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Fabrication of Tubed Functionally Graded Material
by Slurry Dipping Process

Ryuzo Watanabe *

Summary

To fabricate a long life fuel cladding tubes for the fast breeder reactor, the concept of
functionally graded material was applied for the material combination of
molybdenum/stainless steel/ titanium, in which titanium is placed at the inner side to
withstand against fission products and neutron irradiation, and molybdenum at the outer
side to withstand corrosion by liquid sodium coolant. Slurry dipping method was employed
for the processing because of its capability of shape forming and microstmctural control.
The graded layers of titanium and molybdenum were formed on both sides of stainless
steel substrate according to an optimum composition profile for the thermal stress reduction.
Such graded layers were successfully formed by slurry dipping.

Dispersion , sedimentation, viscosity, rheology, as well as yield value, of the
slurries were investigated in detail in connection with properties of dispersion medium,
dispersion reagent, binder and raw powders. Low- and high-viscosity slurries were
investigated to enlarge a possibility of film thickness control. For the low-viscosity slhurry
it is necessary to suppress the sedimentation of dispersion particles, while for the
high-viscosity slurry it turned out to be important to clarify the flow characteristics of the
slurry for the determination of the yield value, which is needed for the precise control of
the dip-coated layer thickness. The forming conditions were determined for the low-viscosity
slurry in taking sedimentation rate and sedimentation height as measures of slurry stability
and dispersion, respectively. It was confirmed that slow sedimentation and low sedimentation
height gave reproducible film forming. The high-viscosity slurry was free from
sedimentation, and the control of the film thickness with viscosity and yield value was
rather easier.

The consolidation process of the dip-coated layer, including drying and debinding,
followed conventional powder metallurgical techniques, with particular attention on an
issue pertaining to the sintering shrinkage, which is characteristic to composition grading.
In the present investigation the process conditions were optimized to get a sound graded
layer. In general, however, the optimum process condition depends on material species,
shape and size of the objects to be proceéscd, and in applying the present process conditions
to actual parts production a modification will be necessary with more or less practical and
technical study.

*Department of Materials Processing, Graduate School of Engineering, Tohoku University
Work performed at Tohoku University under contract with Power Reactor and Nuclear Fuel
Development Corporation
Contract number: 090D0220
PNC Liaison: Oarat Engineering Center, Frontier Technology Section
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Table.l FHHEISHT 55 BHOHE L EHFME

BB DBEBIIBREIRAOERE (ml) X 55mM
B (ng) TERIZZL, BROBE=BFXOEEXHE

OEBERE
BE\SEE NaHMP PAANa PVA
Mo O (20mg/ml ) X A
SuUs O (5mg/ml ) |O (35mg/ml ) A
Ti O © (25mg/mi ) O
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Table. 2 FHMA T U —ORERG)DFBEK

(o) O O,
100%Mo | U6 | somsus | seweus | 100%SUS
dSr2 2.34 2.40 2.34 2.61 3.17
U 4.92 4,81 4.46 429 3.0
Q (i 0, T o 1=
100%Ti 2;;/;‘33 5330{;38 72%@33 100%sUS
dSH2 5.78 4,31 3.91 3.35 317
. 2.05 2,87 3.24 312 3.0
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Table 3 HHEATY—IcdT5x (11) OERA

Mo Mo/SUS SUS SUS/TI Ti

A 90.52 132.0 119.5 355.3 355.3
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Table 4 HApERBEIZETAE875 A — % —B I BEEOF 4 & EHE (HIPEE)

En%ﬁﬁﬂﬁﬁ FU—EE | hE#EsEE

A2 -8
; 3 RefhE ]
ﬁ%ﬁﬁi & E ﬂ%rﬁﬁg Pe () Cum)

8 _
(‘;) P (Paﬂ- s) ° (m/:ec) Fiy— 7% 15 =
(x1 03kg/m3) (Pa) 7 J - ﬁ?gé #gﬁ RRE #gﬁ iﬁiﬁﬁ
20 1.43 0.28 | 2.2 0.04 1 --0.80 1.00 52 | 120 31 71
22 1.48 0.56 | 6.4 0.02 | o0.60 1.00 | 162 | 210 | 97 128
23 1.50 0.73 | 13.2 0.06 | 0.60 | 1.00 | 345 j 364 | 207 | 219

24 1.52 1.61 | 2156 10.01 0.60 { 1.00 | 578 { 571 | 347 | 356
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sSuUs 105.1 52.5 249.3 51.3
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