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In order to simulate the actual service conditions of the structural materials used in the superstructure 

of marine equipment, the tropical coastal atmosphere was used as the corrosion environment of thin 

electrolyte layer for 7A09 alloy in this work, and the specifically designed outdoor device was utilized 

to apply the elastic cyclic stress. Then the corrosion behavior of 7A09 alloy under the combined effects 

of atmospheric corrosion of thin electrolyte layer and elastic cyclic stress was investigated. The results 

indicate that the elastic cyclic stress can accelerate the corrosion process of 7A09 alloy significantly 

under the test conditions, and which contributes more to the increase in the cathodic reaction. The 

applied stress has a greater effect on the degradation of mechanical properties than on the corrosion 

morphology. In addition, the interaction mechanism between atmospheric corrosion of thin electrolyte 

layer and elastic cyclic stress was also discussed.  
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1. INTRODUCTION 

 

As an ideal structural material in engineering applications, the aluminum alloys are extensively 

used in the superstructure of marine equipment due to their excellent combination of properties 

including favorable strength-to-weight property, thermal conductivity and fracture toughness [1,2]. As 

the service environment of the superstructure of marine equipment, the marine atmosphere presents the 

characteristics of high humidity, high temperature and high salt spray, and which will form a thin 

electrolyte layer on the surface of aluminum alloy structural materials [3]. Thus atmospheric corrosion 

of thin electrolyte layer will occur in the presence of corrosion medium such as chloride ions, sulfur 
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dioxide and oxygen. At the same time, the marine equipments serving in ocean are usually subjected to 

dynamic stresses like waves, currents, winds and working stress. It is noteworthy that most of the 

stresses should be in the elastic range and have the characteristics of randomness, cyclicity and 

complexity. Thus, under the actual service conditions, the aluminum alloy structural materials used in 

the superstructure of marine equipment endure the combined effects of atmospheric corrosion of thin 

electrolyte layer and elastic cyclic stress. The interactions between them enhance corrosion reactions, 

leading to accelerated failure of structural materials [4]. Despite this, there is very little information on 

this subject, and the intrinsic interactions between them still remain unclear. 

Some researchers have studied the effects of elastic stress on the electrochemical corrosion of 

steels, but the results of which are somewhat confusing. It has been assumed that the free energy 

increment caused by elastic deformation is insufficient and the effect of tensile stress in the elastic 

regime on corrosion of steels is unapparent [5, 6]. Xu et al.[7] also reported that the static elastic stress 

showed no effect on the corrosion potential of X100 pipeline steel in a near-neutral pH solution. 

However, many researchers hold the opposite points [4,8-12], they have found that elastic stress could 

result in negative shift of corrosion potential and accelerate corrosion rates of steels significantly. In 

addition, the linear relationship between corrosion potential and external stress has also been proven by 

some workers [13,14]. However, until now, the vast majority of existing studies have been restricted to 

laboratory experiments and which are conducted in well-controlled electrolytes using immersion tests. 

As mentioned above, the aluminum alloy structural materials used in the superstructure of marine 

equipment suffer atmospheric corrosion caused by a thin electrolyte layer on the surface. The mass 

transfer process, hydration of dissolved metal ions and accumulation of corrosion products under such 

a thin electrolyte layer on the surface are very different from those of an immersion in an electrolyte. 

Additionally, the corrosion factors of structural materials in the two environments are also 

fundamentally different. Climatic factors including relative humidity, solar radiation, time of wetness, 

changes in temperature, wind speed, together with other contaminants, are main contributors to 

outdoor atmospheric corrosion [15]. On the other hand, most of the research has been conducted under 

constant loads, however, in the actual situation, marine structrues serving in ocean are usually 

subjected to dynamic loads [16]. Therefore, it is an urgent issue to conduct a research on the corrosion 

behavior of aluminum alloy structural materials under the combined effects of atmospheric corrosion 

of thin electrolyte layer and elastic cyclic stress. 

In this study, the outdoor marine atmosphere was used as the corrosion environment of thin 

electrolyte layer for 7A09 aluminum alloy, and the outdoor device which was specifically designed by 

Southwest Technology and Engineering Research Institute was utilized to apply the elastic cyclic 

stress. Then the corrosion behavior of 7A09 alloy was investigated under the combined effects of 

atmospheric corrosion of thin electrolyte layer and elastic cyclic stress, and the interaction mechanism 

of which was also discussed. The results obtained by this case study may provide an essential insight 

into the effects of elastic cyclic stress on the atmospheric corrosion process of actual marine structures. 
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2. EXPERIMENTAL PROCEDURES 

2.1 Material preparation 

The material used in this work was 7A09 aluminum alloy in T6 temper which contains (in 

mass%): 5.80 Zn, 2.80 Mg, 1.49 Cu, 0.45 Fe, 0.23 Cr, 0.06 Si, 0.02 Ti , and Al to balance. The tensile 

strength and yield strength of the material used are 608 and 547 MPa, separately. Tensile samples were 

cut along the rolling direction, ground by silicon carbide abrasive papers to grit 2000 and then washed 

with ethanol.  

 

2.2 Field exposure test  

The natural exposure test was conducted in Wanning test site (18º58′N, 110º30′E) characterized 

by a tropical coastal atmosphere. As shown in Table 1, this test site has high levels of chlorine ion 

concentration and humidity. In addition, the self-designed homemade testing machine was adopted to 

apply the elastic cyclic stress on specimens, as shown in Fig.1 (a).  

 

 

Table 1. Annual environmental data of the Wanning test site 

 

Site 

Mean 

temperature 

( ℃ ) 

Mean relative 

humidity 

 (％)  

Cl− 

(mg m−2 d−1)  

SO2  

(mg m−2 d−1) 
pH of rain 

Wanning 25.7 86 308 4.51 5.23      

 

 

  
 

Figure 1. The self-designed homemade testing machine for stressed samples (a); the exposure frames 

for unstressed samples (b) 

 

(a) (b) 
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A sinusoidal stress waveform was employed to the specimen with a frequency of 10 Hz. The 

stress ratio of the cyclic stress was 0.1 and the maximum stress was 40% of the yield stress. Under 

such test conditions, the samples were subjected to elastic deformation in a tension-tension mode. The 

cyclic stress was applied once per day for 25 minutes. For comparison, all unstressed samples were 

mounted on exposure frames with a 45 degree angle to the horizontal line and placed facing south, as 

shown in Fig.1 (b). 

 

2.3 Electrochemical measurement 

The electrochemical properties of the samples after different exposure times were conducted on 

a CHI660E electrochemical workstation in a 3.5% NaCl solution with platinum sheet as the counter 

electrode and a saturated calomel electrode (SCE) as the reference electrode. The polarization curve 

tests were performed in the potential range of +300 mV to −300 mV versus the open-circuit potential 

at a sweep rate of 0.5 mV/s. The EIS measurements were carried out in the frequency range between 

10 mHz to 100 kHz using a perturbation amplitude of 10 mV at the open-circuit potential. 

 

2.4 Characterization of corrosion morphology and corrosion products 

The JEOL JSM-820 scanning electron microscope and energy dispersive spectroscopy (EDS) 

were used to characterize the corrosion product layer on the surface and its element distributions, 

separately. After removing the corrosion products in a solution (1 L H2O + 20 g CrO3 + 50 mL H3PO4) 

at 80℃ for 6 minutes, the corrosion morphologies of the samples were observed in metallographic 

cross sections by optical microscopy.  

 

2.5 Mechanical properties measurement 

The mechanical properties of the specimens were investigated on MTS-810 tensile testing 

machine based on ASTM E8M specification with a deformation rate of 1mm/min in air at room 

temperature.  

 

 

 

3. RESULTS AND DISCUSSION 

3.1 Microstructure examination 

Fig.2 displays the typical microstructure of 7A09-T6 alloy. It is observed that the 

microstructure of this alloy presents the characteristic of some irregularly shaped intermetallic particles 

with an inhomogeneous distribution. The typical constituents of these intermetallic particles of the 

studied alloy have been identified to be Mg(ZnAlCu)2, Al2CuMg, Mg2Si and FeAl3 [17,18]. Due to the 

existence of these intermetallic precipitates, the native oxide film formed on the surface of the 
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specimen will be defective and inhomogeneous, and which could be preferentially attacked by 

corrosive medium, leading to the occurrence of pitting corrosion.  

 

 

 
 

Figure 2. Microstructure of 7A09-T6 aluminum alloy 

 

3.2 Electrochemical measurement results 

3.2.1 Potentiodynamic polarization curves 

Fig.3 shows a comparison of polarization curves of the studied samples under different test 

conditions. The anodic curves of all the samples with stress and without stress display similar 

corrosion behavior, neither of the samples shows passivation region, suggesting that active dissolution 

takes place. A similar phenomenon has been observed by Shen et al. [19]. They have found that cyclic 

stress can promote the process of anodic dissolution but does not affect the mechanism of anodic 

reaction. The rapid increase in anodic current densities with potential indicates that the values of 

pitting potential Epit and corrosion potential Ecorr are very close and the samples suffer from pitting 

corrosion at the Ecorr [20]. On the other hand, the cathodic branches of all the tested samples show a 

limited current region, which indicates that the corrosion processes of all the tested samples are under 

cathodic control (oxygen diffusion).  

The parameters of corrosion current density (Icorr) obtained by the Tafel extrapolation method as 

well as corrosion potential (Ecorr) are listed in Table 2. Observing the change law of Ecorr, it can be seen 

that the Ecorr values for both the stressed and unstressed samples remain relatively stable with the 

prolongation of exposure time. However, when the elastic cyclic stress applies, the Ecorr values become 

more negative, suggesting that the surfaces of the stressed samples become more active. The Icorr 

values of the specimens under both test conditions all increase with exposure time, indicating the 

increase in corrosion rates with increasing time. In addition, it is evident from Fig.3 that the applied 

stress results in higher anodic and cathodic reaction rates of the alloys compared with the curves of the 

unstressed specimens, leading to a significant increase in the corrosion current density. As listed in 
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Table 2, the Icorr value of the stressed specimen exposed for 35 days is approximately two times higher 

than that of the unstressed specimen exposed for 6 months. Especially, it can also be observed from 

Figure 3 that the applied stress can contribute more to the increase in the cathodic reaction than the 

anodic dissolution reaction. The similar conclusion has been drawn by Kim from his study of the effect 

of elastic tensile stress on the electrochemical corrosion behavior of ferritic steel in a sour   

environment [21]. 

 

 
Figure 3. Potentiodynamic polarization curves of the examined specimens with corrosion products 

after different exposure times 

 

Table 2. Polarization curve parameters of 7A09 alloys under different test conditions 

 

Samples Corrosion potential Ecorr 

 (V vs SCE) 

Corrosion current density 

Icorr  

(A cm-2) 

14 days with stress −0.692 5.302 

35 days with stress −0.694 6.574 

3 months without stress −0.684 1.642 

6 months without stress −0.683 2.606 

 

3.2.2 EIS measurement 

Fig.4 exhibits the EIS plots of 7A09 alloys under various test conditions over different 

exposure times. By reading the Nyquist plots, the shapes of all the curves for both the stressed and 

unstressed samples are similar, which present a depressed capacitive loop in high frequency range and 

an inductive loop in low frequency range. The presence of inductive loop has been reported to be 

related to pitting processes [22,23]. When pitting corrosion occurs, corrosion products are formed on 
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the surfaces of 7A09 samples, and which has a certain protective effect against further corrosion 

attacks. However, the resistance of the corrosion product layer is usually much smaller than the charge 

transfer resistance, thus as shown in Fig.4 (b), wide phase angle peaks at high frequency ranges are 

observed in the Bode plots, and the valleys at low frequency ranges are assigned to the inductive loops 

in the Nyquist plots. Thus, the electric equivalent circuit in Fig.5 is employed for fitting the EIS data, 

in which Rs corresponds to the electrolyte resistance, CPEdl as well as CPEf describe the capacitance 

behaviors of the double layer and corrosion product layer, respectively. Rct and Rf are adopted to 

illustrate the charge transfer resistance and the resistance of corrosion product layer, separately. L and 

RL stand for the inductance element and its resistance, respectively. The solid lines in Fig.4 are fitting 

results, which show a very high fit of experimental data to the employed equivalent circuit. In order to 

fit EIS data more accurately, the constant phase element (CPE) is used to replace the ideal capacitor. 

The impedance (Z) and the capacitance (C) of the CPE are defined as below [24]: 

Z = Y −1 (jω)−n                                                 (1)   
nnnRYC /)1(/1                                  (2)       

where n and Y stand for the CPE exponent and CPE constant, respectively. j describes the 

imaginary component and ω represents the angular frequency in rad s−1.  

 

 

   
 

Figure 4. EIS of 7A09-T6 alloys after different exposure times in a tropical coastal atmosphere with 

and without stress loaded (a) Nyquist plots; (b) Bode plots 

 

 
Figure 5. The equivalent circuit model used for fitting the EIS data 

 

 

Rs CPEf

Rf

CPEdl

Rct

L Rl

Element Freedom Value Error Error %

Rs Fixed(X) 0 N/A N/A

CPEf-T Fixed(X) 0 N/A N/A

CPEf-P Fixed(X) 1 N/A N/A

Rf Fixed(X) 0 N/A N/A

CPEdl-T Fixed(X) 0 N/A N/A

CPEdl-P Fixed(X) 1 N/A N/A

Rct Fixed(X) 0 N/A N/A

L Fixed(X) 0 N/A N/A

Rl Fixed(X) 0 N/A N/A

Data File:

Circuit Model File: E:\来鲁东大学工作后资料（王彬） \环境 -应力交互作用文献 20210317\电化学作图 \电路图改 .mdl

Mode: Run Simulation / Freq. Range (0.001 - 1000000)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus
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The results of EIS fitting are listed in Table 3, among which the definition of Cdl and Cf can be 

obtained by equations (3) and (4) based on the plate capacitor model: 

dl

dl0
dl

d

A
C


                                  (3) 

f

f0
f

d

A
C


                                  (4) 

where ε and ε0 correspond to the relative static permittivity and the electric constant, separately. 

Adl and Af characterize the area at which the charge transfer process occurred and the effective area of 

corrosion product layer, respectively. Accordingly, ddl and df stand for the thicknesses of the electrical 

double layer and the corrosion product layer, separately.   

 

 

Table 3. Fitted results of EIS plots for 7A09 alloys under different test conditions 

 

Samples 
Rct 

(k cm2) 

Rf 

(k cm2) 

Cdl 

(µF cm−2 ) 

Cf 

(µF cm−2 ) 

14 days with stress 8.972 0.117 34.03 7.97 

35 days with stress 5.500 0.273 43.76 11.02 

3 months without stress 30.320 0.456 18.86 35.91 

6 months without stress 12.940 1.550 19.48 69.30 

 

Since the Rct value is inversely proportional to the corrosion rate of metals, so the corrosion rate 

can be characterized by the parameter of Rct. It can be inferred from the Rct values in Table 3 that the 

corrosion rates for both test conditions increase significantly with exposure time, which is in 

accordance with the results obtained by polarization curves. It is also evident that the Rct values of the 

stressed samples are far smaller than those of unstressed ones, indicating that the applied stress results 

in an increasing corrosion rate of 7A09 alloy, and which agrees with the results obtained by Han et al. 

[25]. They have demonstrated that the cyclic alternating load can significantly accelerate the corrosion 

process of magnesium alloys in the Hank’s balanced salt solution. 

The value of Rf can be used to reflect the protectiveness of corrosion product layer. The Rf 

values of specimens under each test condition increase slightly with exposure time due to the more 

corrosion products formed on the sample surfaces. However, the applied stress could lead to the 

increase in porous structure of corrosion products, and which will finally result in the formation of 

cracks on the corrosion product layer. Just as shown in Fig.6, compared with the corrosion product 

layer formed on the sample surface under unstressed condition, the corrosion product layer of the 

specimen under dynamic stress condition is less compact and has many superficial cracks on it, and 

the similar phenomenon have also been observed by other researchers [25,26]. Besides, with the 

function of cyclic alternating stress, this corrosion product layer is more likely to be broken and split of 

the surface, leading to the decrease in Af and the increase in Adl , and which is also the reason why the 

Cdl values of the stressed samples are higher and the Cf values are lower than those of the unstressed 

javascript:showjdsw('jd_t','j_')
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ones. Consequently, based on the characteristics of the corrosion products formed on the surface of the 

stressed samples as described above, this corrosion product layer cannot effectively offer the protective 

effect on the corrosion of the alloy, and this is also the main reason why the Rf and Rct values of the 

specimens with stress are much smaller than those of the specimens without stress, just as listed in 

Table 3.  

In addition to the differences in the surface morphologies and properties of the corrosion 

products of the stressed and unstressed specimens, the applied stress could also introduce strain energy 

to the alloy and leads to the formation of local deformation and then more dislocations in the alloy, 

which will consequently enhance the activity of the alloy [27,28], therefore, the alloy is more 

susceptible to corrosion attack. Once corrosion such as pit generates, the applied stress could also play 

an important role in promoting further corrosion. The bottom of the pit is equivalent to the crack tip, 

and stress concentration phenomenon could occur at this local area, leading to the generation of plastic 

deformation even the stress is below yield strength. The effect of plastic strain becomes conspicuous at 

the bottom of pit, which results in rapid increase in anodic dissolution rate of the alloy and in turn 

contributes to further corrosion [5,29].  

 

 

  
 

Figure 6. Surface morphologies of 7A09 samples after exposure in the tropical coastal atmosphere 

under different test conditions: (a) 35 days with stress; (b) 3 months without stress 

 

3.3 Corrosion morphology 

Cross-sectional morphologies of the studied samples were analysed using optical microscope. 

The stressed sample exposed for 14 days remains relatively intact and there are several discrete pits on 

the surface, and the maximum pitting depth is 19.9 µm. However, as displayed in Fig.7, all the other 

samples suffer from pitting corrosion as well as intergranular corrosion (IGC), and exfoliation 

corrosion is not observed. The maximum corrosion depth of the stressed sample exposed for 35 days is 

48.7µm, which is almost equal to that of the unstressed sample exposed for 3 months of 53.0 µm. The 

unstressed sample exposed for 6 months corrodes more severely. The corrosion area almost covers the 

entire surface, and the maximum corrosion depth reaches up to 85.0 µm.  

It has been widely reported that intergranular corrosion (IGC) mainly results from the local 

galvanic corrosion between the grain matrix and the grain boundary precipitates and/or between the 

25µm 

(a) 

25µm 

(b) 
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grain matrix and the precipitate-free zone (PFZ) [30,31]. As to 7A09-T6 alloy, it has been studied [32] 

that the IGC of which results from both of the above cases, which is mainly caused by the preferential 

dissolutions of the PFZ and the grain boundary precipitates Mg(ZnAlCu)2 along grain boundaries 

during the galvanic corrosion. 

 

 

 
 

Figure 7. Cross-sectional morphologies of the samples after various exposure times under different 

test conditions: 14 days (a) and 35 days (b) of exposure with stress; 3 months (c) and 6 months 

(d) of exposure without stress 

 

3.4 Loss in mechanical properties 

Fig.8 shows the losses in mechanical properties of 7A09 specimens as a function of exposure 

time under various test conditions.  

As to the unstressed samples, the mechanical property of tensile strength does not suffer 

obvious changes and the biggest loss of which is only 2.63 with exposure time of 12 months. 

However, for the case of elongation, the losses of which are much larger than those of tensile strength, 

and the biggest loss is 16.67. With regard to the stressed samples, it can be clearly observed from 

Fig.8 that the applied stress significantly accelerates the deterioration of mechanical properties of the 

samples. The losses in tensile strength and elongation for the stressed samples with 35 days exposure 

are close to and larger than those of the unstressed samples with exposure time of 12 months, 

separately. In addition, the deterioration trend of mechanical properties of the stressed specimens is 

more obvious with exposure time than that of the unstressed specimens.   

 

 

(a) (b) 

(c) (d) 
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Figure 8. Losses in mechanical properties of stressed and unstressed 7A09 samples versus exposure 

time at the test site: (a) loss in tensile strength; (b) loss in elongation 

 

 

3.5 Characterization of corrosion products 

EDS plane scanning analysis was conducted to characterize the composition and distribution of 

elements of corrosion product of the stressed sample, and the results of which are demonstrated in 

Fig.9. The mass fractions of the main elements detected in Fig.9 (a) are as follow: Al 29.83%, O 

42.46%, C 21.13%, Na 0.66%, Si 0.55%, Mg 0.50%, S 4.28%, Cl 0.59%. Among the main elements, 

the content of O and Al are relatively large, suggesting that the main composition of corrosion product 

is aluminum oxide. In addition, the presence of relatively high amount of C besides Al and O may be 

from carbonaceous pollutants like tarry aerosols and smoke, and which has been reported to have an 

enhancing effect on the corrosivity of atmospheric sulphur dioxide [33]. The Na and Si elements are 

probably introduced by dust particles in atmosphere. Mg is the element disclosed in the matrix.  

 

 

 

Figure 9. EDS results of the stressed 7A09 specimen after exposure for 35 days in the tropical coastal 

atmosphere. Energy spectrum diagram (a); Mapping of different elements: Al (b), O (c), Cl (d), 

S (e) 

(a) (b) 

(c) (d) (e) 
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It can be seen from Fig.9 (d) that the element distribution of Cl on the surface is relatively 

uniform. Cl mainly comes from the gaseous HCl in atmosphere, rainwater or the deposition of sea salt. 

The Cl−exhibits high mobility in aqueous solution and the ionic radius of which is very small. So Cl− 

can penetrate the surface layer easily and can replace OH− in Al(OH)3 step by step to form soluble 

aluminum chloride [15,34]. However, because of the washing of rainwater and the migration of Cl− 

towards the bottom of corrosion pit, the content of chlorine containing species in outer corrosion 

product layer should be very small, and which is consistent with the results of EDS.  

S is possibly from SO4
2−in acid rain or SO2 in atmosphere, as shown in Fig.9 (e), the element 

distribution of S on the surface is uneven. Under humid conditions, SO2 can combine with H2O to form 

sulfite (H2SO3), and which will finally be oxidized to H2SO4 by transition metal ions, ozone and 

hydrogen peroxide [35,36]. H2SO4 could react with the native oxide layer to form insoluble basic 

aluminum sulfates or amorphous aluminum sulfate hydrate [32].                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

 

 

 

4. CONCLUSIONS 

The corrosion behavior of 7A09 alloy under the combined effects of atmospheric corrosion of 

thin electrolyte layer and elastic cyclic stress has been studied, and the following conclusions can be 

made: 

(1) The 7A09 alloy suffers pitting corrosion and intergranular corrosion under the test 

conditions, and the corrosion rates of both stressed and unstressed samples all increase with exposure 

time.  

(2) The elastic cyclic stress makes the alloy surface more active and accelerates the corrosion 

process of the alloy significantly, and which specially contributes more to the increase in the cathodic 

reaction than the anodic dissolution reaction.  

(3) The applied stress reduces the protective effect of the corrosion products by increasing the 

porous structure and formation of cracks in the corrosion product layer. Besides, the applied stress 

could also play an important role in promoting further corrosion once pits generate.    

(4) The applied stress has a greater effect on the degradation of mechanical properties of 7A09 

alloy. The losses in mechanical properties for the stressed samples with 35 days exposure are close to 

and/or even larger than those of the unstressed samples after exposure for 12 months. 
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