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Abstract 
 
The Alloy 600 is a polycrystalline nickel base alloy used in pressurized water reactors (PWR) of 
nuclear power plants. Long term exposure of the alloy to primary water of PWR generates an 
oxide film that strongly influences the stress corrosion cracking behavior of the alloy. Recently, 
it has been shown that the oxide film structure, composition and thickness depend on the 
dissolved hydrogen content in the primary water.  
In this work we have explored a novel approach which enables a high spatial resolution oxide 
thickness measurement by nanomechanical testing. Oxide films have been grown on Alloy 600 
specimens exposed between 5000 and 35000 hours at 320-330°C with hydrogen levels in the 
range 5 to 25 mL H2/kg H2O. A Triboindenter TI-950 from Hysitron was used to measure the 
change of nanomechanical properties in polished cross-sections. The increase of hardness has 
been correlated to the presence of oxides. 
 

Introduction 
 
The Alloy 600 is a polycrystalline  nickel-based alloy (72% Ni minimum, 14–17% Cr, 6–10% 
Fe) that has been widely used in light water reactor power plants, i.e., in pressurized water 
reactors (PWR) and boiling water reactors. In PWR plants, alloy 600 has been used for steam 
generator tubes, nozzles, pressurized heater sleeves, instrument nozzles, and similar applications 
[1] [2] [3]. 
It is well known that long term exposure of the alloy to primary water of PWR generates a 
complex multilayered oxide structure that strongly influences the stress corrosion cracking 
(SCC) behavior of the alloy [3] [4] [5]. There is a general agreement that Ni-containing oxides 
and mixed oxides with considerable Ni-content are found in the top non-protective layers facing 
the aqueous environment, as shown in Figure 1 [6]. In the case of water environments with low 
hydrogen dissolution (DH), the surface also presents nanowires of Ni oxide (Fig 1, left side).  
The second intermediate spinel-type layer is a Cr-rich oxide containing both Ni and Fe whose 
protective character is not clear. Finally, there is an internal layer a few nm thick of Cr2O3 that is 
probably the main protective layer. The composition and thickness of the oxide layer is strongly 
dependent on the hydrogen dissolved in the water [5]. 
Research on the composition and microstructure of this multilayered oxide structure has been 
carried out using modern techniques like scanning electron microscopy (SEM), transmission 
electron microscopy (TEM), and X-ray photoelectron spectroscopy [3] [5]. In particular, the 
thickness determination of the Cr2O3 main protective layer, usually in the range 10- 300 nm, can 
only be done by time-consuming TEM characterization. In this work we have explored a novel 
approach which enables a high spatial resolution oxide thickness measurement by 



nanomechanical testing. By examining the nano-hardness with a nanoindenter on cross-sectional 
Alloy 600 samples, we correlated hardness variations to the presence of the chromium oxide 
layer.  

 
Figure 1: Schematic representation of the cross-sectional interface region at 
lower (left side) and higher (right side) DH concentration levels (after [6])  

 
Experimental Methods 

 
Sample Preparation and Characterization 
 
Both, mill-annealed (MA) and thermally treated (TT) variants of Alloy 600 were considered. 
Alloy 600 MA were made with heat treatment at 927 oC for 3-5 minutes, while the Alloy 600 TT 
were made at 1038 oC for 3-5 minutes and then at 710 oC for 8 hours.  
The corrosion testing was carried out on specimens from tubes of Alloy 600, and the details have 
been published elsewhere [2]. The samples were cut and fixed in a holder under high axial stress. 
Oxide films have been grown in autoclaves using high purity water with additions of hydrogen 
(5 to 25 mL H2/kg H2O) at a temperature of 320-330 oC, and exposition times between 5000 and 
35000 hours. 
Morphological characterization was done in plan-view and cross-sectional samples using a 
scanning electron microscope LEO 1550 FEG operated at 5 keV.  
 
Nanoindentation Technique 
 
Nanoindentation has become a primary technique for determining the mechanical properties of 
thin films and small structural features.  Its attractiveness stems largely from the fact that 
mechanical properties can be determined directly from indentation load and displacement 
measurements without the need to image the indent impressions. Nowadays, with the 
introduction of high-resolution testing equipment, the measurement of properties can be done at 
the micrometer and nanometer scales [7] [8]. 
During nanoindentation, a geometrically well-defined diamond pyramid is brought into contact 
with the sample surface. The recorded applied load and displacement inside the sample are used 
to determine the hardness (H) and elastic modulus (E) of the material. There are three parameters 
of the load-displacement curves necessary for calculating E and H: (1) the peak load (Fmax), (2) 
the indentation depth at the peak load (hmax), and (3) the elastic unloading stiffness (S=dFmax/dh ) 
(Figure 2a). The exact procedure used to measure H and E is based on the unloading processes 
shown schematically in Figure 2b, in which it is assumed that the contact periphery sinks 



elastically [7]. The hardness can be defined as the ratio between the maximum load and the 
contact area A generated during the indentation: 
 

H = Fmax/A.       (1) 
 
Assuming that the pile-up is negligible, elasticity models show that the amount of sink-in, hs, is 
given by: 
  

hs = ε (Fmax/S),       (2) 
  
where ε is a geometric constant of the indenter. Figure 1b shows that the depth along which 
contact is made between the indenter and the specimen, hc = hmax − hs, is: 
 

hc = hmax − ε (Fmax/S).       (3) 
 
Letting F(d) be an “area function” that describes the projected (or cross sectional) area of the 
indenter at a distance d back from its tip, the contact area A is then A = F(hc). The area function, 
also sometimes called the indenter shape function, must carefully be calibrated by independent 
measurements so that deviations from nonideal indenter geometry are taken into account [1]. 
 
  
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2: Schematic representations of (a) a load-displacement curve with 
the key experimental parameters: Fmax, hmax, and S; (b) a section through an 
indentation showing parameters characterizing the contact geometry (after 
Ref. [7]).  
 

The nanomechanical characterization was carried our using a Triboindenter TI-950 from 
Hysitron. A pyramidal Berkovich tip, consisting in a diamond with an included angle of 142.35° 
and ~ 150 nm radius, was used in all the experiments (Figure 1b). Cross-sectional specimens 
were made by gluing slices into stainless-steel disks followed by mechanical polishing with a last 
colloidal silica polishing size of 0.04 microns. Indentation lines from the bulk toward the surface 
edge were performed, with 20-90 indents distributed along the line. The distance between 
indents was related to the maximum load, from 0.3 µm for Fmax = 250 µN to 1 µm for             
Fmax = 1000 µN.  After calibration of the tip, the hardness values were calculated from the load-
displacement curves using the software from the TI 950 instrument, which is based on the 
Oliver-Pharr method [7]. Surface Probe Microscopy (SPM) was also utilized to image in-situ the 



surface before and after the nanoindentations. The images were obtained by the same diamond 
tip used for the indentations. 
 

 
SEM characterization of plan-
small crystallites, according to the DH concentration (Figure 3)
presented in Figure 1. 

 
Figure 3: SEM plan
lower and (b) the high

 
Cross-sectional analysis in figure 4
Alloy 600 and modeled in Fig 1
irregular shapes and sizes. The edge of the sample presents a 
10 µm wide (marked as “C”) which finishes close to the edger as an apparent porous and brittle 
layer, 0.5-2 µm wide (marked as “P”).  
The SEM study shows that the porous and brittle external layer can be easily related 
free external oxide layer in figure 1. 
Cr oxide, which could be in the range 10
the surface of the sample can be related to the Cr
 
 

 
Figure 4: SEM cross

 
 The hardness of the samples was measured by nanoindentation. The characterization of the bulk 
hardness, measured far from the
in Figure 5.  The Alloy 600 MA bulk hardness increases

surface before and after the nanoindentations. The images were obtained by the same diamond 

Results and Discussion 

-view samples show that their surface consist
small crystallites, according to the DH concentration (Figure 3), in agreement with the model 

: SEM plan-views of Alloy 600 surface samples treated with 
higher hydrogen concentration levels.  

in figure 4 shows the characteristic microstructure 
and modeled in Fig 1: a solid solution of the alloying elements, with visible grains of 

irregular shapes and sizes. The edge of the sample presents a zone of different contrast, about 4
m wide (marked as “C”) which finishes close to the edger as an apparent porous and brittle 

m wide (marked as “P”).   
The SEM study shows that the porous and brittle external layer can be easily related 
free external oxide layer in figure 1. The micrograph does not reveal specifically the presence of 

, which could be in the range 10-500 nm. On the other hand, the different contrast along 
the surface of the sample can be related to the Cr-depleted metal layer.  

Figure 4: SEM cross-sectional of an Alloy 600 sample.

The hardness of the samples was measured by nanoindentation. The characterization of the bulk 
hardness, measured far from the surface of the samples, reveal two different behaviors, as shown 
in Figure 5.  The Alloy 600 MA bulk hardness increases with the hydrogen

surface before and after the nanoindentations. The images were obtained by the same diamond 
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. On the other hand, the different contrast along 

sectional of an Alloy 600 sample. 

The hardness of the samples was measured by nanoindentation. The characterization of the bulk 
two different behaviors, as shown 

with the hydrogen concentration from 



about 8 to 10 GPa, while the Alloy 600 TT bulk hardness decreases with the hydrogen 
concentration from about 11 to 9 GPa. To our best knowledge, there are no publications showing 
the hardness variation with the thermal treatments.  
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 5: Bulk hardness of Alloy 600 MA and TT as a function of DH.  

 
The analysis of the cross-sections reveal a similar hardness behavior along the line of indents: 
when indenting from the bulk to the edge, the hardness decreases continuously in value. 
However, when arriving close to the edge, the hardness first increases, and then sharply falls, 
followed by a plateau of very low hardness value, where the material is very soft. 

 
Figure 6: (a) Hardness in 20 different points along the cross-section; (b) 
Surface probe microscopy of the 20 indents, showing the regions of hard 
and soft material according to the hardness values.  

 
Figure 6 illustrates the results for Alloy 600 TT, 5% ml H2/Kg H2O. The panel (a) shows the 
hardness values along the line, while in (b) an SPM image of the indented zone is presented 
together with a schematic showing the different hardness zones. The SPM image shows clearly 
the indents in the bulk and hard zones, while the material resists indentation best in the transition 
region before the soft area (no indents visible).  We can also see that the SPM imaging close to 
the edge has artifacts because the material is too soft: the artifact consists of parallel lines 
inclined about 450 with respect to the indentation line. 
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When using Fm = 1000 µN, a distance between indents of 1 µm is necessary to guarantee that 
there is no influence from the substrate deformation of a neighbor indentation, which can lead to 
error in the hardness calculation. To increase the spatial resolution, a maximum load of 250 µN 
was used in some samples to allow a distance of 0.3 µm between indents. The measurements in 
different sample areas showed that the thickness of the Cr oxide layer is not constant.  
Figure 7 shows the mean measured value of the oxide thickness of Alloy 600 MA and TT as a 
function of DH. It is observed that the variation of the thickness is more marked for Alloy TT 
samples. The result for Alloy 600 TT is in agreement with thickness measurements by TEM 
which have shown that the thickness and homogeneity, and thus the protective properties of the 
oxide seem to increase at lower hydrogen contents [3] [4].  
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Figure 7: Oxide thickness of Alloy 600 MA and TT as a function of DH.  

 
Conclusions 

 
Our nanomechanical study has shown that the microstructure in all samples can be easily 
correlated to the prevailing multilayered oxide structure model. When indenting along a line 
from the bulk toward the edge, the region where the hardness decreases can be correlated to the 
Cr-depleted metal layer. A narrow region, where the hardness has a peak, corresponds to the Cr 
oxide layer. Finally, the regions where the hardness decreases sharply and keeps a low value can 
be assigned to the Cr-free oxide layer. Through different measurements in different areas, as well 
as the observed SEM images, it is concluded that the width of these layers is not constant 
through each sample.  
The novel nanomechanical approach presented in this work is a simple method that enables a 
high spatial resolution of the oxide distribution in Alloy 600 samples.  
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