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ABSTRACT  

 
X-ray diffraction at small angles of incidence was used to investigate oxidised samples 

obtained from Incoloy 800, steel 516 and Inconel 600, materials used to manufacture different 

components of CANDU steam generators. The samples were exposed for 157 days in 

demineralised water with LiOH (pH=10.5), at 3100C and 5MPa. In the case of 516 steel it was 

observed that the magnetite is formed at interface metal-oxide, while the external layer is 

formed preponderant from hematite particles. The external layer present on the surface of 

Inconel 600 is formed by nickel hydroxide, while the spinelic compounds such as (Cr, Fe)3O4 

are distributed in the inner layer. Because the oxide formed on the surface of Incoloy 800 

sample is very thin, there is not major difference regarding the composition in the depth 

profile. The X-rays results were sustained by the SEM results. 

 

Key words: Grazing incidence XRD, corrosion deposits, primary side, CANDU steam 

generator 

 

 

Introduction  
 

The degradation of structural components of a nuclear power plant, due to the corrosion mechanisms, 

can degrease the NPP life time operation, affecting the structural integrity [1]. For this reason, the study 

of structural materials corrosion behaviour is an opened field of scientific research, being very important 

for the correct knowledge and understanding of the phenomenology and mechanisms of different 

corrosion types.  

In normal operation conditions of a CANDU NPP, general corrosion do not affect directly the life time 

of structural components. But, non-adherent corrosion products may be transported in NPP primary and 

secondary side and can be deposited in areas with restricted flow, conducting to other severe corrosion 

forms (pitting corrosion, intergranular corrosion, stress corrosion cracking, crevice corrosion, etc.). On the 

other hand, the corrosion deposits influence the local chemistry, radioactivity level, and thermo-hydraulic 

conditions.  

X-ray diffraction is a very useful method that gives rapid information on the phase composition of 

oxide layers that can be formed at the surface of structural materials in normal or abnormal operating 

conditions. The phase composition is very important to understand the corrosion processes and find 

solutions to mitigate this problem.   

Grazing incidence X-ray diffraction (GIXRD) is a special technique that allows the study of the depth 

profile of oxide layers presents on the corroded structural components surface. Using this XRD technique, 

the X-ray beam path in the thin film increases and, hence it obtains an increased intensity of the diffracted 
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beam by the layer. By varying the incidence angle, the phase composition distribution in the oxide layer 

depth can be determined. The X-rays penetration depth (l) depends of the linear absorption coefficient of 

oxide layer (µ) and angle of incidence ( ), and are given by the relation /sinl .  

The purpose of this study is to investigate the depth profile of oxide layers formed on the surface of 

components a CANDU steam generator, in normal operation conditions of the primary side.  

 

 

Experimental  
 

There were investigated oxidised samples from specific structural materials of CANDU steam 

generators: carbon steel SA516 (used to manufacture the tube sheet of steam generator); Incoloy 800 

(especially used to manufacture steam generator tubes); and Inconel 600 (used as covering material for 

tube plate). The chemical composition of these structural materials is given in Table 1 0. 

The oxidation treatment was performed using one special autoclave with recirculation. The treatment 

conditions were: demineralised water with LiOH addition to obtain pH=10.5, a temperature of 310
0
C, a 

pressure of 5MPa, and a period of treatment 157 days 0. 

X-Rays analyses were performed by using a PanAlytical X‟Pert Pro MPD diffractometer. It was used 

a CuK  radiation ( K 1=1.5418Å), a divergence slit of 1/8
o
 and a 10mm mask for the incident beam, 

respectively a plan parallel collimator of  0.27
0
 and a Ni large filter (to minimise the β radiation) for the 

diffracted beam.  

With the aim to confirm the X-rays analyses, the oxidised samples were investigated by scanning 

electron microscopy, using a TESCAN MIRA II LMU CS microscope. 

 

Table 1. The chemical composition of the investigated structural materials 0 
 

 

 

 

 

 

 

 

 

 

 

Results and Discussions 
 

The superposition of XRD patterns corresponding to the SA516 samples, for different incidence angle, 

is presented in Figure 1. It is observed that, the peaks corresponding to the magnetite increased with the 

incidence angle. Therefore, the external layer is formed of hematite particles, and the magnetite is formed 

at the metal-oxide interface. The GIXRD results are in concordance with the SEM images achieved on the 

oxidised surface (Figures 3 and 4). It is observed that the external layer is formed of large particles, with 

a hexagonal shape, associated with the hematite. Under this external layer there are the fine particles, with 

a rhombohedric form, corresponding to the magnetite. The particle size is large, varying between 2 and 

4µm, due to the lower chromium content 0. The oxide layer thickness is about 5µm and is almost 

uniform.  

 

Alloy 
Alloying elements (%) 

Ni Cr Ti C Mn Si Al Fe P S Mo Co 

Incoloy 800 30-34 19-23 0.6 0.05 0.75 0.50 0.38 rest - - - - 

Inconel 600 72 15 - 0.04 0.7 - 0.8 8 - - - 0.9 

SA 516 gr.70 0,02 0,02 - 0.27 0.85 - - rest 0.039 0.04 - - 
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Figure 2 XRD paterns coresponding to the SA 516 oxidised sample 
 

 
 

 
 

 
Figure 3 Oxide layer morphology formed on the  

SA 516 sample surface exposed 157 days in 
primary side conditions  

 
Figure  4 Cross section through the oxide layer 

formed on the SA 516 sample exposed 157 days in 
primary side conditions 
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Figure 5 XRD paterns coresponding to the Incoloy 800 oxidised sample 

 

 

  
 

Figure 6 Morphology of oxide layer formed at 
surface of one Incoloy 800 sample exposed 157 

days in primary side conditions 

 
Figure 7 Cross section through the oxide layer 
formed on the Incoloy 800 sample exposed 157 

days in primary side conditions 
 

In the case of Incoloy 800 samples there are not observed differences in the layer composition function 

of the incidence angle (Figure 5). This means that the oxide layer formed on the stream generator tubes is 

very thin in comparison with SA 516 steel. The compounds identified on the Incoloy 800 sample are: -
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Fe2O3, Fe3O4, NiFe2O4, FeNi2O4, NiCr2O4. Besides hematite, all these compounds are spinelic oxides. The 

SEM image (Figure 6) shows that the external layer is formed of particles having different size and 

shape: particles with pyramidal shape and 1µm size, associated to Fe3O4; elongate particles with 1÷2µm 

size, corresponding to FeNi2O4; and hexagonal hematite grains, with size between 0.5 and 1µm 0Eroare! 

Fără sursă de referință.. The inner layer is very adherent, formed of very fines particles (<0.5µm) 

having the spinelic structure of magnetite rich in Cr and Ni. The oxide layer is not uniform. The oxide 

thickness varies between 1 (where the oxide is formed only of very small particles) and 3µm (where there 

are also particles corresponding to magnetite, hematite and FeNi2O4, with large size) (Figure 7).  

On the surface of Inconel 600 oxidised samples the followed compounds were found: NiFe2O4, 
FeNi2O4, FeCr2O4, NiCr2O4, Fe1.76O3 and -NiO(OH). From Figure 8 on may observe that the peaks 

associated with Fe1.76O3 and -NiO(OH) decrease with the increase of the incidence angle, while the 

peaks corresponding to the FeCr2O4 and NiCr2O4 increase when the incidence angle increases. In this 

case, we can say that the sub-stoichiometric form of hematite and the nickel hydroxide particles are 

present at the external surface of the oxide layer. Also, it is evident that the spinelic compounds FeCr2O4 

and NiCr2O4 are localised at the interface oxide-metal. The nickel and iron spinelic oxides are present in 

all of the oxide depth. Taking into account the results of Sun and Panter, the largest particles with 

pyramidal shape (5-10µm size) are associated with NiFe2O4, the equiaxed grains (3-10µm size) are 

associated with -NiO(OH), the small hexagonal particles correspond to hematite (0.5-1µm) size, 

FeNi2O4 is associated with the medium particle (1÷2µm), and spinelic compounds rich in chromium 

(FeCr2O4 and NiCr2O4) correspond to the smallest particles (<1µm) (Figure 9) Eroare! Fără sursă de 

referință.Eroare! Fără sursă de referință.. SEM investigation of cross section of oxidised Inconel 600 

sample showed that the entire layer is not uniform, having a thickness between 2 and 10µm (Figure 10). 

But, the inner layer, formed of spinelic compounds, has a uniform thickness, less than 1µm. 

 

 
 

Figure 8 XRD paterns coresponding to the Inconel 600 oxidised sample 
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Figure 9 Morphology of oxide layer formed on 
Inconel 600 sample exposed 157 days in primary 

side conditions 

 
Figure 10.Cross section through the oxide layer formed 
on the Incoloy 800 sample exposed 157 days in primary 

side conditions 
 

Conclusions 
 

The GIRXD is one useful tool for the characterisation of the depth composition of oxides layer formed 

on the surface of components which work in different conditions of CANDU circuits. If this method can 

be completed by scanning electron microscopy, the results can be very utile to characterise the corrosion 

behaviour of the different components. 

In the case of SA 516 samples oxidised in the conditions characteristic to the primary side of CANDU 

steam generator, it was observed the presence of a duplex layer: the external layer is formed of large 

particles, with hexagonal shape, associated with hematite; under this external layer there are fine particles, 

with rhombohedric shape, corresponding to magnetite. 

In the case of Incoloy 800 samples there are not observed differences in the layer composition with the 

variation of the incidence angle. The oxide film is a duplex layer:  the external layer is formed of large 

particles associated with NiFe2O4 and Fe3O4, and medium size grains associated to hematite; the inner 

layer is very adherent, formed of very fine particles having the spinelic structure of magnetite rich in Cr 

and Ni (FeNi2O4 and NiCr2O4).  

At external surface of oxide layer formed on Inconel 600 there are present small hexagonal particles 

associated with the sub-stoichiometric form of hematite, and equiaxed grains associated with the nickel 

hydroxide. The smallest particles associated with the spinelic compounds FeCr2O4 and NiCr2O4 are 

localised at the interface oxide-metal. The spinelic oxides of nickel and iron are present in all of oxide 

depth: the largest particles correspond to NiFe2O4, while the medium particles correspond to FeNi2O4. 
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