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Abstract 

During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 

The present work investigates the corrosion resistance of the innovative Al-Cu-Li (2198) aluminum alloy; a comparison against 
Al-Cu (2024) alloy is attempted. Tensile specimens were pre-corroded for different exposure times to exfoliation corrosion 
solution and immediately afterwards they were tested in tension. For small exposure times (< 12 h) small pits could be found on 
the corroded surfaces; pitting was also noticed at the small side surfaces (thickness) of the tensile specimens. Corrosion exposure 
seems not to essentially decrease the yield stress of AA2198 even for high exposure times, while this was not the case for AA2024. 
After heavy corrosion exposure (>12 h), AA2024 lost almost 30% of its initial ultimate tensile strength, while for AA2198 the 
respective value was only 11%. Al-Cu-Li alloy shows superior corrosion resistance in terms of maintaining higher percentages of 
tensile ductility; AA2198 exhibited higher remaining elongation at fracture values due to corrosion degradation for all 
investigated exposure times. 
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1. Introduction 

The main driving force in aircraft structural design and aerospace material development is to reduce weight. Due to 
their high stiffness-to-weight and strength-to-weight ratios, aluminum alloys have been the dominant aircraft materials 
for many decades. In order to compete the decreasing tendency of Al usage in aero structures (in contrary to 
composite materials), aluminum alloy producers are making a huge effort in developing lighter and better weldable 
alloys. Li is added to Al-Cu alloys from the series 2xxx in a lower proportion than the Cu addition. They offer lower 
density than conventional aluminum alloys and direct weight reduction of about 5 %. The improved property balance 
i.e. corrosion resistance, fatigue crack growth rate, strength and toughness, allows further weight reduction up to 
20% through adapted design, and reduction of aircraft maintenance costs. In order for the Al-Cu-Li alloy to replace 
the conventional one in aircraft structures, it has to be definitely proven that its mechanical behaviour, damage 
tolerance capabilities and corrosion resistance are at least equal or superior to its predecessor. Nevertheless, the 
literature about the mechanical behavior of the advanced Al-Cu-Li alloy seems to be rather limited. For example, 
Chen et al. (2011) performed tests on two different heat treated AA2198 (namely T351 and T851) and investigated 
their plastic and fracture behavior. Steglich et al. (2010a) and (2010b) investigated experimentally and analytically 
the anisotropic deformation of AA2198-T8 occurring during mechanical loading with and without the presence of 
artificial notches. Alexopoulos et al. (2013) have studied the fatigue mechanical properties of the advanced alloy and 
confirmed its superiority against its predecessor AA2024 in high-cycle fatigue and endurance limit regimes, 
especially when considering the specific mechanical properties of these alloys. Investigations on the corrosion 
resistance of AA2198 are even more limited. 

In this direction at attempt is described in the present work to report experimental evidence regarding the 
corrosion potential of this alloy and directly compare the results against the respective one for the well-established 
AA2024. This work will focus on the comparison of the two alloys along with their resistance to corrosion, in terms 
of maintaining their tensile mechanical properties when pre-corroded for different exposure times. 

2. Materials and experimental procedure 

The materials used for the present investigation were AA2198 and AA2024 wrought aluminum alloys that were 
received in sheet form with nominal thicknesses of 3.2 mm. The weight percentage chemical composition of the 
2198 alloy is <0.08 % Si, <0.01 % Fe, 2.9-3.5 % Cu, <0.5 % Mn, 0.25-0.8 % Mg, 0.8-1.1 % Li, 0.35 % Zn, 0.04-
0.18 % Zr, 0.1-0.5 % Ag. Tensile specimens were machined along the longitudinal (L) direction of the material 
according to the ASTM E8 specification. Prior to corrosive solution exposure, all surfaces of the specimens were 
cleaned with alcohol according to ASTM G1 specification. 

Table 1 shows the exposure corrosion times and the number of tensile specimens used in the present experimental 
protocol. Tensile specimens were exposed for different hours to the laboratory exfoliation corrosion environment 
(hereafter called EXCO solution) according to the ASTM G34 specification. The corrosive solution consisted of the 
following chemicals diluted in 1 l distilled water; sodium chloride (4.0M NaCl), potassium nitrate (0.5 KNO3) and 
nitric acid (0.1 M HNO3). Further details can be found in the respective specification. After the corrosion exposure 
the corroded specimens were immediately cleaned according to ASTM G34 and then they were subjected to tensile 
testing. 

Table 1. Investigated exfoliation corrosion exposure times and number of tensile specimens. 

 

 

Different exposure times to EXCO solution 

 

Total 

 0 h 0.5 h 1 h 2 h 4 h 6 h 8 h 12 h 24 h 48 h  
# of spec. 

AA2024-T3 5 3 3 3 3 - 3 3 3 - 26 

# of spec. 
AA2198-T3 5 - - 3 - 3 - 3 3 3 20 
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Tensile tests were carried out using an INSTRON 100 kN servo-hydraulic testing machine. The tests were 
implemented according to the ASTM E8 specification. An external extensometer was properly attached at the 
reduced cross-section at the mid-height of the specimens’ gauge length. Three specimens were tested in each 
different case to get reliable average data. A data logger was used during all the experiments and the values of load, 
displacement and axial strain were recorded and stored in a computer.  

3. Results and discussion 

One of the main goals of the present article is to investigate and compare the tensile mechanical behaviour of 
AA2024 and AA2198 after being exposed to corrosive solution. Tensile specimens of both alloys were exposed for 
different times to exfoliation (EXCO) solution. It is well known that for higher exposure times to corrosion solution, 
corrosion induced surface pits are formed that act as surface notches; they have profound effect on the ductility 
degradation of the specimen as they act as stress raisers. 

Different corrosion exposure times were selected to corrode the reference material (without any ageing at the T3 
condition) and their effect on the typical tensile flow curves can be seen in Figs. 1a and 1b for AA2024 and 
AA2198, respectively. The tensile test results for AA2024 were in detail reported by Alexopoulos et al. (2016), 
where after 2 h exposure a sudden drop on the tensile flow curve was noticed, Fig. 1a. This strength drop was 
associated with the effective thickness decrease of the specimens as a sequence of transverse cracks originated from 
corrosion-induced surface pits. Nevertheless, the decrease in tensile ductility couldn’t be explained for the very low 
exposure times where no surface deterioration exists and therefore this ductility decrease was attributed to the 
hydrogen embrittlement effect. Likewise, the elongation at fracture seems to continuously decrease with increasing 
EXCO time exposure for AA2198, Fig. 1b. Nevertheless, no sudden drop in strength of the flow curves is noticed for 
the case of AA2198 that would be evidence for transverse pit-to-cracking defects and decrease of the effective 
cross-section of the specimens. 

 (a) (b) 
Fig. 1. Typical experimental tensile flow curves of corroded aluminum alloys (a) 2024; (b) 2198 specimens for different exposure times to 

exfoliation corrosion solution. 

Typical specimens’ surfaces of AA2198 when exposed for various corrosion exposure times can be seen in Fig. 
2. Figs. 2a to 2c show the corroded surface when exposed for 2 h, 24 h and 48 h, respectively while Figs. 2d to 2f 
show the same surfaces of the specimens after the tensile test and fracture. It is evident from Fig. 2a that for the low 
exposure time (2 h) pitting in the corroded area of the tensile specimen is quite limited. In addition, the fracture path 
(shown in Fig. 2d) is almost perfectly normal to the direction of the axial load applied. Hence it seems that the 
fracture mechanism is not seriously influenced by the corrosion exposure. 

More pitting is evident in the corroded surface of the 24 h exposed specimen in Fig. 2b. Unlike the previous 
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their high stiffness-to-weight and strength-to-weight ratios, aluminum alloys have been the dominant aircraft materials 
for many decades. In order to compete the decreasing tendency of Al usage in aero structures (in contrary to 
composite materials), aluminum alloy producers are making a huge effort in developing lighter and better weldable 
alloys. Li is added to Al-Cu alloys from the series 2xxx in a lower proportion than the Cu addition. They offer lower 
density than conventional aluminum alloys and direct weight reduction of about 5 %. The improved property balance 
i.e. corrosion resistance, fatigue crack growth rate, strength and toughness, allows further weight reduction up to 
20% through adapted design, and reduction of aircraft maintenance costs. In order for the Al-Cu-Li alloy to replace 
the conventional one in aircraft structures, it has to be definitely proven that its mechanical behaviour, damage 
tolerance capabilities and corrosion resistance are at least equal or superior to its predecessor. Nevertheless, the 
literature about the mechanical behavior of the advanced Al-Cu-Li alloy seems to be rather limited. For example, 
Chen et al. (2011) performed tests on two different heat treated AA2198 (namely T351 and T851) and investigated 
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the corroded specimens were immediately cleaned according to ASTM G34 and then they were subjected to tensile 
testing. 
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specimen, Fig. 2e shows that the fracture path of this specimen follows the weakest ligaments in the specimen 
surface. Evident is also the cracking density at the surface due to the tensile stretching; this implies the evidence of 
sub-surface damage of the specimen before tension. 

Finally Fig. 2c shows excessive surface deterioration due to corrosion exposure. Small scale pitting as well as 
signs of excessive exfoliation is evident for the 48 hours exposure. Surface microcracking that was formed due to 
the application of axial loading can also be seen for this exposure time (Fig. 2f). In the sections following, each 
tensile mechanical property will be analyzed separately.       

 

 
 
 
 
 
 
 
 
 
 
 

 

 

Fig. 2. Typical corroded surfaces of the tensile specimens of AA2198 for different exposure time: (a) 2 h; (b) 24 h; (c) 48 h; and (d) to (e) 
respective surfaces after tensile tests. 

3.1. Effect on mechanical properties 

3.1.1. Conventional yield stress 
Conventional yield stress Rp0.2% was calculated based on the nominal cross-section of the specimen and without 

taking into account the effective thickness of the specimens. Fig. 3 shows the test results of AA2024 and AA2198 as 
average values and respective standard deviation derived from three specimens each. The available experimental test 
results were simply interpolated with the aid of a B-Spline curve (eye-catch) in order to roughly assess the corrosion 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Fig. 3. The dependence of the yield stress on the exposure times at EXCO solution for the aluminum alloys 2024 and 2198. 
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exposure effect on the mechanical properties of the two aluminium alloys tested. AA2024 is significantly affected 
by corrosion exposure and its yield stress, shown in red squares, is essentially decreased; only 79% of the property 
remains after 24 hours exposure to the corrosive solution. On the contrary, this was not the case for AA2198, where 
the yield stress remains almost constant after heavily exposure to corrosion exposure (black triangles in Fig. 3) e.g. 
after 48 hours. A very small decrease is observed which could be perhaps attributed to the decrease of the effective 
thickness of the specimen. 

3.1.2. Tensile strength  
The values of the tensile strength Rm were again calculated by taking into account the nominal cross-sections of 

the specimens and the results are summarized in Fig. 4 (adopting the same notation and interpolation approach as in 
Fig. 3). Comparative consideration of the plots of Fig. 4 for the two aluminum alloys shows clearly that AA2024 
degrades at significantly higher rates in comparison to AA2198 (for the same exposure time). It is mentioned 
characteristically that at 12 hours exposure almost 87% of the initial property remains for AA2024, while for 
AA2198 the respective value exceeds 92% of its initial value. Degradation decrease is essentially higher for 24 
hours exposure, where the respective properties are equal to about 73% and 88% for the two alloys, respectively. 

Fig. 4. The dependence of the tensile strength on the exposure times at EXCO solution for the aluminum alloys 2024 and 2198. 
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The values of the elongation at fracture Af of the pre-corroded tensile specimens can be seen in Fig. 5 (the same 
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rates than AA2198. This is really dangerous, since for low exposure times, no visual - surface signs (pits, etc) of the 
induced corrosion damage can be detected. Hence, the AA2024 specimens are losing their ductility potential at 
higher rates than the AA2198; this proves that Al-Cu-Li alloy seems to be more corrosion resistant than its 
predecessor, in terms of highly maintaining its ductility characteristics when compared to the Al-Cu alloy for the 
same exposure time. 

For higher exposure times (> 12 hours) ductility seems to decrease almost linearly with increasing exposure time 
and therefore one could easily correlate exposure time with increasing corrosion-induced transverse crack length; 
they act as surface notches which, according to fracture mechanics principles, reduce the ductility of the specimens 
due to the non-uniform stress field that generates plasticity ahead of the crack tips. This linear regime is evident for 
both alloys; again AA2198 seems to maintain higher fraction of ductility at heavily corroded cases, thus proving 
once again its superiority for corrosion resistance against AA2024. 
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specimen, Fig. 2e shows that the fracture path of this specimen follows the weakest ligaments in the specimen 
surface. Evident is also the cracking density at the surface due to the tensile stretching; this implies the evidence of 
sub-surface damage of the specimen before tension. 

Finally Fig. 2c shows excessive surface deterioration due to corrosion exposure. Small scale pitting as well as 
signs of excessive exfoliation is evident for the 48 hours exposure. Surface microcracking that was formed due to 
the application of axial loading can also be seen for this exposure time (Fig. 2f). In the sections following, each 
tensile mechanical property will be analyzed separately.       

 

 
 
 
 
 
 
 
 
 
 
 

 

 

Fig. 2. Typical corroded surfaces of the tensile specimens of AA2198 for different exposure time: (a) 2 h; (b) 24 h; (c) 48 h; and (d) to (e) 
respective surfaces after tensile tests. 

3.1. Effect on mechanical properties 

3.1.1. Conventional yield stress 
Conventional yield stress Rp0.2% was calculated based on the nominal cross-section of the specimen and without 

taking into account the effective thickness of the specimens. Fig. 3 shows the test results of AA2024 and AA2198 as 
average values and respective standard deviation derived from three specimens each. The available experimental test 
results were simply interpolated with the aid of a B-Spline curve (eye-catch) in order to roughly assess the corrosion 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Fig. 3. The dependence of the yield stress on the exposure times at EXCO solution for the aluminum alloys 2024 and 2198. 
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exposure effect on the mechanical properties of the two aluminium alloys tested. AA2024 is significantly affected 
by corrosion exposure and its yield stress, shown in red squares, is essentially decreased; only 79% of the property 
remains after 24 hours exposure to the corrosive solution. On the contrary, this was not the case for AA2198, where 
the yield stress remains almost constant after heavily exposure to corrosion exposure (black triangles in Fig. 3) e.g. 
after 48 hours. A very small decrease is observed which could be perhaps attributed to the decrease of the effective 
thickness of the specimen. 

3.1.2. Tensile strength  
The values of the tensile strength Rm were again calculated by taking into account the nominal cross-sections of 

the specimens and the results are summarized in Fig. 4 (adopting the same notation and interpolation approach as in 
Fig. 3). Comparative consideration of the plots of Fig. 4 for the two aluminum alloys shows clearly that AA2024 
degrades at significantly higher rates in comparison to AA2198 (for the same exposure time). It is mentioned 
characteristically that at 12 hours exposure almost 87% of the initial property remains for AA2024, while for 
AA2198 the respective value exceeds 92% of its initial value. Degradation decrease is essentially higher for 24 
hours exposure, where the respective properties are equal to about 73% and 88% for the two alloys, respectively. 

Fig. 4. The dependence of the tensile strength on the exposure times at EXCO solution for the aluminum alloys 2024 and 2198. 

3.1.3. Elongation at fracture 
The values of the elongation at fracture Af of the pre-corroded tensile specimens can be seen in Fig. 5 (the same 

notation and interpolation approach as in Fig. 3 is followed) for both aluminum alloys studied in the present protocol. 
It can be seen from this figure that for relatively small exposure times (i.e. up to 6 hours) AA2024 degrades in higher 
rates than AA2198. This is really dangerous, since for low exposure times, no visual - surface signs (pits, etc) of the 
induced corrosion damage can be detected. Hence, the AA2024 specimens are losing their ductility potential at 
higher rates than the AA2198; this proves that Al-Cu-Li alloy seems to be more corrosion resistant than its 
predecessor, in terms of highly maintaining its ductility characteristics when compared to the Al-Cu alloy for the 
same exposure time. 

For higher exposure times (> 12 hours) ductility seems to decrease almost linearly with increasing exposure time 
and therefore one could easily correlate exposure time with increasing corrosion-induced transverse crack length; 
they act as surface notches which, according to fracture mechanics principles, reduce the ductility of the specimens 
due to the non-uniform stress field that generates plasticity ahead of the crack tips. This linear regime is evident for 
both alloys; again AA2198 seems to maintain higher fraction of ductility at heavily corroded cases, thus proving 
once again its superiority for corrosion resistance against AA2024. 
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Fig. 5. Elongation at fracture for different exposure time at EXCO solution of aluminum alloys 2024 and 2198. 

3.2. Fractography 

Fig. 6 shows some Scanning Electron Microscopy (SEM) photographs which were taken in order to investigate 
the fracture mechanism and its correlation along with the corrosion-induced degradation of the specimens. In this 
direction, three typical specimens were selected. They correspond to 2 h, 6 h and 24 h exposure times and they are 
shown in Figs. 6a, 6b and 6c, respectively. In full accordance with the surface photographs exhibited in Fig. 2, the 
surface deterioration of the 2 h exposure specimen is low; it is very interesting however to notice that small pits 
were also formed at the small surfaces (thickness) of the specimen. 

The fracture surface for the case of 2 h and 6 h exposure seems to be unaffected by the corrosion exposure since 
the classical ductile fracture mechanism is evident with 45o inclination angle, that corresponds to slipping of the 
shear bands. On the contrary, this classical fracture mechanism is no longer valid for the highly corroded specimen 
of 24 h exposure (Fig. 6c), where surface deterioration is obvious for both corroded surfaces and the fracture surface 
seems to be guided by the surface pits on all corroded surfaces. Nevertheless, there is strong evidence that fracture 
initiated from the region close to the small corroded surfaces. The corrosion resistance of the different surfaces 
(upper surface or thickness surface) is the subject of a research project in progress and will be reported in a future 
article of the authors. 

4. Concluding remarks 

The tensile mechanical behavior of two aluminum alloys was experimentally studied. The specimens before 
tested were pre-corroded in exfoliation corrosion solution for various exposure times. It was definitely concluded 
that corrosion degrades all aspects of the tensile behavior of the AA2024 alloy at a much higher level compared to the 
respective degradation of the tensile properties of the AA2198 alloy. This is true for the yield stress, the tensile strength 
and also the elongation at fracture. It was thus definitely concluded that Al-Cu-Li alloy is superior concerning cor-
rosion resistance, since it maintains higher percentages of the initial (uncorroded) values of its tensile properties, 
against AA2024. 
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Fig. 6. Fracture surfaces of AA2198 pre-corroded tensile specimens (a) 2 h; (b) 6 h; (c) 24 h. 
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3.2. Fractography 

Fig. 6 shows some Scanning Electron Microscopy (SEM) photographs which were taken in order to investigate 
the fracture mechanism and its correlation along with the corrosion-induced degradation of the specimens. In this 
direction, three typical specimens were selected. They correspond to 2 h, 6 h and 24 h exposure times and they are 
shown in Figs. 6a, 6b and 6c, respectively. In full accordance with the surface photographs exhibited in Fig. 2, the 
surface deterioration of the 2 h exposure specimen is low; it is very interesting however to notice that small pits 
were also formed at the small surfaces (thickness) of the specimen. 

The fracture surface for the case of 2 h and 6 h exposure seems to be unaffected by the corrosion exposure since 
the classical ductile fracture mechanism is evident with 45o inclination angle, that corresponds to slipping of the 
shear bands. On the contrary, this classical fracture mechanism is no longer valid for the highly corroded specimen 
of 24 h exposure (Fig. 6c), where surface deterioration is obvious for both corroded surfaces and the fracture surface 
seems to be guided by the surface pits on all corroded surfaces. Nevertheless, there is strong evidence that fracture 
initiated from the region close to the small corroded surfaces. The corrosion resistance of the different surfaces 
(upper surface or thickness surface) is the subject of a research project in progress and will be reported in a future 
article of the authors. 

4. Concluding remarks 

The tensile mechanical behavior of two aluminum alloys was experimentally studied. The specimens before 
tested were pre-corroded in exfoliation corrosion solution for various exposure times. It was definitely concluded 
that corrosion degrades all aspects of the tensile behavior of the AA2024 alloy at a much higher level compared to the 
respective degradation of the tensile properties of the AA2198 alloy. This is true for the yield stress, the tensile strength 
and also the elongation at fracture. It was thus definitely concluded that Al-Cu-Li alloy is superior concerning cor-
rosion resistance, since it maintains higher percentages of the initial (uncorroded) values of its tensile properties, 
against AA2024. 
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Fig. 6. Fracture surfaces of AA2198 pre-corroded tensile specimens (a) 2 h; (b) 6 h; (c) 24 h. 
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