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ABSTRACT 

 

 
The purpose of this article is to present the performance of nuclear fuel produced by Nuclear 

Fuel Plant (N.F.P.) - Pitesti during 1995 - 2012 and irradiated in units U1 and U2 from Nuclear 

Power Plant (N.P.P.) Cernavoda and also present the Nuclear Fuel Plant (N.F.P.) - Pitesti 

concern for providing technology to prevent the failure causes of fuel bundles in the reactor. 

This article presents Nuclear Fuel Plant (N.F.P.) - Pitesti experience on tracking performance 

of nuclear fuel in reactor and strategy investigation of fuel bundles notified as suspicious and / 

or defectives both as fuel element and fuel bundle, it analyzes the possible defects that can 

occur at fuel bundle or fuel element and can lead to their failure in the reactor. Implementation 

of modern technologies has enabled optimization of manufacturing processes and hence better 

quality stability of achieving components (end caps, chamfered sheath), better verification of 

end cap - sheath welding. These technologies were qualified by Nuclear Fuel Plant (N.F.P.) - 

Pitesti on automatic and Computer Numerical Control (C.N.C.) programming machines. A 

post-irradiation conclusive analysis which will take place later this year (2013) in Institute for 

Nuclear Research Pitesti (the action was initiated earlier this year by bringing a fuel bundle 

which has been reported defective by pool visual inspection) will provide additional 

information concerning potential damage causes of fuel bundles due to manufacturing 

processes. 
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I. Int roduction 
 

N.F.P.-.Pitesti processes sintered UO2 powders make by Feldioara - Brasov from uranium ore. After 

complex manufacturing operations CANDU-6 fuel bundles are obtained. This fuel bundles are sent as raw 

material in nuclear reactors to Cernavoda. The Unit 1 and Unit 2 nuclear reactors transform   nuclear 

energy produced by fission into electrical energy. 
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I.2. N.F.P. - Pitesti brief history  
 

Nuclear Fuel Plant is located near the town Mioveni - Arges about 25 km from Pitesti. 

Production of CANDU nuclear fuel began in 1980, with commissioning of the pilot station of nuclear fuel 

station at the Institute for Nuclear Research (ICN) Pitesti. Separation of Nuclear Fuel Plant as a distinct 

entity was made in 1992. 

 

In 1994, the Nuclear Fuel Plant (FCN) was authorized by AECL and Zircatec Precision Industries Inc. 

(Canada) as producer for CANDU 6 nuclear fuel. 

 

In the period 2004-2006, with low investment, NFP Pitesti doubled production capacity to provide 

nuclear fuel to the operation of two nuclear reactors units at Cernavoda NPP. 

 

In 2007, NFP - Pitesti obtained TUV ISO 14001:2004 certificate for environmental management system. 

In 2012, NFP - Pitesti produced 10,080 nuclear fuel bundles. Nuclear Fuel Factory ï Pitesti made on 

04/03/2013 the fuel bundle with the number 120,000, which represents an important moment in the 

history of NFP - Pitesti as qualified manufacturer of CANDU- 6 nuclear fuel. 

 

II. General production and inspecting of CANDU-6 fuel elements and bundles 

 

CANDU reactor system uses natural uranium as fuel. The fuel bundle, shown in Figure 1, consists of 37 

closely spaced elements each of which contains high density natural UO2 in thin Zircaloy-4 sheath. The 

elements are held together by plates welded to the ends and are separated by spacers brazed to the 

sheaths. The bundle is 495mm long and 103mm in diameter and contains approximately 19.8 kg of U and 

3.0 kg of Zircaloy-4. Inside the sheath the UO2 pellets have densities over 10.5g/cm
3
  

 

CANDU-6 fuel bundle is assembled on the production line of six main components: UO2 pellets and five 

metal parts made of Zy-4: end caps, end plate, spacers, bearing pads and fuel sheaths is show in Figure 1. 

 

 
Figure 1 CANDU-6 Fuel bundle assembled from five metallic components 
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II.1.1. UO2 pellets 
 

The UO2 powder is compacted on a rotary hydraulic press. The material is pressed, at ñgreen" pellets to 

pre-determined weight, diameter and height.  

A statistical sampling plan is used to confirm that the process is producing "green" pellets that conform to 

the specification. 

The "green" pellets are placed in boats which are continuously stoked through a sintering furnace. The 

atmosphere in this furnace is hydrogen and the peak temperature is about 1700°C. Samples of the sintered 

pellets are checked for diameter, height, density and physical defects. Sample pellets are also checked for 

chemical analysis and a metallographic examination is carried out.   The sintered pellets are ground to the 

required diameter on a center less grinder, are washed to remove the grinding coolant and sludge, are 

dried, and are inspected dimensionally and for surface imperfections 

 

II.1.2.End caps  
 

The end caps are then machined on a C.N.C. turning lathe. A visual and dimensional inspection is then 

carried out after which the end caps are ultrasonic degreased, rinsed and dried. The end caps are now 

ready for use at the closure welding (Figure 2). 

 

 
Figure 2 End cap manufacturing 

 

II.1.3. End supports 
 

The strip for end supports is inspected visually and dimensionally and the mill certificate provided by the 

vendor is checked for compliance with the specification. The end supports are blanked from the strip. A 

dimensional and visual inspection is carried out. Tumbling, deburring and ultrasonic degreasing and 

rinsing operations are carried out. Different parts during end plate fabrication are show in Figure 3. 

 

 
Figure 3 End plate parts during fabrication 
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II.1.4. Spacers and bearing pads 
 

The spacers and the baring pads are blanked from the zircalloy strip and loading into the beryllium 

coating machine where a thin layer of beryllium is deposited on one side. 

The coating process is "vacuum deposition" (Figure 4).  

 

 
Figure 4 Blank bearing pads and spacers during fabrication 

 

II.1.5. Element and bundle 
 

The Zircalloy sheaths for the fuel are inspected on a statistical basis both visually and dimensionally 

including straightness and the mill certificate from the vendor is checked against the specification.  

 

 
Figure 5 For inside sheath CANDU-6 elements  

 

The bearing pads and spacers are tack welded to the sheaths, after which the brazing operation is 

performed. Heating for brazing is done by induction in a vacuum chamber. After the brazing operation 

another visual and dimensional inspection is performed and a metallurgical examination for completeness 

of brazes and amount of eutectic. The sheaths are graphite coating and chamfering is performed (Figure 

5). 
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The closure welder operation (by resistance welder), the remove of the weld flash on the face of the end 

cap and the joint integrity of these welds by eddy current is performed on the new automatic welding 

machines. The elements are leak test performed. 

 

The next operation is the assembly of the elements into bundles in the configuration shown in Figure 1. A 

spot welder is used to weld each element to the end supports. After assembly the bundles are inspected 

visually and dimensionally and are packed for shipment. 

  

II. 1.6. Control and inspection 

 

Special control and inspection procedures exist for every operation in the production line fuel 

bundle manufacturing. 
 

II. 1.7. Bundle assembly weld 
 

As a control procedure, a percentage of bundles are autoclaved to confirm that the surface of the bundle 

has not been contaminated with some foreign material. In addition a percentage of bundles are monitored 

for radio-activity to confirm that the surfaces of the bundles are free of such contamination. 

 

II.1.8. Pelletizing operation 

 

In the Pelletizing Operation high density pellets which meet tight tolerances on diameter, length, end 

squareness, land width, and dish depth. This high level of quality is attained with a minimum of scrap. 

 

II. 1.9. Taking and brazing 
 

The tacking and brazing operations are controlled so that the sheaths are not deformed and so that the 

metallurgical and physical properties are still satisfactory after the sheaths have been exposed to the high 

brazing temperatures. In addition the requirements for completeness of braze and maximum amount of 

free beryllium are met. 

 

II. 1.10. Diametric clearance 
 

The diametric clearance between pellets and element sheath must be closely controlled and the stack 

length must also be closely controlled. These items require a system of control which ensures that the 

diameter of pellets which are loaded into the fuel sheaths is that which gives the designed diametric 

clearance and that the stack length leaves the required amount of space in the element. 

 

II. 1.11. Closure welding  
 

A statistical sample of welds is made during which the machine parameters are checks for a normal 

production run. All of the welds in this sample are examined to determine if they meet the specification 

from the viewpoints of integrity and geometry (Figure 6). 
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Figure 6 End plug weld metallographic structure. Left - healthy weld, right - heavy contaminated weld  

 

Control parameters have been developed to indicate when the welding process is beginning to deteriorate 

so that equipment maintenance can be carried out before poor welds are made [1]. 

 

II. 1.12. Bundle assembly 
 

Each fuel bundle must be assembled so it meets the specification with respect to squareness of the end 

supports, diameter, minimum spacing of elements, radial distance from the outer surface of the outer 

element to the end support, location of spacers and overall size (Figure 7). This last check is performed 

on a "GO-NO-GO" gauge which represents the smallest opening that a bundle has to pass through in 

entering and leaving a fuel channel in the reactor. 

 

 
Figure 7 Fuel bundle  general view  

 

III. Common types of manufacturing defects 

 

 Incomplete end cap welds, 

 Circumferential cracking of the end cap welds, 

 Porous end caps, 

 Excess hydrogen gas inside the fuel element. 

 

In the Cernavoda U2 from de start of commercial operation (2007) until February 2008 visual 

examination confirmed 55 defective bundles. The investigation conclude that roots cause defects 
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was overriding defect mechanism due to debris fretting and incomplete closure weld. [2]. 

 

III. 1. 1. Incomplet end cap welds 

Generally, incomplete end caps welds it is the result of weld contamination by graphite, UO2, defective 

handling of sheaths or end caps, superficial cleaning of components, damaged electrodes or out of range 

parameters of the welding equipment. 

 

In N.F.P -Pitesti - these defects were removed by: careful handling zircalloy components, washing and 

degreasing by ultrasound waves, by preventive maintenance of welding equipment, welding verification 

by inspection with eddy current settings and using a proper plan and metallographic analysis of welds. 

 

III. 1.2. Porous end cap 

 

This type of failure is not detectable on the production line. The bar stock material for fabricating end 

caps is performed 100% ultrasonic testing by supplier.  

 

III. 1.3. Excess hydrogen gas inside the fuel element 

The possible presence of H2 in fuel beam element may be due to: deep roughness of UO2 pellets in 

conjunction with a labor high humidity atmosphere, defective graphitization. In FCN these possible 

causes are removed by careful control of surface roughness of pellets, atmosphere monitoring of loading 

pellets in the sheaths, well planned technology of drying and deposition of graphite inside the sheath, 

statistical quality control of the degree of adhesion graphite layer. 

 

IV . Performance of CANDU-6 fuel bundles, manufactured by N.F.P. Pitesti and      

delivered to Cernavoda N.P.P. 
 

Since the commissioning of the two reactors of Cernavoda they were unloaded fuel bundles defects as 

follows: 28 Fuel bundles of U1 and 66 Fuel bundles of U2; 

Of the 26 fuel bundles downloaded from U1, 6 bundles are first shipment , delivered by ZPI, Canada, and 

the remaining 22 fuel bundles are manufactured and supplied by FCN Pitesti during 1994-2011, the last  

were unloaded defects on the 24.08.2012, 17.10.2012 respectively (Figure 8) .  
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Figure 8 CANDU-6 Performance for Cernavoda U1 
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In accordance with agreed procedures and practices, during January to December 2012, were sent 

notifications to Cernavoda "identifying suspect bundles U2 Cernavoda NPP Unitò. Last fuel bundles 

defect in Unit 2 was download in on the 14.08 .2012 (Figure 9). The 66 fuel bundles downloaded from 

U2 are manufactured by FCN Pitesti delivered from 2004-2011 and from 2006-2011  
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Figure 9 CANDU-6 Performance for Cernavoda U2 

 

In 2012 were notified 3 pairs of fuel bundles as suspect or damaged, 1(one) in U1and 2 (two) in U2. 

N.F.P. - Pitesti received from N.P.P. Cernavoda, failure rate from commissioning until 31.12.2012. 

 

 U1, 0.034% total defects fuel bundles 28 of a total of 83,090 fuel bundles irradiated 

(downloadable); 

 U2, 0.251% total defects fuel bundles 66 of a total of 26,340 fuel bundles irradiated 

(downloadable). 
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Figure 10 CANDU-6 defective (notified as defective) fuel bundles for Cernavoda U1 and U2 
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Until the present article was carried out, N.F.P. Pitesti was not notified for any defective fuel bundles or 

suspect fuel bundles manufactured and delivered in 2012 (Figure 10). 

 

IV. Conclusions 
 

Application of new technologies to detect welding defects by eddy current, checks of chamfered ends, 

end plugs close to nominal due by automatic and Computer Numerical Control programming machines, 

the application of technology by the ultrasound waves to wash and degreasing components zircaloy-4, led 

N.F.P. ï Pitesti made on 04/03/2013 the fuel bundle with the number 120,000, which represents an 

important moment in the history of N.F.P. - Pitesti as qualified manufacturer of CANDU- 6 nuclear fuel. 
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ABSTRACT 

 
Quantitatively speaking, Uranium dioxide (UO2) oxidized in normal atmosphere at 

temperatures which exceeds 400
0
C. U3O8 is the most stable form of Uranium oxide and can be 

obtained at different temperatures depending on the specific surface area of UO2 powder, 

particle shape, thickness of the powder and the speed of heat dissipation generated by the 

exothermic reaction. During UO2 processing such local temperatures is possible to be attained. 

This paper deals with the qualitatively behaviour of a sintering powder of UO2 in the range of 

100
0
C - 900

0
C temperatures. The qualitative powder investigation by Scanning Electron 

Microscopy (SEM) and X-Ray Diffraction Analysis (XRD) indicate the development of UO2 

oxides from practical UO2+x to stable U3O8 by the road U4O9/U3O7. This main conclusion is in 

accordance with the data available in literature. A secondary conclusion considering the 

apparition of UO2 oxides is the fact that oxidation reactions are competitive and cyclic with 

different speed until U3O8 is reached and beyond to UO3. The UO2 scrap powders for these 

experiments were provider by Nuclear Fuel Plant. This paper is the first step in a complex 

work proposing to investigate the sintering behaviour of UO2 mixed oxides. 

 
Key words: (UO2 calcination, UO2 hypo and hyper stoichiometric oxides, U3O8) 

 

 

I. Introduction  

 
O / U diagram is complex one [1]. According to interest zone can be distinguished at least 7 areas. 

From UO, which existence at first was denied [2] to the UO3. Extensive experiments were conducted in 

order to determine the laws that govern especially UO2 oxidation[3] [4]. Explanations and complex 

computer simulations with dedicated programs [5] led to the conclusion that the oxidation of UO2 obeys 

two laws: a linear one in temperature range of 25
0
C -350

0
C and another sigmoidal Arrhenius type in the 

temperature range 350
0
C -900

0
C [5]. Approaches were made by thermodynamic point of view of UO2 

oxidation [6] or by the point of view of the molecular dynamics of the surface uranium dioxide [7]. 

UO2 is raw materials for CANDU power plants. Ways to reduce the cost of the fuel bundle were analysed 

[8]. 

One way to reduce the costs of fuel bundles is the reuse of nonconforming material resulting from the 

production line of the UO2 pellets (UO2 powder, green pellets and sintered pellets). 
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In this paper we pursue two goals; one was to determine the oxidation behaviour of uranium dioxide 

industrial powder - non stoichiometric UO2 + x type - in the temperature range of 25
0
C - 900

0
C. 

 

The other goal was to highlight the oxidation of non-stoichiometric uranium dioxide UO2 + x type occurs, 

assuming that  it takes place through competition between two mechanisms a main step by step oxidation  

(UO2 + x Ÿ U3O8) and other cyclic secondary recovery oxidation (U3O8 Ÿ UO2 + x ). 

 

II. Experimental - Material - Apparatus and Procedure 

 
The material has been provided by Nuclear Fuel Plant-Pitesti courtesy. The powder is the waste powder 

resulting from physicochemical analyses of the production line of the UO2 pellets. 

 

Uranium dioxide powder was passed through a three tower site and we keep only the powder that passed 

through a sieve of 125 ɛM. Sieving duration was 15 minutes. The resulting powder was manual passed 

three times through a sieve of 125 ɛM. . The powder was analysed in terms of density, O / U ratio, the 

average particle size and specific surface area. 

 

By studying the phase diagram of O / U we chose nine (9) calcination temperatures of interest to illustrate 

the best possible hyperstoichiometrics the oxides population. 

 

For calcination we used a Nabertherm laboratory furnace type with the possible control of temperature in 

a range from 30
0
C to 1100

0
C and an accuracy of ± 3

0
C. 

 

To obtain the powder required for the analysis we calcined an amount of about 50g powder in porcelain 

crucibles. The powders was calcined at a chosen temperature with a ramp rate of 5
0
C/min, the residence 

time for 10h and free cooling to ambient temperature. The resulting powder was homogenized by tree 

manual 125 µM sieving. 

 

Determination of bulk density was made using the Scott volumeter. We calculated the average diameter 

of particles by laser diffraction using a device made by Horiba. Determination of specific surface was 

achieved by N2 adsorption at liquid nitrogen temperature of the sample using a 9600 series Qsurf 

ThermoQuest device. The method used was the Brunauer, Emmett and Teller (BET). In order to 

determine the grain forms it has made an analysis by scanning electron microscopy. 

 

We used a SEM microscope Vega3 TESCAN type with a magnification 2kx and the scale of 20ɛm. 

For the identification of the powder calcined hyperstoichiometrics oxides we useed a X 'PERT PRO MEP 

diffractometer type for qualitative analysis of samples, equipped with two X-ray sources, a copper tube 

and anticathode of cobalt. 

 

 After identification of uranium oxides in the chosen temperature points we made a cumulative pie 

diagrams. 

 

III. Results 
 

The results of physico-chemical analyses was done on the 9 samples for bulk density, O / U ratio, the 

average particle size (D50) ,surface area and were systematized in Table 1. One can note that once the 

temperature increases the density of uranium oxides decreases reaching the minimum value of 1 g/cm
3
 in 

the temperature range 350
0
C - 650

0
C and then grow again.  
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Table 1 Proprieties of Uranium oxides at different temperatures 

Temperatures [
0
C] Bulk density[g/cm

3]
] O/U D50[µm] Surface area[m

2
/g] 

25 1.12 2.18 7.67 6.91 

250 1.11 2.20 7.69 6.20 

300 1.10 2.37 6.58 5.34 

350 1.00 2.68 7.85 7.56 

500 1.00 2.63 6.42 5.24 

650 1.00 2.71 7.52 5.16 

665 1.14 2.62 6.51 4.66 

750 1.15 2.59 6.75 3.16 

900 1.4 2.56 6.54 1.41 

 
O / U ratio increases with the temperature until it stabilize in the range of 650

0
C - 750

0
C temperature and 

then slowly decrease to 2.56. Specific area and D50 have a complicated evolution in the studied 

temperature range but global movement is to decrease while the temperature increases (see Figure 1). 

 

 
Figure 1 Bulk density, O/U, D50, Surface area temperature depending 

 

Analysing cumulative chart obtained by laser diffraction we can conclude that the powder contains 

uranium oxides with bimodal repartition which may explain its behaviour in the studied temperature 

range (see Figure 2). This conclusion proves to be accurate if we analyses the SEM microphotographs 

(see Figure 3). 

 

 
Figure 2 Bimodal size of uranium oxides samples 
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                       a)                                               b)                                                c) 
 

 
                       d)                                                e)                                              f) 
 

 
                       g)                                                 h)                                               i) 

Figure 3 S.E.M. images for powders calcined in the range of 100
0
C ï 900

0
C.UO2+x powder at 25

0
C (a); uranium 

oxides produced at 250
0
C(b);uranium oxides produced at 300

0
C(c);uranium oxides produced at 350

0
C(d); uranium 

oxides produced at 500
0
C(e); uranium oxides produced at 650

0
C(f);uranium oxides produced at 665

0
C(g);uranium 

oxides produced at 750
0
C(h);uranium oxides produces at 900

0
C(i). 
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S.E.M. micrographs show that bimodal appearance is preserved. However there is a tendency of wafers to 

agglomerate function of temperature. In turn smaller wafers tend to sinter when the temperature rich the 

900
0
C.  

Identification of higher oxides by XRD in the temperature range studied 25
0
C ï 900

0
C  (see Table 2), has 

led to a graphic representing explicitly the evolution, emergence and complex transformation of higher 

oxides of uranium (see Figure 4). 
 

Table 2 X.R.D. Identification analysis and semi quantitative per cents of uranium oxides in the range 

 of 100
0
C - 900

0
C  

Temperatures[
0
C] UO1,75 UO1,96 UO2 UO2,11 UO2,13 

UO2,25 

(U4O9) 

UO2,33 

(U3O7) 

UO2,5 

(U2O5) 

UO2,61 

(U13O34) 

UO2,66 

(U3O8) 
UO3 

25 0 19 24 0 37 20 0 0 0 0 0 

250 24 0 11 7 13 19 25 0 0 1 0 

300 30 0 8 0 0 58 0 2 0 2 0 

350 0 0 0 0 0 0 0 14 14 24 48 

500 0 0 0 0 0 0 0 0 0 86 14 

650 0 0 0 0 0 0 0 8 20 58 14 

665 0 0 0 0 0 0 0 0 0 90 10 

750 0 0 0 0 0 0 0 0 0 88 12 

900 1 0 0 0 0 0 0 25 26 45 3 

 
  Hipostoichiometric uranium oxides are observed in the temperature range of 250

0
C - 300

0
C. 

 
 

 
 

Figure 4 3D diagramme of semi quantitative per cents of uranium oxides in the range of 100
0
C - 900

0
C  
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IV. Discussion 
 

Comparing the data of Table 1 (Proprieties of Uranium oxides at different Temperatures) with those of 

Table 2 (Identification and semi-quantitative analysis per cents of uranium oxides in the range of 100
0
C - 

900
0
C) we can deduce that we cannot explain the complexity of uranium oxides obtained by linear 

progression from UO2 to UO3. 

 

One can note that the temperature about 670
0
C - 680

0
C to obtain the largest amount of U3O8 in normal 

atmosphere. To support this claim come the O / U ratio whose value of 2.62 corroborates the percentage 

of 90% of XRD diffraction. 

 

Taking into account that the overall rate of these reactions is Arrhenius-type, the formation of uranium 

oxides are function of the temperature at which the transformation take place and stabilizes in the normal 

atmosphere if the temperature does not rise. 

 

Inside contraction coupled with expansion of the outer layer leads to oxidation and exfoliation of the latter 

and the oxidation reaction keep up if the temperature continues to rise. 

The phenomenon is complex because the submicron particles tend to oxidize quickly and commits 

violent, additional temperature generating the formation of uranium hyper stoichiometric oxides where 

bimodal size distribution is present. 

The formation of uranium oxides is competitive. Oxygen diffuses out by the grain boundary and tends to 

sinter the particles to give hipostoichiometric interior oxides while external oxygen diffuses towards the 

inside interstitial space leading to an oxide as hyper stoichiometric (see Figure 5). 

 

 

 

 

 

UO Ÿ UO1±xŸUO2ŸUO2+xŸU4O9ŸU3O7ŸU3O8ŸUO3 

 

 
Figure 5 Competitive and cyclical oxidation scheme of UO2+x 

 

 

 V. Conclusion 

 
Our results are consistent with those in the literature. Oxides formation depends on the temperature, the 

specific surface area, particle shape - in this case the wafer shape. 

 

Hypothesis by which we proposed that the mechanism of oxidation of UO2 + x is composed by two 

mechanisms one step by step oxidation and other by cyclic oxidation is confirmed.  
 

This qualitative study approach will be followed by an exhaustive quantitative research.  

 

 

            Step by step oxidation  
                Cyclical or reversibile oxidation 

reaction 
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ABSTRACT 

 

 
In order to fulfil superior cladding for new reactor generation GIV, the austenitic 304L 

stainless steel was improved by oxide dispersion strengthening (ODS), using two nano-oxides: 

titanium and yttrium oxides. The behaviour of the new material resulted, 304 ODS, in water at 

supercritical temperature of about 550
o
C and 25 MPa pressure, was considered.   

 The oxidation kinetics by weigh gain measurements for both materials have been estimated 

and compared. The weight gain of ODS samples is higher than basic austenitic steel up to 1320 

hours. The oxides developed on the ODS samples in SCPW are layered and more uniform than 

in 304L SS. The protectively character of oxide films was estimated by different techniques. 

The morphology of oxide surface, the layering and chemical formula of oxides films were 

investigated by scanning electron microscopy (SEM), Energy Dispersion X-Ray Spectrometry 

(EDS), electrochemical impedance spectrometry (EIS) and by Small Angle X-ray Diffraction 

(SAXD). 

 

 

1. Introduction 
 

The increasing requirement for energy has led to developing of innovative reactors concept generation IV 

reactors, requiring improved cladding and core structural materials. The new reactors are designed to 

supply the increasing world-wide demand for energy include water-cooled, gas-cooled and liquid-metal-

cooled reactors. The supercritical water coolant enables a thermal efficiency about one-third higher than 

current light-water reactors, as well as simplification in the balance of plant because the coolant does not 

change phase in the reactor and is directly coupled to the energy conversion equipment. The European 

concept of SCW reactor is a Light Water Reactor (LWR) in the 1000 MWe class foreseen for function at 

supercritical pressure, water at a pressure of 25 MPa is heated up from 280
o
C to 500

o
C. These steam 

parameters carry out net cycle efficiency of about 44% and, due to lower mass flow rate, is  anticipated a 

reduction of component sizes which will contribute at the decreasing the costs for electricity generation of 

this nuclear power plant [1]. 
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The impact of supercritical water on materials in the absence or presence of radiation on reactor 

operations is unknown at this time.  There are several aspects that will affect the corrosion behaviour of 

materials of construction and in turn determines whether magnetite (Fe3O4) or hematite (Fe2O3) forms and 

the morphology and protectivity of these films, which are important to corrosion control on steels. 

 

Oxide dispersion Strengthened (ODS) stainless steel are considered candidate material for fuel cladding 

in both reactor concepts, for fission and fusion. The compatibility with cooling agent from SCW reactor, 

which operates at 550
o
C, is one important issue of reactor material science. The micro structural changes 

of ODS steels is the adding of nano-oxides (yttrium and titanium oxides). Compared with ferritic-

martensitic steels, austenitic steels are known to have superior high-temperature strength, are weld able, 

but have an inferior irradiation resistance [2]. 

 

In this study, general corrosion tests were performed on two classes of steels: austenitic 304L SS and 

304L ODS, same steel strengthened with Y2O3 and TiO2 additions.  304 L SS samples are included in the 

program to serve as benchmarks useful to compare the performance of other alloys. 

 

The aims of the study are: comparison of steels behavior in demineralized SCW coolant, the investigation 

of oxide dispersion strengthening influence on corrosion behavior and assessment of surface preparation 

influence on corrosion products in a SCWR. INR-Pitesti has performed oxidation or corrosion studies on 

ODS steels in supercritical water conditions (SCW), at 550
o
C temperature and 25MPa pressure, in a static 

autoclave. 

 

2. Experimental 

  

2.1 Materials 
  

The tested austenitic steels have been A/SA-240 type 304 L and the same steel with addition of yttrium 

and titanium oxides, an alloy developed in China at University of Science and Technology from Beijing. 

The alloys chemical composition is presented in Table 1. 

 

 Table 1 Chemical composition of austenitic materials (%wt) 

Elements Fe Cr Ni Mn Si N C P S Y2O3 TiO2 

304L SS Rest 18/20 8/10 2 0.75 0.1 0.08 0.045 0.03 - - 

304 ODS  75.95 16.7 7.8 - 0.2 0.5 - - - 0.35 0.5 

  
The 304 ODS material has been prepared as follows: AISI 304L stainless steel powder has been 

mechanically alloyed (MA) with 0.35% Y2O3 and 0.5% TiO2 powders. The mixed powders have been 

consolidated by hot isostatic pressing process (HIP) in two steps: first step was performed for 2 hour at 

1100
o
C under a pressure of 100MPa and the second for 1 hour at 1150

o
C under same pressure.  

 

The next fabrication process was forging of the hot isostatic pressed billet at an initial temperature of 

1150-1170
o
C, final forging temperature 970

o
C, forging ratio 3:1. The forged pressed billet has been hot-

rolled at 1150°C from a plate with a thickness of 20 mm into a plate with a thickness of 11 mm and then 

subjected to a subsequent heat treatment (annealing) at 1150°C for 30 minutes followed by a free cooling 

in furnace.  
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2.2 Experimental tests  

 
Oxidation experiments were carried out in one liter supercritical static autoclave in demineralised water at 

supercritical temperature 550
o
C, and pressure of about 25 MPa. The pH of solution at room temperature 

was 6 and the conductivity was 0.4 S/cm
2
. During exposure in SCW environment, the oxygen 

concentration couldnôt be controlled; only at 100
o
C a thermal degassing for oxygen removing has been 

performed. After periods of 240, 480 and 816 hours, the corrosion rate was evaluated from the weight 

gain/ surface, using a balance with uncertainty of 1g. 

 
The AISI 304L SS sheet and 304-ODS block were cut in coupons of 15 x 10 x 2 mm in sizes. Prior to 

being exposed in autoclaves, the as received samples were polished with abrasive papers and cleaned in a 

mixture of 1/3 acetone, 1/3 isopropyl alcohol (C3H8O) and 1/3 benzene. 

  

3. Results 

 

3.1 Microstructure of ODS material 
 

The microstructure of austenitic 304L SS was examined in polarised light after metallographic 

preparation. Grain images of austenitic 304L 

stainless and 304 ODS steels are presented in Figure 

1. The optical microstructures on the longitudinal 

and transversal planes of the as received 304L 

samples, Figure 1, depict equiaxed and twinned 

grains. 

  

The aspect of grains in 304 ODS sample, Figure 2, 

is different in different cutting sections. Large grains 

rounded by flowing patterns containing many small 

sizes particles are visible in transverse direction 

while in longitudinal direction they are extremely 

elongated and parallel to the rolling direction; these 

characteristics usually cause the tensile anisotropy of 

the ODS steels.  

 

The metallographic images of ODS steel present oxide particles non uniform distributed in the 

matrix, displayed as areas with many  points combined with areas of large textured grains.  

 

3.2 Tensile properties 
 

Tensile properties at different temperatures have been obtained and compared to show the differences and 

similarities of austenitic 304L and 304 ODS steels, and observations are explained in terms of the 

microstructures. The results are presented in Table 2. 

 
Room-temperature tensile strength of 304 ODS was about 17% higher than 304L, and at 700ºC, the 304 

ODS steel remains about 17% stronger than 304L SS. Also the yield stress at room temperature is 60% 

higher than 304 L, but at 700
o
C is 75% higher.  

 

  
Figure 1 Grain structure of 304L SS 
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The strain to fracture (12.5 mm) of 304 ODS steel, measured for 12.5 mm gauge length, was 

shorter than base material 304L SS for all tested temperatures (Table 5) in a ratio of about 0.5, 

and a little higher at room temperature (0.79). 
 

  

 a)    b)   
 

Figure 2 Grain structure 304 ODS steel (transverse and  longitudinal directions) 

 
Table 2 Mechanical properties from tensile tests 

Steel 

type 

Testing  

Temperature 

Tensile Strength 

(UTS)[MPa] 

Yield Stress 

[MPa] 
12.5mm[%]  

304L RT 725 366 53.6 

500
o
C 461 204 40 ; 41.6 

700
o
C 333 169 43 ; 45.8 

304 ODS RT 851 584 42.4  

500
o
C 515 367 21.6  

700
o
C 391 296 19 

 

3.3. Gravimetric Analysis 

 
Specimens exposed in SCW environment were measured and microstructures were observed by scanning 

electron microscopy. In Table 6 are presented the results of the weight measurements for samples tested 

at 550
o
C. 

 
Table  3 Weight gain in corrosion tests up to 56 days for 304 L and 304 ODS samples 

Sample type Weight gain [g/cm
2
] 

10 days 22 days 34 days 44 days 58 days 

304 ODS  7.89E-04 1.26E-03 1.61E-03 1.77E-03 1.92E-03 

304 L as received 4.72E-05 6.48E-05 7.59E-05 8.80E-05 1.01E-04 

304 L grit #600  3.33E-05 5.65E-05 8.24E-05 1.06E-04 1.21E-04 

304 L grit #1200 5.56E-05 8.43E-05 1.13E-04 1.44E-04 1.82E-04 

 

Figure 3 show dependence of weight gain on corrosion test period of 304L in all cases of surface 

preparations, respectively for 304 ODS at 550
o
C. 
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After 1344 hours of corrosion in supercritical water, the weight gain of 304 ODS steel is higher than for 

austenitic 304L steel, as is shown in Figure 11, indicating the presence of a thicker oxide on 304 ODS 

steel surface. The weight gain of samples has been fitted with a power function ȹW = a t
n
 where ȹW is 

the oxide weight gain (mg/dm
2
),  a is the rate constant, t is the exposure time (h), and  n is  the exponent. 

The Table 4 presents the corrosion kinetics parameters at 550
o
C. 

  

  
Figure 3 Corrosion kinetics of 304 L ODS SS and 304 L SS samples tested in SCW at 550C and 25 MPa 

 
Table  4 The corrosion kinetics parameters (y = a x 

n
) 

 
for 304 L and 304 ODS, up to 58 days samples at 550

o
C  

 304 L ODS SS 304 L SS as received 

a 3.00E-04 1.76E-05 

n 0.4655 0.4268 

  

The measured weight gain data at 550
0
C have indicated parabolic kinetics (n = 0.43 respectively n=0.47) 

for 304 L SS and 304ODS. These are evaluations only during this exposure time, changes of the kinetics 

being possible after longer periods of testing. 

  

3.4 Oxide morphology and structure 

 
The topographical features of oxide grown in SCW environments on 304 L and 304 ODS steel exposed to 

at 550
o
C and 25 MPa, have been investigated by SEM after some exposure time. Figures 4 and 5 depict 

images of oxides developed on the 304 ODS samples respectively 304L SS after different exposure time. 

On ODS steel the images show a rough and porous oxide morphology, containig cracks. On 304L SS the 

surfaces are not entirely covered by oxide crystallites, oxide crystallites are disposed in rows or are 
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grouped as cauliflower islands. At higher magnification, a uniform layer formed from very small 

crystallites, barely visible at high magnify, can be distinguish and above it the regions with large 

crystallites (large areas, rows and islands) are placed. 

 

The backscattered electron images from Figure 6a) and 6b), show cross sections by the oxide layer 

developed on 304L and 304ODS samples. The oxides thickness developed in the static SCW on 304 ODS 

sample is significantly higher than on 304L SS.  

 

Figures 7 and 8 present the EDS maps and the results of Small Angle X-ray Diffraction in the case 0.1, 1 

and 3 degree angles. The thickness of oxides grown on ODS samples is higher than on 304 L SS (peaks 

height higher). The spinel amount and types are lower in 304 L SS in 304 ODS is noted the presence of 

much spinel oxide types: (Fe,Cr)O4, (Cr, Ni)O4, (Fe, Ni)O4 (Fe, Cr, Ni)O4. In case of 304 L SS the 

substrate peaks in the pattern are higher than oxides peaks suggesting a very thin oxide layer. 

 

 

 

       
 

Figure 4. Secondary electron images of oxide obtained after 240, 720, 1344 hours on ODS sample 

 

       
 

Figure 5  Secondary electron images of oxide obtained after 240, 720,1056 hours on 304L SS sample 

 

 

 

 


