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Interaction between Zircaloy Tube and Inconel Spacer

Grid at High Temperature

Fumihisa NAGASE, Takashi OTOMQ, Hiroshi UETSUKA
and Teruo FURUTA

Department of Fuel Safety Research
Tokai Research Establishment
Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, Ibaraki-ken

(Received August 30, 1990)

In order to investigate the interaction between fuel cladding and
spacer grid of the pressurized water reactor during a severe accident,
isothermal reaction tests were performed at the temperature range from
1248 to 1673K. A specimen consisted of a short Zircaloy-4 cladding tube
and a piece of spacer grid of Inconel-718. 1In the tests in an argomn
atmosphere, eutectic reaction between Zircaloy and Inconel was observed
at the contact points at 1248K. Rapid reaction was observed at higher
test temperatures. For example, in the test at 1373K for 300s, Zircaloy
reacted with Inconel over the entire thickness (0.62mm) of the tube in
the vicinity of the contact point. In the present tests, Zircaloy which
has higher melting point than Inconel was dissolved preferentially due
to eutectic formation. In the tests in an oxygen atmosphere, mno eutectic
reaction was observed at temperatures below 1437K. A trace of interaction
was found at the contact point of specimen heated at 1573 and 1623K.
However, decrease in Zircaloy thickness was not measured. The possibility
of eutectic reaction between Zircaloy cladding and Inconel spacer grid

seems to be quite limited when sufficient oxigen is supplied.

Keywords: PWR, Severe Accident, Zircaloy, Cladding, Inconel,

Spacer Grid, Eutectic Reaction High Temperature
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_Table 1 Chemical composition of Zircaloy-4 and Inconel 718,

Zircaloy-4 Inconel 718
Sn - 1, 44wtk Ni 53.4 wth
Fe 0.20 Fe 18.3
Cr 0.19 Cr 17.8

Fet+Cr 0.30 Mo | 3.1

¢ 0,05
Al < b50wtppnm Si 0.11
B <0.4 Hn 0.35
Cd <0.4 p 0.003
G © 73 S 0.005
Co <19 Cu 0.01
Cu <20 | Al 0.53
If 53 Ti 1.01
Mg < 10 B 0.004
Mn <20 Co 0.1
No <20 Nb+Ta 5,17
N | <50
Si < 60
W < 40
U <1
0 1270wtppm
H 7
N 52
ir Rem.
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Table 2 Test matrix

Tests in Ar Tests in 0y
Temp. (K) | Time{s] Temp. [K) | Time(s)
800 1373 300
1248 :
3600 1423 300
1303 600 1473 300
150 1573 300
1373 300 1623 300
600 1673 300
1403 120
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Fig. 1 Binary alloy phase diagrams of the system Ni-zr(11),
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Cross section
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Fig. 5 Interaction between Zircaloy tube and Inconel spacer grid

heated at 1248K for 900s in Ar.
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Reaction Layer II -Gap

" ReactionLayer I | Zircaloy

Fig. 6 Microstructure of reaction zome of the sample heated

at 1248K for 900s in Ar.
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Fig. 7 SEM-photograph and characteristic X-ray images of the
specimen heated at 1248K for 900s in Ar.
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Fig. 8 Interaction between Zircaloy tube and Inconel spacer grid

heated at 1248K for 3600s in Ar.
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Zircato

Fig. 9 Interaction between Zircaloy tube and Inconel spacer grid

heated at 1248K for 3600s in Ar.
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Fig. 10 Interaction between Zircaloy tube and Inconel spécer grid

heated at 1373K for 150s in Ar.
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heated at 1373K for 300s in Ar.
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Fig. 12 Interaction between Zircaley tube and Inconel spacer grid

heated at 1373K for 600s in Ar,
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macyo photo of region

Fig. 13 Interaction between Zircaloy tube and Inconel spacer grid

heated at 1373K for 600s in Ar.
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grid Inner surface of Zircaloy tube

Surface of Inconel

(A)

Fig. 14 Interaction between Zircaloy tube and Inconel spacer grid

heated at 1403K for 120s in Ar.
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Surface of Inconel grid

Fig. 15 Interaction between Zircaloy tube and Inconel spacer

heated at 1573K for 300s in 0O3.
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(A)

Fig. 18 Structure change of specimen after isothermal heating test

at 1623K for 300s in 03.
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Cross section

Microstructures

Structure change of specimen after isothermal heating test

at 1673K for 300s in 0Oj.
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Cutline of the report

short description of the Zircaloy-4/Inconel-718

interaction experiment

[ Objective ]

In order to investigate the interaction between Zircaloy
cladding tube and Inconel spacer grid under the condition of ac-
tuval contact in a fuel assembly of PWR, short Zircaloy-4 clad-
ding tube and a piece of Inconel spacer grid was assembled and
isothermally annealed at the temperatures ranging from 1248K to
1673K in argon and oxygen. The results are described in this

report.

[ Test Procedure ]

The specimen arrangement is shown in Fig.Z2. The specimen con-
sists of Zircaloy-4 cladding tube, 40mm in length, and a piece
of Inconel-718 spacer grid, which are used in PWRs. Those two
materials have three contact points. The specimen was set in the
test apparatus shown in Fig.3 and isothermally heated in argon
or oxygen. During the test, temperature was measured with Pt/Pt-
13%Rh thermocouples spot-welded at four pesitions near contact
points on Zircaloy tube outer surface. Tests in argon were per-
formed at temperatures ranging from 1248K to 1403K for annealing
time 150 to 3600s and in oxygen from 1373K to 1673K for 300s.
After isothermal annealing test, macro and microstructure change
of the specimen was examined with an optical microscope and

selected specimens were analyzed by electron probe micro

analyzer{(EPMA).
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[ Results ]

Tests in argon

<Fig.5? This figure shows a cross section of the sample heated
at 1248K fbr 900s. Eutectic formation is observed at the contact
point. It is reported that the reaction was observed at 1223K in
in the case of good contact condition(ref.9). Therefore, the
geometrical difference may not make much difference as to the
initiation temperature of the reaction.

<Fig.6? The reaction zone is magnified in this photo. Two
layers were formed due to eutectic reaction. The thicker reac-
tion layer I includes needle-like precipitates and the reaction
layer II adjacent to Inconel are thin and dark.

<Fig.7> The reaction zone was analyzed by EPMA, In the SE
(secondary electron) image, Inconel, the reaction layer II, I,
and Zircaloy can be seen from the left hand. According to the
characteristic X-ray images, 2r, Ni, Fe, and Cr distribute
uniformly in the matrix of the layer I and Ni is rich in
precipitates'of this phase. Cr is concentrated in the layer II
where Ni is poor.

<Fig.8> This figure shows the cross section of the sample
heated 1248K for 3600s. A part of Zircaloy, 6émm in axial length,
was dissolved due to eutectic formation and thinned Inconel
moved to the inner surface of the cladding tube. Zircaloy has
higher melting point than Inconel, however it was preferentially
dissolved in the present experiments. This phenomenon is prob-
ably explained by the lowest eutectic point at 1233K in Fig.t,
where Zircaloy content is much higher in the eutectic
composition{Zr-83%/Ni-17%). Melt formed due to the reaction flew
down and reacted with Zircaloy and Inconel in the lower position
{microphoto "C").

<Fig.9>» Another cross section of the same sample is shown in
this figure. The extent of the reaction is relatively small at
this point.

<Fig.10> This figure shows the axial cross section of the
sample heated at 1373K for 150s. Zircaloy was dissclved aleong
the curvature of the spacer.

<Fig.11> The radical cross section of the sample heated at
1373K for 300s is shown in this figure. Eutectic formation is

observed at three points, although the extent of the reaction at
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each point is different. The eutectic reaction is found over the
whole width of the Inconel plate at the point "A". At the point
"B", Zircaloy was completely dissolved and a penetration was
formed. The point "C" had the same geometrical contact condition
as "B" at the start of the test. However, the extent of reaction
is smaller than that of "B". This indicates that the extent of
reaction depends on the contact condition, such as the contact
area and stress, even in the same sample.

<Fig.,12> These figures are the macro and micro photos of the
sample annealed at 1373K for 600s. In the photo "A", a small
mark of reaction is found near the contact point on the Inconel
surface. Inside of the spacer, however, eutectic reaction is ob-
served in a wide region and Zircaloy tube was melted to form a
small oval hole of 4mm in axial length.

<Fig.13> The other cross section of the same sample 1s shown
in this figure. Decrease in Inconel thickness due to reaction is
relatively small and the movement of remained Inconel plate
toward Zircaloy tube is seen. The reaction area might increase
with this movement and liguid formation.

<Fig.14> The appearance of tested specimen heated at 1403K for
120s and the cross section of it is shown in this figure. Also
in this test, a trace of melting is found on Inconel outer sur-
face. On the other hand, an elliptical melt can be apparently

seen on the Zircaloy inner surface.

Tests in oxygen

In oxygen no eutectic reaction was observed at temperatures
below 1437K.
<Fig.15> This figure shows the sample heated at 1573K for
300s, a trace of the reaction can be found on Inceonel outer sur-
face at the contact point. The thickness of Zircaloy tube is
axially constant and both surfaces of tube are covered with
oxide scale. The photo (A) is the magnified photo ¢f the region
near the contact point. The microstructure inside the oxide
scale in this region is obviously different from other regions.
<Fig.16> The selected region of specimen surrounded by a
square in Fig.15(A) was analyzed by an EPMA. The SE image and
the characteristic images are shown in this figure. The phases
in the SE image are outside 2r0, scale, intermediate layer of «

-zr{0), and the central phase of transformed-pg with ¢-incursion.



JAERI—M G0-—165

As can be seen in the characteristic X-ray images, this central
phase ihcludes Ni, Fe, and a little Cr. Those elements diffused
into Zircaloy when Inconel reacted with Zircaloy in the early
stage of the test. It is considered that eutectic reaction be-
tween Zry and Inconel ceased with formation of enough thickness
of oxide layer which could protect the metals from eutectic
reaction.

<Fig.17> This figure shows the cross section of the sample
heated at 1623k for 300s. Since the test temperature probably
exceeded the melting point of Inconel, the spacer grid lost its
original shape. Also in this case, the microstructure indicates
a trace of the reaction.

<Fig.18> Another cross section of the same sample is shown in
this figure. However, no trace of the reaction can be found in
this cross section. In oxidizing atmosphere, the possibility of
eutectic reaction must .depend on the factors such as the
mechanical contact condition, the oxygen potential in atmosphere
and the temperaturé.

<Fig.19> This sample was heated at 1673K for 300s. Inconel
spacer grid lost its shape due to oxidation and melting. No
eutectic reaction is observed in the microphotos.

The result of this study suggests eutectic reaction between
Zzircaloy cladding tube and Inconel spacer grid is limited in
oxidizing atmosphere. However, a wide range of in-reactor condi-
tion should be taken into account for severe accident analysis,
so that the possibility of eutectic reaction between Zry clad-
ding tube and Inconel spacer grid must not be neglected, since
it may occur under a steam-starved (low oxygen potential) condi-
tion. At very high temperatures, there is a possibility that
molten Inconel flows down and spreads on the cladding tube and

reacts with it.

[ Conclusions ]

In order to investigate the interaction between fuel clad-
ding tube and spacer grid of the pressurized water reactor
during a severe accident, igsothermal reaction tests were per-
formed in the temperature range from 1248 to 1673K. The follow-

ing are the obtained conclusions.
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Tests in argon

1.

Eutectic reaction took place at contact points between
Zircaloy cladding and Inconel spacer grid at 1248K. Rapid
reaction was observed at higher temperatures. For example,
in the test at 1373K for 300s, the whole thickness of
Zircaloy tube, 0.62mm, reacted with Inconel in the vicinity
of a contact point.

The extent of the reaction is considered to depend on the
contact condition, such as the contact area and stress.
Zircaloy which has higher melting point than Inconel was

preferentially dissolved due to eutectic reaction.

Tegts in oxvgen

1.

2.

No eutectic formation was observed at temperatures

below 1473K.

The trace of interaction was found at contact points of the
samples heated at 1573 and 1623K. However, decrease in
Zircaloy thickness was not measured. Eutectic reaction is
considered to have initiated in the early stage of the test
but have stopped in a short time due to the oxidation of
the metal surface.

The possibility of eutectic reaction between Zircaloy
cladding and Inconel spacer grid seems to be guite limited

when sufficient oxygen is supplied.



