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Abstract. The present study evaluates the influence of the residual stress on the oxidation rate of Zr 

at 650°C. It is shown that the oxidation rate can be substantially decreased by shot-peening. A 

systematic investigation of the various factors (such as the residual stress, the surface pollution and 

the chemical composition of the oxidation atmosphere) is realized to separate their influence on the 

oxidation. The influence of an annealing made after the shot-peening is also considered. One show 

that the pollution of the surface during the shot-peening process is not responsible for the oxidation 

rate decrease. 

Introduction 

The shot peening is one of the possible way to introduce high value residual stress and residual 

stress gradients by introducing strong plastic deformations on the superficial layers of the samples. 

Well known as a process used for fatigue life improvement, the influence of the shot peening on the 

corrosion is less investigated. The high residual stress values as well the very high stress gradients 

are susceptible to modify the diffusion of the oxygen and then influence the corrosion behavior of 

the material. In our previous works [1] we investigated the influence of the shot-peening on the 

corrosion for the Zirconium for short oxidation times (30 min) at high temperature (650°C) and we 

noticed that the shot-peened samples have oxidation rates sensibly lower than the original material. 

The Zr have been used in this study because of the interest of the nuclear industry on the corrosion 

of this metal and because of the anionic nature of the oxidation at high temperature, with bulk 

diffusion of the O
2-

 ions. This last point allows us to couple the chemical diffusion of the oxygen to 

the residual stress. The main objective of this paper is to study the influence of the shot-peening on 

the oxidation by analyzing several factors: shot-peening duration, nature of the oxidant atmosphere, 

surface pollution and intensity of the stress values. 

The high temperature oxidation (>600°C) of Zirconium is governed by the bulk diffusion of O
2-

 

ions into the metal lattice. The solubility of the oxygen in zirconium is very important (29% atomic 

at 650°C). At high temperature the diffusion coefficient has sufficiently large values to give large 

diffusion zones of several tens of microns. The insertion of the oxygen into the zirconium lattice 

tends to expand the metal lattice and then gives important compression stress values in the plane 

parallel to the oxide/metal interface.  

The diffusion process is closely influenced by the mechanical stress [2,3,4]. As shown in the 

literature [5,6] the apparent diffusion coefficient depends on the stress as well on the stress gradient 

and can influence the oxidation based on anionic diffusion of the oxygen into the metal lattice 

[7,8,9]. By using pure thermodynamic developments the First Fick's law can be modified as 

follows [1]:  

J� = −D� ��1 + ��

� η��σ���∇���c −

��

� c∇���	�η��σ���� ,                                                                           (1) 

where J� is the flux of oxygen, M� is the molar mass of the Zr, c is the oxygen concentration, σ�� is 

the stress tensor and η�� = ���� !
�"  is the chemical expansion coefficient [2]. For the Zr, the average 

value of the chemical expansion coefficient is η = 3.55 10'(m*/kg.  
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The Eq. (1) is purely thermodynamic and do not contains any phenomenological parameter. It 

shows two driving forces one governed by the gradient of the concentration but influenced by the 

mechanical stress, the other one governed by the gradient of the stress.  

The influence of the stress on the term −D� �1 + ��

� η��σ��� ∇���c can be illustrated like this: for a 

material that expands when oxygen diffuses within its crystallographic lattice (η > 0� the flux 

increases when the material is tensioned and decreases when it is compressed. The presence of a 

compressive stress decreases the effective diffusion coefficient.   

The terms D� ��

� c∇���	�η��σ��� can be illustrated like a mechanic pump: oxygen migrates from 

compressed to less compressed regions. The stress gradient opposes to the concentration gradient. 

The stress acts like a driving force. Since the stress is limited by the yield stress value, while the 

stress gradient can reach strong values, this term can be particularly influent on the oxygen flux. A 

compression stress will decrease the value of the apparent diffusion coefficient. As an example, a 

biaxial compression stress of about 600 MPa applied on Zr decreases the effective diffusion 

coefficient of about 30% at 650°C. While the stress value is limited by the mechanical properties of 

the material, the stress gradient can reach very strong values if the variation of the stress is made 

within a very short length. The term containing the stress gradient can then be very influent and can 

act in some cases as an up-wind driving force. 

The stress taken into account can be due to external forces or to thermal and mechanical 

processes that the sample undergone [9]. In our previous simulation works we have shown that the 

diffusion can be "manipulated" by the mechanical stress  

Experimental procedure 

Commercially pure Zr plates (2 mm thick, 99,2% purity, Goodfellow) have been used in this 

study. Rectangular samples 50 x 25 mm
2
 were cut, annealed at 700°C for 2h under dynamic 

secondary vacuum. The samples were then shot-peened for 10 or 30 min on each side, by alternate 

steps of 5 min/side in order to avoid a too strong Almen's deformation. The shot-peening is realized 

using 20 g of 2mm tungsten carbide balls and a sonotrode vibrating at 20 kHz with an amplitude of 

12µm.  

After shot-peening, small samples of 10 x 10 mm
2
 were used for thermo-gravimetric analysis 

(TGA). Samples have been subjected to oxidation at 650°C for 3 days. During the high temperature 

exposure the grains of the metal do not grow. In contrast, the temperature is high enough to produce 

at least partially the dislocations recovery and then the residual stresses must decrease rapidly.  

The residual stress has been measured by incremental hole-drilling method. Experimental details 

are presented in ref. [1]. Figure 1 shows the profile of the residual stress in a direction parallel to the 

sample surface with respect to the depth. The stress curve has a particular shape characteristic to 

shot-peening: there is a first region on the first 150 µm with a negative gradient, followed by a zone 

with positive gradient. In the case of the oxidation, according to the Eq. (1), the first zone will 

contribute to decrease the oxygen flux into the metal bulk. Due to the positive stress gradient in the 

second zone (>150µm), the apparent diffusion coefficient value increases. The first zone slows the 

diffusion, while the second zone accelerates it.  

Results and discussion 

Influence of the shot-peening duration. In the early stages of the oxidation, the rate-

determining process is the diffusion. This produces parabolic mass gain profiles obtained in TGA as 

shown in Fig. 2. In the further stages (see Fig. 3 and Fig. 4), there is a competition between 

diffusion and cracking of the oxide layer which gives linear shapes of mass gain curves. In this 

linear behavior region the oxide layer thickness remains globally constant; cracking appears parallel 

to the interface oxide/metal at different locations.  
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Figure 1. Residual stress after shot-peening 

 

  , 

Figure 2. Mass gain of one-side shot-peened Zr samples during oxidation under  

200 mbar oxygen at 650°C. [9] 

Influence of the chemical composition of the atmosphere. With the purpose of discriminate 

the effects of the azote present in the atmosphere, two types of oxidation have been made: under air 

at atmospheric pressure or under 200 mbar of O2. The comparison shown in the figure below shows 

that the presence of the N2 from the atmosphere has no noticeable influence on the mass gain of the 

sample after 3 days of oxidation. Slight differences can however be noticed in the mass gain curve 

shape, especially the slope of the linear part. 

 

 
Figure 3. Influence of the atmosphere's composition on the oxidation 
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Influence of stress-relief annealing. In order to evaluate the influence of the stress profile on 

the oxygen diffusion an annealing process at 700°C was applied to the samples after shot-peening 

for 2 or 6 h. The annealing produces an annihilation of the stresses and a decrease of the density of 

dislocations. The figure below shows the influence of the annealing on the mass gain of 10 min 

shot-peened samples. The annealing of the shot-peened samples produces oxidation rates sensibly 

more important than the reference. For information we insert in this graph also the mass gain curve 

of a sample, which was neither shot-peened nor annealed. The annealing produces on the shot-

peened samples a behavior close to the as received material. The micrographic analysis shows that 

there is no grain growth due to the annealing, thus the low rate of the oxidation of the 10 min shot-

peened sample (called "reference" on the Fig. 4) is influenced only by the residual stress of the 

sample. As the stress is strongly reduced by the long exposure to high temperature, the stress can 

act a predominant role only in the first stages of the oxidation.  

As seen on the mass gain graph the annealing seems to have a role on the linear part of the 

curves. One can deduce that the mechanical condition introduced by the shot-peening changes the 

characteristics of the oxide formed on the early stages of oxidation, which changes also the linear 

stage of the mass gain curve. This aspect will be studied in future works. 

 

  
Figure 4. Influence of the annealing post shot-peening (10 min) on the mass gain. 

 

 

Influence of the surface etching. As mentioned, the shape of the residual stress profile with 

respect to the depth has an influence on the chemical diffusion. We chose to take off the superficial 

layers of the sample by etching using a solution of 6% HF + 50% HNO3. The samples are immersed 

in the solution for 15 s. The etching removes the superficial stressed layers, which are eventually 

polluted by the shot-peening.  

The etching removes the superficial few µm from the sample surface (about 3 µm for 15 s of 

immersion into the solution) and takes off the natural thin protective layer of ZrO2. Moreover, the 

chemical reaction can differently affect the grain boundaries and hence increase the free surface of 

the sample, modifying the reactivity of the sample. The etching removes the superficial pollution 

that occurs during the shot-peening. This pollution can have as origin the balls material, or the 

chamber containing the balls. Figure 5 shows that the etching has no influence on the first stage of 

the oxidation (< 0.5 days) but has a strong influence on the moment when the breakaway occurs. 

This result is a little surprising because the mass gain seems to be very similar in the first stage of 

the oxidation, when the diffusion governs the oxidation. It seems then that the protective layer of 

the compact oxide is thinner for the etched samples. Further investigations by SEM analysis will be 

done in order to qualify the cracking and the morphology of the oxide layer. 
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Figure 5. Influence of the etching on the mass gain of shot-peened samples for 10 min. 

 

In order to highlight the only role of the stress on the oxidation by avoiding the influence of the 

pollution of the surface we proceed to remove the superficial layers of the material of shot-peened 

samples by etching. The Fig. 6 presents the mass gain curve for two durations of shot-peening: 10 

min and 30 min. As for the un-etched samples, longer the shot-peening duration, smaller the mass 

gain during oxidation. This is the proof that the mechanical state introduced during the shot-peening 

process is the main factor, and not the pollution, for the slower oxidation rate of the samples.  

 

 
Figure 5. Influence of the shot-peened duration for etched samples . 

Summary 

The present works deal with the oxidation of shot-peened samples and investigate the influence 

of the main factors that can produce a slower oxidation of the shot-peened samples. We have shown 

that longer the shot-peening duration, smaller the oxidation rate. This is true as well either for 

etched or un-etched samples, proving that the slight surface pollution that occurs during the shot-

peening is not responsible for the oxidation behavior. Annealing of the samples shows that when the 
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stress state is annihilated the oxidation rate is sensibly bigger, which once gain highlight the role of 

the mechanical stress on the oxidation.  

Several questions emerged after this study. One of these is why the etching does not modify the 

early steps of oxidation but affects the later stages? This will be one of the objects of our future 

research works.  
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