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ABSTRACT 
 
In pressurized water reactors (PWR), some components are submitted to relative motions due 
to necessary operational processes (localisation and positioning adjustment) or by not wished 
effects (flow induced vibration). Thus, components and associated supports are typically 
excited by a large range of kinematics so than complex combinations of wear can occur. 
Those excitations can lead to sliding, fretting, impact… 
Furthermore, typical environment in PWR coupling of temperature (320°C), pressure (154 
bars) and chemistry solution (deaereted, low conductivity water) involve specific corrosion 
processes. 
Apparently, research performed to date did not deal with all the specific parameters involved 
at PWR conditions. For this purpose, a specific apparatus has been developed in Framatome 
Technical Center for a better understanding of this complex degradation mechanism where 
mechanical and corrosion effects are occurring at the same time. 
Thanks to electromagnets excitation, mechanical investigations can be proposed with the 
following combined contact type: pure impact, pure sliding and impact plus sliding for several 
kinds of sample as rod in a ring, rod against a guide. Motion can be induced on a local area or 
for the total length (orbital excitation). The relative displacement and the contact force are 
acquired continuously and permit to establish normal and tangential forces, angular position, 
sliding distance. 
On the other hand, electrochemistry measurements have been adapted to the specific 
apparatus and work in the high temperature water environment. The standard mounting with 
three electrodes has been qualified so that it is possible to adjust or measure current and 
potential. 
 
All the system is computer controlled and with the present apparatus relationship between 
mechanical parameters and repassivation can be studied for specific environments, materials 
and solicitations. 
 
In a first step, potential dynamic polarization curves have been established for 304L stainless 
steel at several temperatures (80, 250 and 300°C) and for different initial pre polarization 
(level, duration…) 
In a second step, scratch test indentation between non conductive sample and stainless steel 
has been carried out to qualify all the experimental design. 
Finally, investigations were performed for different loading (impact, impact plus sliding and 
sliding) at several levels of forces. Effect of time latency has also been investigated.  
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INTRODUCTION 
 
In pressurized water reactors (PWR), some components are submitted to relative motions due 
to necessary operational processes (localisation and positioning adjustment) or to not wished 
effects (flow induced vibration). Thus, components and associated supports are typically 
excited by a large range of kinematics so that complex combinations of wear can occur. 
Furthermore, for each operational process (e.g. control rod drive mechanism (CRDM), rod 
cluster control assembly (RCCA), fuel rod in the assembly…) those components have got 
very specific geometry leading to very low contact pressure and also very high contact 
pressure (typical impact and sliding for latch arm drive mechanism). Materials used in this 
application are usually austenitic stainless steel or zirconium alloys. 
To understand the wear behaviour of the two partners in pressurized high temperature water, a 
tribometer able to work in this specific condition is used. The excitation movement is adjust 
regarding to the measurement and the analysis obtained on the real component in the plant or 
derivated from simulator at different scales. 
More specific analysis between wear facies in the plant and damage on the samples in the 
tribometer are also completed to assume that the degradation process is governed by the same 
main wear phenomena. This comparative examination revealed that degradation cannot be 
only explain by mechanical aspects but must be associated to other aspect like corrosion 
activity. 
Let us call back that typical PWR environment coupling of temperature (320°C), pressure 
(154 bars) and chemistry solution (deaereted, low conductivity water) involve corrosion 
processes which can play an important role in the development and synergy of wear 
processes. It has been clearly identify that wear due to mechanical aspect and wear due to 
corrosion aspect is lower than the wear when the two components are coupled [1] [2]. 
It has been shown for CRDM, interaction between drive rod of AISI 410 martensitic stainless 
steel and gripper latch arm protected by a cobalt based hard facing alloy (Stellite grade 6), a 
large effect of time latency on the degradation [3]. The comparison consists in one hand on 
results acquired from the mock up scale 1 and on the other hand in the experience feed back 
on the components. The main difference was that the interaction has been reproduced at a 
frequency greater than those applied on plant. Due to this time latency effect, the wear 
damage is lower for high frequency interaction and can introduce singular artefact to estimate 
life time of the components [3]. 
These kinds of experience highlight the importance of corrosion processes in PWR conditions 
such as those clearly shown by parametric study carried out at room temperature with 
activated water (e.g. NaCl, H2SO4…) [4]. 
Nevertheless tribocorrosion analysis has been studied on analytical system as pin on disk 
tribometer and mainly with typical environment in order to overestimate the influence of 
corrosion. That’s why it seems difficult to extrapolate the results to PWR environment. 
To investigate the repassivation phenomenon in such particular environment, Framatome 
ANP developed a specific apparatus running at PWR conditions in order to understand the 
complex synergy where mechanical and corrosion effects are occurring at the same time.  
 
 
EXPERIMENTAL DEVICE 
 
DESCRIPTION OF THE ORIGINAL APPARATUS 
The test apparatus was originally designed to test at conditions as pressurized water reactor 
(PWR) two contacting surfaces like control rod against support, fuel rod section against grid. 
The original test bench, dedicated to mechanical wear processes, is housed in an autoclave at 



a temperature up to 320°C +/- 5°C and a pressure of 154 bars. The water environment during 
test is preliminary controlled and its chemical composition is similar too the primary coolant 
pressurised water reactor ([O2]<0.1ppm [B]=1300ppm [Li]=2ppm [Cl-]=0.1ppm), its pH is 
about 7 and the bulk is deaerated [5]. Nevertheless, composition can be adjusted to represent 
particular cases of running. 
 
A schematic representation of the tribometer is presented Figure 1. The samples are 
represented on one hand by a tube element and on the other hand by a ring. The tube is moved 
in the autoclave by a specific excitation induced by four electromagnets each oriented at 90° 
of each other. Figure 2 represents the trajectories of the centre of the tube for several 
combinations of electromagnets piloting. Typical movements can be proposed to induce 
solicitations as simple impacts, orbital sliding, semi orbital sliding, orbital sliding plus impact, 
semi orbital sliding plus impact or fretting.  
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : Schematic cross-section of the tribological apparatus. 
 
The test specimens are the cylindrical stationary sleeve and the cylindrical tube. 
(∅tube = 9.7 mm, ∅sleeve = 10.7 mm) 
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(a) 

AURORE mono échantillon - Type d'onde générée par le process
Primaire 1 Hz amplitude 1 - Secondaire 10 Hz amplitude 0.2 - Cst 0

-1,5

-1

-0,5

0

0,5

1

1,5

-2 -1,5 -1 -0,5 0 0,5 1 1,5 2

(c) AURORE mono échantillon - Type d'onde générée par le process
Primaire 1 Hz amplitude 1 - Secondaire 0 Hz amplitude 0 - Cst 0
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(b) 

AURORE mono échantillon - Type d'onde générée par le process
Primaire 1 Hz amplitude 1 - Secondaire 10 Hz amplitude 0.2 - Cst Y 1 - Mode semi orbital
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Figure 2 : Trajectories of the centre of the tube for various kinematics. 

(a) Normal impact: movement is rectilinear and the impact zone is always the same 
(b) Rolling with orbital sliding : the tube’s center rotates on a 500µm radius circle. 
(c) Impact plus orbital sliding 
(d) Impact plus semi orbital sliding, the tube go and back. 
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Sheer impact is realised to obtain a normal contact of the tube with the ring.  
 
Sliding with orbital movement is detailed by Figure 3. During the movement, the contact 
point C makes revolutions, at a frequency f1 which range between 1 to 10 lap/s, on the tube 
and on the ring. Therefore, it is a rolling and sliding movement. 
 

 
 
 
 
 
 
 

 
Figure 3 : Schematic representation of the orbital rolling and sliding. Contact is maintained between 

ring and tube at the point C. An orbital motion is applied to the centre of the tube (OT). Due to the 
radius difference between tube and sleeve, a relative sliding speed occurs between the two specimens. 
 
Impact plus sliding with orbital movement is performed by adding a higher frequency, f2(5 
to 120 Hz), to the orbital sliding described above. The contact between the tube and the sleeve 
is thus periodically disturbed. 
The result is a succession of oblique impacts with sliding. Signals composed of two 
frequencies are so applied to electromagnets in order to obtain this kinematics. 
 
Impact plus sliding with semi-orbital movement is also encountered in reality. It is obtain 
on the test bench when impacts are spread over only half part of the periphery of the 
specimens. 
 
 
In this specific tribometer, forces and displacements are registered all along the test. The 
trajectory of tube support mast is measured by eddy currents sensors. The deflection 
measurement of the ring support gives the contact force between the specimens. 
The analysis of each channel measurement, with dedicated software running at high 
frequency, permitted to propose the correlation of normal and tangential displacements, 
normal and tangential forces. Statistical analyses are also completed in order to characterize 
the evolution of main parameters (wear evolution, friction coefficient, duration of the contact, 
sliding distance…). At the end of the test, such results are compared to local investigation 
performed on the samples by several methods (microscopic analysis, SEM observation… 
It has been shown in previous studies [6] that contact kinematics is an important parameter in 
order to represent same wear scares as obtained in power plant. 
 
DESCRIPTION OF THE ADAPTED APPARATUS 
Based on the well known mechanical test bench describe above for specific mechanical 
measurement at pressurized water reactor (PWR), it had been proposed an implementation for 
electrochemical measurements in order to characterize corrosion effect. Particularly to define 
the reciprocating influence of the mechanical and electrochemical parameters during the test: 
force, displacement, current, potential in connection with parameters like water chemistry, 
time latency, contact forces… 
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Eddy current sensors are used for the firsts. They give mechanical information while 
electrochemical information about the bulk influence and oxidation reactions are given by 
current and potential which are measured in relation to an Ag/AgCl main reference electrode 
or to a secondary reference. 
 
In fact, because of the dimensions of the actual apparatus the Ag/AgCl reference electrode is 
too voluminous to be put near the specimens. 
Consequently, as this electrode is essential, it will be put on the side of the apparatus but quite 
far from the specimens. That lead to signal disruptions problems due to ohm fall and answer 
quickness. This point is avoided by the use of a secondary reference put as near as possible of 
the samples. 
 
The Aurore apparatus principle is described by Figure 4: 
 

 
Figure 4 : schematic cross section of the AURORE apparatus with the three electrodes organisation 

 
The principle of electrochemical measures is the classical one with 3 electrodes. 
The reference electrode Ag/AgCl, the working electrodes are the specimens submitted to 
rubbing in the specific bulk described above. 
The counter electrode also is a noble metal very similar to the secondary reference electrode. 
 
The samples were defined in order to be as small as possible but providing a good 
representation of the contact phenomenon in a higher scale in order to decrease the galvanic 
coupling risk. 
Dimensions were improved such as the only free part is the contact one. 
It is necessary to electrically insulate the various electrodes, what is done by zirconium parts. 
Specific insulation have also been developed for necessary connection allow waterproofness 
from PWR environment to room temperature, all along the linkage to the specimens and 
electrode… 
 
Another step of the apparatus development had been the upgrade of the software in order to 
acquire the several data on the same computer at the same time. Records come from a Gamry 
potentiostat for electrochemical measurement and from data acquisition board for mechanical 
measurements. The Gamry potentiostat also permitted to adjust the current or the potential for 
the test (running in galvanic or in potentiostatic modes). 
 
A testimony sample is also used. In contact with the bulk and the solution perturbations due to 
turbulences created by the movement of the samples, it can be compared with the specimens 
submitted to rubbing in the bulk. 
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Wear is known by the difference between the weighing realised before and after test. 
 
In fact the implementation of electrochemistry measurements needed specifics studies, 
developments and tests witch are not developed in this present paper. We can just list (and it 
is not exhaustive) to: position of the counter electrode, response on counter electrode and 
Ag/AgCl reference, electromagnets influence … 
 
 
RESULTS AND DISCUSSIONS 
 
STATIC CHARACTERIZATION 
The purpose of the first campaign was to ratify the ability of the Aurore electrochemical 
system to detect elementary phenomenon of depassivation. 
 
First set of experiments consist to determine the polarization curves (intensity-potential) for 
the ring in 304L stainless steel at 80°C and 300°C. 
The tests were performed with the Ag/AgCl reference electrode and with two potential 
scanning speed : 0.5 and 2 mV/s. The influence of the surface state was clearly demonstrated 
by applying several prepolarization in the cathodic field before the potential scanning. As it is 
shown by  
Figure 5 an activity peak is observed after a prepolarization of -1V during 3 minutes (ref. 
Ag/AgCl) and increases for the same duration at -2V (for a same voltage scanning speed of 
2mV/s). This effect is not so evident at 300°C (Figure 5 and Figure 6).The scanning speed 
effect is also observed, due to the small differences between the curves obtain at 0.5mV/s and 
2mV/s (see Figure 5). 
 

-0,06

-0,04

-0,02

0

0,02

0,04

0,06

0,08

0,1

0,12

0,14

-1,1 -0,6 -0,1 0,4 0,9

Potential (V)

C
ou

re
nt

  (
m

A
)

Prepolarization -2V during 3min, 2mV/s

Prepolarization -1V during 3min, 2mV/s

Prepolarization-1V during 2min,  2mV/s

Prepolarization  -1V during 3min, 0.5mV/s

No Prepolarizationt 2mV/s

 
 

Figure 5 : 304L stainless steel polarization curves at 80°C for different scanning speed values and 
various amplitudes and duration of cathodic first polarization; reference electrode is Ag/AgCl 
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Figure 6 : 304L stainless steel polarization curves at 300°C for different scanning speed 2mV/s and 
various amplitudes and duration of cathodic first prepolarization. Reference electrode is Ag/AgCl 

 
The result shows a very good reproducibility of the response with quite the same corrosion 
potential for all the polarization curves. The effect of scanning speed seems to be limited. 
On another hand, it appears due to difference of the initial state (duration and level of the 
initial potential before scanning) singular response on the polarization curve like peak 
activity. It can be explain by the high level and the high duration of pre-polarization which 
induce refreshment of the surface and produce a increasing current before renewal of the 
substrate.  
 
 
SCRATCH TEST SOLLICITATION 
 
The objectives of this apparatus are to determine the electrochemical components of wear in 
high temperature water. The capability to detect some depassivations phenomena was 
investigated, with the help of a scratch test. This method create a single event and allows 
quantification of the surface area of a scratch generated by an indentor and is suitable to 
follow the repassivations kinetics of a bare metal surface. 
This method is the most commonly used, and some papers deal with its application in 
pressurized high temperature water [7] or more recently [8]. 
 
The purpose was to study transitional currents associated to scratches for different 
polarization values. 
An indenter described by Figure 7, and made of ZrO2 was developed and adapted to our 
apparatus as the mobile sample. The trajectory followed by the indenter is also described by 
Figure 7. The static sample is an AISI 304 stainless steel with flat geometry (see Figure 8). 
 
 
 



 

 
Figure 7: ZrO2 indenter ant trajectory in the ring to create the scratch 

 

 

 

 
 

Figure 8 : 304L stainless steel ring 
 
First series was realized at 40°C deaerated water and various values of polarization were 
applied to the ring in order to register transitional current linked to depassivations. The 
corrosion potential is about 500mV measured with Ag/AgCl reference electrode. 
It soon appears that the system was very sensible to disruptions. Furthermore the current sent 
out in magnets generate an important interference signal. 
To observe phenomenon as Stellwag [7] did, the polarization values have to be very high 
(polarization of +300mV higher than corrosion potential). The current transient observed is 

 
STAINLESS STEEL 
RING 

ZIRCONIUM 
INDENTER  

Trajectory

1 
2 



described by Figure 9. The applied potential does not vary during the test. Before the scratch 
occurs, a 40µA current is applied through the counter electrode to maintain the polarization. A 
current peak (amplitude near of 23µA) is observed at the early beginning of the scratch (the 
scratch is realised in 10 ms and its length is around 500µm, according to the displacement 
signals analysis). A decay is also observed with a duration of 16s to obtain the stability. Small 
electric disturbances are observed on the potential and current signals. 
 
 

 
Figure 9: current evolution during a 40°C scratch test with a +300 mV polarization Reference electrode is 

the secondary one. 

 
 
A second serie of test was realised at 300°C with the same conditions than at 40°C. 
No available signal was registered during the scratch. It seems that the corrosion phenomenon 
plus the structure interference gives a background noise around 100 to 150 µA. So if the 
transitional current peak is only a few µA high it cannot be observed. This battery of tests 
showed the possibility to realise polarization curves at 300°C and 154 bars with Aurore 
existing system. The initial surface state influences the electrochemical reply. 
 
 
ORBITAL TEST CONFIGURATION 
 
Scratch tests were realised to illustrate the electrochemical signature of an elementary 
depassivation phenomenon but they were not conclusive at 300°C. The very small 
depassivated surface generates a weak answer against the background noise due to fluid 
movements or magnets. 
Even though the lower temperature scratch tests seem more useful they mainly show the 
magnet disruptions. 
Then higher depassivated surfaces were investigated. A stainless steel tube was used as 
mobile sample and a classical ring (without flat geometry) as static one, similar to those 
described by Bosch and al [8].The kinematics was rolling with sliding like. Both sample are 
electrically connected at the outside of the tribometer and correspond to a unique working 
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electrode. The secondary reference electrode was used. A polarization +30mV higher than the 
corrosion potential was applied to the samples. A current peak is observed at the early 
beginning of the friction (see Figure 10) and a stabilized state is obtained after 300s. At the 
end of the friction (total duration: 600s) a decay is observed and the repassivation is observed 
after 7000s. The stability state correspond to the sum of newly active area created by the 
friction and repassivations  
 

 
Figure 10 : curent transient during orbital sliding friction between two 304L samples. After 600s, the 

contact stop and the current decrease. Stability is obtain after 700s. 
 
The total depassivated area concerned the tube and the ring, and is around 2cm², which 
corresponds to the surface concerned by the friction. It is clear that all this surface is not 
activated at the same time. 
 
 
CONCLUSION 
 
In pressurized water reactors, components can be submitted to a coupling effect involving 
interaction at localized area (mechanical aspect) and also the environment atmosphere 
(corrosion effect). 
Due to this particular phenomenon, so call tribocorrosion, it seems difficult to appreciate the 
relative effect of each component, although studies at room temperature and room pressure 
point out this relationship between mechanical and chemical loadings. 
The analyses of the main influence of each part are necessary in respect of the PWR 
environment. So Framatome Technical Center had adapted a specific tribometer with 
electrochemistry measurements. 
Principle based on three electrodes mounting permitted to regulate or to access at current or 
potential has been qualified in PWR conditions, with regards to the mechanical solicitation 
induced in the test apparatus. 
A first static series show the influence of temperature on the electrochemistry response and 
the good reproducibility of sequence in specific aqueous environment. This result revealed the 
importance of the tests conditions to integrate corrosion kinematics. 
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Test performed with limited contact area as scratch test configuration does not lead to 
significant depassivation-repassivation phenomenon in the considered environment. It is 
shown that the limited dimensions of the indented mark can not provide to high current 
density level. However corrosion kinetics is clearly recognizable.  
Based on this last experiment, orbital configurations have been carried out to increase contact 
area. The electrochemical phenomena are clearly identified in relationship with mechanical 
parameters. 
The future objectives will be to carry out tests in several configurations and to estimate the 
relative importance of mechanics and corrosion processes. 
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