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ABSTRACT 

An in-pile creep test capsule of a multi-purpose test reactor in Korea, HANARO, was designed and fabricated. The 
in-pile creep consisted of three separate chambers in which contained bellows for loading on specimen by helium gas 
pressure, special yokes and grips with rectangular torus shaped for the convenience of specimen loading and keeping them at 
a constant temperature and connectors. Numerical evaluation of structural integrity of the creep test machine by finite 
element method showed that the test machine withstood soundly under the condition of gamma heating rate of 3 watts/g, fast 
neutron fluence of 5xl 02° n/cm 2, pressure of 200 MPa and a constant temperature of 300 °C. Each chamber has a separate gas 
feed line for controlling bellows, temperature and gas lease. The specimen for the creep test was zirconium alloys with 
hydride prepared by high temperature cathodically hydrogen charging method. Phase identification by X-ray diffractometry 
and microstructural observation by scanning electron microscopy showed that the hydride formed in the zirconium alloys was 
the 5-ZrH1.6 and y-ZrH phases, which homogeneously distributed across grains. The creep behavior of the alloys was 
determined by the in-pile creep measuring machine to evaluate the performance of the test machine designed for HANARO, 
which showed that hydride in the alloy was significantly influence the creep behavior. 

INTRODUCTION 

Design and fabrication of an in-pile creep capsule is important and pre-established for the study of in-pile creep 
machine of zirconium alloys which is widely used for the nuclear cladding materials. The dimension and shape of the in- 
pile creep capsule should be fixed to a test reactor and their objectives.[1-3] Recently, KAERI successfully developed a 
non-instrumented capsule for materials irradiation tests in a domestic research reactor, HANARO.[4] Although various 
types of in-pile creep capsule were made for well installation in each test reactor, there is no in-pile creep capsule for 
HANARO, furthermore, any systematic investigation of the creep capsule for HANAO has not been completely studied. 
Hence, the objectives of the present work were to design and fabricate an in-pile creep capsule of HANARO and carry out its 
performance test with Zircaloy-4 cladding tubing with hydride. 

E X P E R I M E N T A L  P R O C E D U R E  

Design and Fabricated Creep Test Machine for HANARO 
An in-pile creep capsule for HANARO was designed and fabricated, which was able to apply tensile stress to 

Zircaloy-4 cladding tubing homogeneously by external gas pressure. Fig. 1 is the schematic drawing of the creep capsule 
used in this study. The design criteria of the creep capsule was selected considering HANARO operating conditions and 
creep test objectives of zirconium alloys. The design criteria of the capsule were that the capsule was sustained at the 
working conditions of <400 °C, 3 watt/g of gamma heating rate, fast neutron fluency of 5xl 020 n/cm 2, pressure of 200 MPa 
and constant temperature of 300 °C. In this study, an in-pile creep capsule was designed and fabricated based on the design 
criteria. 

Performance Test of the Creep Machine 
Performance test of the in-pile creep tester was carried out by determining mechanical properties of Zircaloy-4 

cladding tubing with and without hydride. The zircaloy tubing was machined with the gauge length and width of 50mm and 3 
mm, respectively. The specimen was high temperature cathodically hydrogen charged to study the hydride effect on the 
creep behavior. Figure 1 shows the schematics of the hydrogen charging unit. The hydride morphology was observed with 
an optical microscope (Nickon HFX-DX 114) after etching with an etchant (H202 : HNO3 : HF = 70 ml : 35 ml : 1 ml). Phase 
identification after hydrogenation was carried out by X-ray diffractometry (Rigaku). Cu-Kc~ radiation was utilized which 
permitted the 2 theta range of 20 ° to 80 ° . Microstructure and fracture surfaces were observed with a scanning electron 
microscope. (Jeol 35C) 
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R E S U L T S  A N D  D I S C U S S I O N  

Design and Fabricated Creep Test Machine for HANARO 
An in-pile creep capsule of HANARO was designed and fabricated based on the technologies obtained by 

conceptional design of the creep capsule and fabrication skill of the capsule mock-up.J4] The creep capsule for HANARO 
and its controller was in Fig. 1. The creep capsule consisted of three separate chambers. One is a high pressure chamber 
located at the bottom of the capsule which contained bellows inside to apply tensile load to the specimen through the 
contraction of the bellows by external gas pressure. Another is a main chamber which contained grips, yokes, specimen, a 
push rod, heater and bearing. The parts were designed and assembled for the specimen to be effectively exposed in neutron 
flux during creep test. The grips were good for both round or plate specimen and fixed them by parallel two pins at both 
ends of the specimen. The third is a connector chamber with control wire and electrical outlets. This chamber was designed to 
protect gas lease from the main chamber and to feed through electrical and thermocouple wires. Considering the capsule 
diameter and each connector size, six feed-through connectors were installed for gas lines, electrical line and thermocouples. 
Each chamber has separate gas feed lines for controlling bellows in the high pressure chamber, temperature of the main 
chamber and gas lease of the connector chamber. Fig. 2 is a photograph of the inside assembly of the in-pile creep capsule 
and a standard tensile specimen which showed the positions of grips, yoke and gas feed lines. The grips, yoke and a push rod 
were made by electron discharge machining. The grips consist of two separate parts, upper and lower grips. The lower grip 
was attached on the top of the pressure chamber and the upper grip was connected to a rectangular yoke, respectively. The 
specimen was placed between two grips. The creep capsule heater was located around the gauge length part of the specimen. 
The heater separated as two sections which heating element was silicon carbide with aluminum oxide insulate. 
Thermocouples were attached to the specimen and the heater for the temperature monitoring and controls. The temperature 
was also able to be controlled by gas flows into the main chamber of the creep capsule. A push rod was on the top of the 
rectangular yoke, which was connected to a linear voltage differential transformer. The push rod was supported by a bearing 
with graphite sliding. The center of the bearing contained a graphite o-ring through which the push rod was able to move 
back and forth smoothly. The load was transferred to the specimen by the working mechanisms in which the contraction of 
bellows by gas pressure moves a yoke and an upper grip connected to a specimen, simultaneously. 

Performance Test of the Creep Machine 
Fig. 3 shows the three dimensional view of the optical micrographs of hydride in Zircaloy-4 cladding tubing. Both 

intergranular and intragranular hydride precipitates have grown after homogenization at 400 °C. The amount of hydrogen in 
the specimen determined by wet analysis method is 1280 ppm. From the phase identification of the X-ray spectra, as shown 
in Fig. 4, cc-Zr, 5-hydride (ZrH1.6), y-hydride (ZrH) were predominantly observed after vacuum annealing in this study, 
however, it was difficult to determine whether any other hydrides had formed because of their closely spaced peaks. Figure 5 
is the typical stress-strain curve determined based on load-displacement measurement by the in-pile creep. As shown in 
figure 5, the displacement was well determined by applied gas pressure. The resultant ultimate tensile strength was 712 
MPa at room temperature and 596 MPa at 300 °C, respectively. The values were almost similar to the values by standard 
test method.[5] This supports that the in-pile creep capsule designed and fabricated domestically was well working in the test 
conditions. Figure 6 is the fracture surface of the hydried zirconium alloy in which dimple failure occurs with secondary 
cracks propagating along the hydrides, suggesting that interracial bonding strength played an important role. These kind of 
secondary cracks result from the weak bonding between ductile matrix alloy and relatively brittle hydride.[6] 

C O N C L U S I O N S  

(1) An in-pile creep capsule was designed and fabricated based on the design criteria of the capsule sustained at the working 
conditions of <400 °C, 3 watt/g of gamma heating rate, fast neutron fluence of 5xl 02o n/cm 2, pressure of 200 MPa and 

constant temperature of 300 °C with a fixed dimension of HANARO. 
(2) The creep capsule consisted of three separate chambers : a high pressure chamber with bellows inside, a main chamber 

with grips, yokes, specimen, a push rod, heater and bearing and a connector chamber with control wire and electrical 
outlets. Each chamber has a separate gas feed line for controlling bellows, temperature and gas release. 

(3) The amount of hydrogen charged under the condition of 0.4 A/cm2 for 24 hours at 150 + 0.5 °C in electrolyte 
containing hydrobisulphate was 1280 ppm. ec-Zr, 8-hydride (ZrH1.6), 7-hydride (ZrH) were predominantly observed, 
however, it was difficult to determine whether any other hydrides had formed because of their closely spaced peaks. 

(4) Fracture surface of hydrided zirconium alloy showed typical dimple failure mode containing secondary cracks 
propagating along the hydrides, suggesting that interfacial bonding strength played an important role. 
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Fig. 1 In-pile creep capsule for HANARO and its controller 

Fig. 2 Photograph of the inside assembly of the in-pile creep capsule 
and a standard tensile specimen 



Fig. 3 
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Three dimensional view of the optical micrograph of hydride 
in Zircaloy-4 cladding tubing 

Fig. 4 
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X-ray spectra of zirconium hydride prepared by high temperature 
cathodically hydrogen charging method in Zircaloy-4 cladding tubing 
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Fig. 5 Typical stress strain curve determined by the in-pile creep machine 

Fig. 6 Fracture surface of the hydrided zirconium 
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