tensile
properties of the Ti stabilized 316 and 15-15 austenitic steels
used as standard cladding materials in Fast Breeder Reactor
confirms that the choice of CW15-15Ti leads to a significant
improvement as compared to CW316Ti.

The mechanical properties of CW15-15Ti are better because it
swells less and is less prone to exhibit creep-like embrittle-
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-ment at higher working temperatures. Different precipitations
responses could be invoked but more TEM must yet be performed to
clarify this point.
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