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Abstract
The effects of service environment and pre-deformation on the fatigue behaviour of 2524 alloy were investigated using 
scanning electron microscopy (SEM), transmission electron microscopy (TEM), and fatigue tests. The results indicate that 
the fatigue crack-growth rate (FCGR) of the alloy in an aqueous environment increases with temperature ranging from 0 to 
90 °C. At the same stress intensity factor range (ΔK), the FCGR of the alloy in an argon environment is the smallest, followed 
by that in air, and a 3.5% NaCl fog environment, while that in an exfoliation corrosion (EXCO) solution is the largest. A 
pre-deformation of 2% can significantly enhance the fatigue crack propagation resistance of this alloy in argon, air, and 3.5% 
NaCl fog environments, while 5% pre-deformation weakens the fatigue crack propagation resistance of the alloy accordingly. 
The pre-deformation effect on the FCGR of alloy in the EXCO solution environment is limited.
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1 Introduction

Fatigue behaviour has always been a major factor affecting 
the safety of aviation components, which is changed sig-
nificantly in different service environments [1, 2], e.g., the 
crash of flight US ASA 529 in 1995 killed 50 passengers and 
was caused by the corrosion fatigue of Al alloy components 
driven by elevated Cl levels in service environments [2]. 
Besides, the L13 glider fatal accident in Austria in 2010 
was also caused by the fatigue damage of aluminium alloy 
components accelerated by high-temperature exposure [3]. 
In pursuit of aviation safety, the fatigue damage behaviour 
of aluminium alloys in different service environments has 

always been an important research topic in both material 
science and engineering.

Previous researches show that the fatigue damage behav-
iour and mechanisms of aluminium alloys varied signifi-
cantly in service environments such as salt fog/solution [4], 
EXCO solution [5, 6], water, etc. Gamboni et al. [7] stated 
that, in 3.5% NaCl fog environment, the corrosion pit on the 
surface of Al–Li alloy readily forms a fatigue crack source, 
which reduces the fatigue resistance of such an alloy. Piascik 
et al. [8, 9] proposed that the FCGR of the small crack in 
2024 alloy in 1.0% NaCl solution is three times higher than 
that in air. They believed that this is mainly caused by the 
pitting and microcracking. While Moreto et al. [10] attrib-
uted this accelerating effect of 3.5% NaCl fog on FCGR to 
the corrosion process since it takes place at the vicinity of 
the crack tip and promotes the evolution of slip bands into 
microcracks. Besides, an EXCO solution also affects the 
fatigue properties of aluminium alloys [5, 6]. Ambat et al. 
[6, 11] found that the corrosion rate of the alloy increases 
100-fold when the pH of the environment decreases from 4 
to 1. Burns indicated that the degradation in EXCO solution 
is attributed to the formation of pit clusters on the sample 
surface [12]; James et al. [13], however, thought that the 
FCGR of alloy in EXCO solution is mainly influenced by 
the [H] uptake from corrosion. Li et al. [14] investigated the 
fatigue behaviours of 2E12 and 7050 alloys in water and 
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found that hydrogen embrittlement occurs at the crack tip 
due to local [H] enrichment. Thus, the plasticity of the alloy 
is decreased, and the fatigue resistance is also reduced; how-
ever, another study indicated that oxidation products formed 
in humid environments lead to the early crack closure and 
thus decrease the FCGRs, i.e., oxide-induced crack closures 
(OICC) [15].

Pre-deformation immediately after quenching has long 
been used to enhance the mechanical properties of alumin-
ium alloy [16]; this increases both the yield strength and ten-
sile strength of aluminium alloy with a slight loss in ductility 
[17]. The pre-deformation effect on the fatigue properties 
of aluminium alloy in air was also previously analysed, but 
no consensus was formed. Yi et al. [18] found that 10% pre-
deformation achieved by cold rolling can enhance the fatigue 
crack propagation resistance in 2E12 aluminium alloy. Jahn 
et al. [19] indicated that a pre-deformation leads to approxi-
mately 20% increase in the fatigue life of 7075 aluminium 
alloy due to the improvement in strength and the more uni-
form distribution of fine precipitates. However, Wang et al. 
[20] thought that the crack-growth rate is only marginally 
affected by pre-deformation. Chen et al. [21] even found that 
when the pre-tension strain increases from zero to 4%, the 
multiaxial fatigue life of 2024 alloy decreases from 17,023 
to 7759 cycles.

2524 aluminium alloy is widely used in airframes as a 
fuselage and wing skin material [22, 23], where the fatigue 
behaviour is influenced by the external environment, thus, 
it is essential to understand environmental effects on the 
fatigue behaviour of 2524 alloy; however, until now, no sys-
tematic study of the fatigue crack propagation behaviour of 
2524 alloy in different environments has been undertaken. 
Moreover, it has been found that pre-deformation exerts a 
significant influence on the fatigue properties of aluminium 
alloys in air, while the pre-deformation effect on aluminium 
alloys in different service environments remains unclear. 
Therefore, an attempt was made to investigate the effects of 
different service environments and pre-deformation on the 
fatigue properties of 2524 alloy.

2  Experimental work

The raw material used in this study was a 2.2 mm cold-rolled 
2524 alloy plate, with the nominal chemical composition of 
Al–4.21 Cu–1.41 Mg–0.58 Mn–0.08 Fe–0.06 Si (wt%). The 
plate was cut into 400 mm × 120 mm pieces which were sub-
jected to solution treatment at 500 °C for 30 min followed by 
quenching. Immediately, different degrees (0% (T4 temper), 
2%, and 5%) of stretching could be applied to these plates 
using an MTS-Landmark hydraulic servo-controlled test 
machine. The plate then underwent natural ageing at room 
temperature for at least 96 h. Then, standard middle-tension 
M (T) specimens measuring 2.2 mm × 100 mm × 300 mm 
were produced from the centre of the plate in the L–T ori-
entation (Fig. 1).

The fatigue testing of the specimens under different envi-
ronments (such as water, argon, 3.5% NaCl fog, and EXCO 
solution (4.0 M NaCl, 0.5 M  KNO3, 0.1 M  HNO3, pH ~ 0.4), 
which is usually used to characterise the exfoliation suscep-
tibility of aluminium alloys during fatigue [12]), was carried 
out on the MTS-Landmark hydraulic servo-controlled test 
machine equipped with an environmental box, as shown in 
Fig. 2. A sinusoidal load was applied at a frequency of 10 Hz 
and a stress ratio (σmin/σmax) of 0.1, where σmin and σmax 
represent the minimum and the maximum stresses during 

Fig. 1  The fatigue crack 
propagation test specimen (all 
dimensions, mm)

Fig. 2  Experimental equipment for alloy fatigue testing in different 
environments
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the loading cycle, respectively. For the fatigue testing of 
specimens in water and EXCO solution, the distilled water 
or EXCO solution was poured into a bucket (Fig. 2) where 
the distilled water or EXCO solution was pumped into an 
environmental box by a water pump therein and refluxed to 
the bucket through pipes. To monitor the water temperature, 
a thermometer was also inserted into the water in the bucket 
where an electric heater/liquid nitrogen was used to heat/
cool the water. For fatigue testing of the specimens in argon 
and 3.5% NaCl fog environments, the argon or 3.5 wt% NaCl 
fog was passed through the environmental box, from the 
argon storage tank or external reservoir and then expelled 
to the external environment.

The cyclic crack-growth rate, da/dn, was determined from 
the crack length vs the number of cycles according to ASTM 
E 647. The length of each fatigue crack was measured using 
a charge-coupled device (CCD) camera (to ± 1 μm) attached 
to the fatigue testing apparatus. In situ observation using 
this camera was also conducted to observe cyclic fatigue 
crack propagation of the alloy in 3.5% NaCl fog and EXCO 
solution. The following equation was employed to determine 
stress intensity factor [24]:

where P is the applied force (in N); B and w represent the 
thickness (in cm) and width of the specimen, respectively; a 
denotes the crack length (in cm); and α = 2a/w.

Transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM) 
were used to reveal the microstructural changes in the alloy 
before and after pre-deformation using a Tecnai  G220 TEM, 
respectively. After fatigue testing, the fatigue fracture mor-
phologies of alloy were also observed using a Quanta-200 
environmental SEM equipped with EDAX Genesis (EDS).

3  Results and discussion

3.1  The effect of water environment on fatigue 
crack‑growth behaviour

Figure 3 demonstrates the da/dn curves of 2524-T4 alloy 
(unpredeformed) in air and water environments at different 
temperatures. It can be seen that, at the same ∆K, the FCGR 
of the alloy decreases monotonically with temperature in 
water. This indicates that a low temperature can delay crack 
propagation. In the four environments, at the same ∆K, the 
FCGR of alloy is the largest at 90 °C in water and it is the 
lowest at 0 °C in water. Besides, at the same temperature 
of 25 °C, the FCGR of this alloy is higher in water than 
in air, which suggests that a water environment aids crack 

(1)ΔK = ΔP∕B
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propagation, while, when the temperature is only reduced by 
25 °C, the FCGR of alloy in water at 0 °C is lower than that 
in air. A previous study by Burns et al. [25] found that, when 
the temperature was changed from 23 to − 50 °C, the FCGR 
of a 7075 aluminium alloy is decreased by nearly an order of 
magnitude. Our study also supported the fact that the FCGR 
of alloy is sensitive to temperature and a low-temperature 
environment can delay crack propagation.

Threshold stress intensity factor range (ΔKth) and criti-
cal stress intensity factor range (ΔKcr) are known to be two 
important design parameters used to evaluate the service 
security of alloy components. In M (T) specimen, it is very 
difficult to obtain the conditions for non-propagating cracks 
due to the presence of the notch. Thus, in the present analy-
sis, ΔKth was defined as the ΔK value at 5 × 10−5 mm/cycle 
where an optically visible crack has propagated, and ΔKcr 
was defined as the ΔK value at  10−3 mm/cycle where unsta-
ble fatigue crack growth usually occurs. To clarify the effects 
of different environments on the fatigue crack propagation 
behaviour, the values of ΔKth and ΔKcr obtained from Fig. 3 
were evaluated and presented in Table 1; both the values of 
ΔKth and ΔKcr decrease with the water temperature, while 
the effect on the ΔKth value is more pronounced. Compared 
with that in air, the value of ΔKth decreases by about 9.8% at 
a water temperature of 90 °C and increases by about 12.1% 
in water at 0 °C, but the change in the ΔKcr value is less 

Fig. 3  The da/dn curves of 2524-T4 alloy in air and different water 
environments

Table 1  Values of ΔKth and ΔKcr of alloy in air and different water 
environments

Environment Air Water at 0 °C Water at 25 °C Water at 90 °C

ΔKth 
(MPa m1/2)

8.2 9.2 7.9 7.4

ΔKcr 
(MPa m1/2)

20.7 21.3 20.3 20.1
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than 3.0% for different water environments compared with 
those in air. This indicates that the water environments have 
a greater effect on the early stage of crack propagation than 
its later stage.

Figure 4 illustrates macroscopic photographs of fatigue 
cracks in the alloy when loaded in air and different water 
environments. As is shown in Fig. 4a, the crack in water at 

0 °C shows a typical zigzag path, and the angles between 
each deflected crack path and the horizontal direction are 
between 22° and 25°. Compared with that in water at 0 °C, 
the crack in water at 25 °C (Fig. 4b) is relatively straight, 
but its propagation direction makes a 9°–10° angle in the 
horizontal direction. The crack in water at 90 °C (Fig. 4c) 
is straighter and smoother, the path is nearly parallel to the 
horizontal direction. Figure 4d shows the morphology of 
the crack in air at 25 °C, which is quite similar to that in 
water at the same temperature (Fig. 4b). This implies that 
the water environment has relatively little influence on the 
macroscopic crack path, but the macroscopic crack path is 
sensitive to environmental temperature.

Figure 5 shows the SEM images of the crack tip region 
of the alloy loaded under air and different water temperature 
conditions at ∆K ≈ 15 MPa m1/2. As shown in Fig. 5a, the 
crevice at 0 °C in water is quite narrow and the crack is rela-
tively obscure, which implies that only a small plastic defor-
mation occurs. Different from the crack at 0 °C in water, 
many microcracks are distributed around the tip region of 
the crack at 25 °C in water (Fig. 5b) and these microcracks 
increase in number and extent for alloy specimens loaded 
at 90 °C in water (Fig. 5c). These results indicate that the 
embrittlement effect on the crack tip region increases with 
temperature. As is shown in Fig. 5d, the crack formed at 
25 °C in air is also tortuous, but it is neither like that at 0 °C 
in water which shows apparently zigzag characteristics nor 
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Fig. 4  Macroscopic photographs of fatigue crack growth in air and 
different water environments a 0  °C water, b 25  °C water, c 90  °C 
water, d 25 °C air

Fig. 5  SEM images of the crack 
tip region of 2524 alloy fatigue 
loaded under air and different 
water temperature conditions at 
∆K ≈ 15 MPa m1/2 a 0 °C water; 
b 25 °C water; c 90 °C water; d 
25 °C air

20μm

Crack tip

(a)

20μm

Microcracks

Microcrack

(b) 

20μmMicrocracks

SBs

SBs

Microcracks

(c)

20μm

Crack tip

(d) 



Archives of Civil and Mechanical Engineering (2020) 20:5 

1 3

Page 5 of 16 5

like those at 25 °C and 90 °C in water which have many 
microcracks therein.

Figure 6 shows the TEM images of the near-fracture-
surface-region of alloy loaded in water at different tempera-
tures. As shown in Fig. 6a, when loaded in water at 0 °C, the 
dislocation density of alloy is quite low. These dislocations 
are generally parallel to the {111}Al planes which sometimes 
inter-tangled. When loaded in water at 25 °C, the dislocation 
density of alloy increases significantly. As can be seen in 
Fig. 6b, a mass of dislocations piled up on the second-phase/
matrix interface are still found to be parallel to the {111}Al 
planes, i.e., the main slip planes for aluminium alloys. This 
phenomenon indicates that, although the dislocation density 
increases when the temperature increases from 0 to 25 °C, 
the main slip systems of the alloy do not change. When 
loaded in water at 90 °C (Fig. 6c), the dislocation density of 
the alloy further increases and some dislocations are found 
to lie near the direction of the {200}Al planes, which indi-
cates that more slip systems are activated at this elevated 
temperature.

The effect of water on the fatigue crack propagation 
behaviour of aluminium alloy is still a matter of debate. 

Some studies [26] believed that the water environment effect 
on the FCGRs of alloy is limited, since hydrogen embrittle-
ment can be counteracted by OICC. OICC is known to be 
caused by the formation of corrosion debris on the fracture 
surface, which enhances crack closure during cyclic load-
ing. But other studies [8, 27] show that water environments 
always significantly accelerate the FCGRs of aluminium 
alloy due to hydrogen embrittlement. This is confirmed by 
the results of this study showing that the FCGR of 2524 
aluminium alloy is higher in water than in air when loaded 
at the same temperature. Besides, we found that the water 
temperature had an even greater impact on the fatigue behav-
iour of this alloy. This impact not only induced hydrogen 
embrittlement but also changed the crack path.

During fatigue testing, the crack path depends on both the 
loading direction and the dislocation slip direction. On the 
macro-level, the crack always tends to propagate in the direc-
tion normal to the loading direction. On the micro-level, a 
crack is prone to extend along the dislocation slipping direc-
tion, i.e. the maximum shear-stress direction (at about 45° to 
the direction of loading which may be corrected by the Lode 
angle). These two mechanisms compete with each other.

Fig. 6  TEM images of 2524-T4 
alloy at the crack tip regions 
(∆K ≈ 15 MPa m1/2) fatigue 
loaded at different water 
temperatures a 0 °C; b 25 °C; 
c 90 °C
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At a low temperature (e.g., 0 °C in water), the crack path is 
more dependent on the slipping direction since quite limited 
slip systems exist. Thus, at this temperature, the dislocation 
slipping effect should play an important role in determining 
the crack path. As a result of the competition between these 
two mechanisms, there is a 22°–25° angle between the crack 
path and horizontal direction in fatigue loading at 0 °C in water 
(Fig. 4a). Besides which, owing to limited slip systems existing 
at low temperature, the crack has to extend along a slip plane 
for a long distance before shifting to another proper slip plane. 
Each time the crack propagates over a certain long distance, 
it must turn in the reverse direction which makes it propagate, 
on the whole, orthogonally to the loading direction. Therefore, 
the crack follows a macroscopic zigzag path in water at 0 °C. 
As the temperature increases, the influence of dislocation slip-
ping on the crack path diminishes on account of the increasing 
number of slip systems, which is also confirmed by Fig. 5c 
showing more slip bands (SBs) occur in the tip region of crack 
at 90 °C in water. Therefore, the angle between the crack path 
and horizontal direction gradually decreases to 9°–10° when 
loaded in water at 25 °C (Fig. 4b), and further decreases to 
nearly 0° when loaded in water at 90 °C (Fig. 4c). Since the 
dislocation motion is easier and the crack path is straighter, the 
FCGR in water at 90 °C is higher.

A deflected crack can always generate extra length for crack 
growth which generally decreases the FCGR of alloy to some 
extent. It is demonstrated in our previous study [18] that, con-
sidering the extra length of the crack during deflection, the 
da/dn value for a deflected crack can be modified thus [24]:

where D is the extended distance of tilted crack along the 
kink (as illustrated in Fig. 7), and E represents the extended 

(2)
da

dn
=
(

D cos � + E

D + E

)(

da

dn

)

L

,

distance of the crack on the propagated plane and normal 
to the loading direction. θ is the kink angle, (da/dn)L is the 
FCGR for a straight crack.

Since the E/D value for the crack in Fig. 4 is extremely 
small, Eq. (2) can be simplified to

The decreases in da/dn value, caused by the extra length 
during deflection, were calculated to be only 7.3–9.4% for 
the crack at 0 °C in water (θ = 22°–25°) and 1.2–1.5% for 
the crack at 25 °C in water (θ = 9°–10°) according to Eq. (3), 
but the practical differences between the FCGRs at differ-
ent water temperatures were measured to be as large as four 
times those at ∆K = 8.2 MPa m1/2 and around 70% of those 
at ∆K = 15.2 MPa m1/2 (Table 2). This means that the delay 
for the crack propagated in water at low temperature should 
not be mainly attributed to the extra length caused by crack 
deflection but can be mainly attributed to the decrease in 
hydrogen embrittlement or roughness-induced crack closure 
(RICC) [28]. As is known, RICC always results in a reduced 
∆K value at the crack tip which is caused by the premature 
contact between mating fracture surfaces in a zigzag-shaped 
cracks (Fig. 7).

3.2  The effects of argon, NaCl fog, and EXCO 
solution environments on fatigue crack‑growth 
behaviour

Figure 8 shows the da/dn curves of 2524-T4 alloy in air, 
argon, 3.5% NaCl fog, and EXCO solution environments, 
respectively. Compared with the traditional 2024 alloy [29], 
the 2524-T4 alloy exhibits an approximately 30% smaller 
FCGR in the early stage of crack propagation when loaded 
in air. This difference increases with ∆K and finally reaches 
over two times its original value at ∆K > 20 MPa m1/2. As 
shown in Fig. 8, there are large differences between the 
FCGRs of 2524-T4 alloy in different environments, espe-
cially in the early stage of crack propagation (i.e., low ∆K). 
When ΔK ≈ 8 MPa m1/2, the da/dn value of alloy in EXCO 
solution environment is about 1.1 × 10−4 mm/cycle, which 
is 46.7% greater than that in 3.5% NaCl fog, two times 
greater than that in air, and nearly nine times greater than 
that in argon. With the increase of ∆K, these differences tend 

(3)
da

dn
= cos �

(

da

dn

)

L

.

Fig. 7  Schematic representations of crack deflection

Table 2  The da/dn values of 
2524 alloy in air and different 
water environments at different 
ΔK 

Environment da/dn values (mm/cycle)

ΔK = 8.2 MPa m1/2 ΔK = 10.1 MPa m1/2 ΔK = 15.2 MPa m1/2

0 °C Water 2.01 × 10−4 4.84 × 10−4 1.69 × 10−3

25 °C Water 5.94 × 10−4 9.16 × 10−4 2.21 × 10−3

90 °C Water 8.13 × 10−4 1.08 × 10−3 2.87 × 10−3
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to decrease. At the same ΔK, the FCGR of alloy in an argon 
environment is the smallest, followed by that in air and 3.5% 
NaCl fog, while that in an EXCO solution is the largest. It 
shows that the alloy in argon has the best fatigue properties, 
while it has the worst fatigue properties in EXCO solution.

Table 3 lists values of ΔKth and ΔKcr of alloy in argon, 
3.5% NaCl fog, and EXCO solution environments, respec-
tively. In terms of ∆Kth, these environments exert a greater 
influence on fatigue crack propagation in this alloy than 
water environments (Table 2). The ∆Kth value in argon 
increases by 17.1% and the ∆Kth value in EXCO solution 
declines by 18.1%, but the influence on the ∆Kcr remains 
limited. This is consistent with previous studies [24, 30] 
indicating that the fatigue crack-growth behaviour is insensi-
tive to both environment and microstructure.

Figure 9 shows the fatigue fracture morphologies of 2524-
T4 alloy in different environments at ∆K ≈ 15 MPa m1/2. As 
shown in Fig. 9a, the fracture morphology of the alloy in air 
shows apparent crystallographical characteristics in which 
some small tearing ribs can be observed. In Fig. 9b, the 
fatigue striations on the alloy are clear, and their width is 
about 0.17 μm. The fatigue fracture of alloy in an argon envi-
ronment shown in Fig. 9c is flatter and smoother compared 
with that in Fig. 9a which presents a wave-like pattern. The 
fatigue striations have a width of about 0.11 μm (Fig. 9d), 
while not being as evident as those formed in air. This might 
be due to the more efficient slip reversal in inert environ-
ment which impedes the formation of “sharp trenches” at the 

fracture surface according to Wanhill [31]. Differing from 
the fracture morphologies in argon and air environments, 
a large number of corrosion pits are present on the fatigue 
fracture surface of the alloy in a 3.5% NaCl fog environment 
(indicated by white arrows in Fig. 9e). In the inset magnified 
image, spherical inclusions can be seen just inside the cor-
rosion pits. The width of fatigue striations in Fig. 9f is about 
0.29 μm. Figure 9g shows the fatigue fracture surface of the 
alloy in EXCO solution. This fracture surface is covered 
by a thick oxidation film which appears to be obscure. The 
striations on this surface are indistinguishable; in addition, 
many quasi-crystalline corrosion products are dispersed over 
the fracture surface, as indicated by white dashed circles. 
Table 4 lists the results of EDS analysis on the corrosion 
product shown in Fig. 9h, which suggests the corrosion 
products consist of a certain amount of N, Cl, and O.

Figure  10 illustrates macroscopic photographs of 
fatigue cracks in the alloy when loaded in different envi-
ronments. In argon (Fig. 10a), the crack path is generally 
parallel to the horizontal direction, but it is more torturous 
than that in water at 90 °C (Fig. 4c). Besides, severe plastic 
deformation regions could be observed at the edge of the 
crack which indicates that, during crack propagation, the 
crack tip experiences large deformations. The crack path in 
3.5% NaCl fog (Fig. 10b) is similar to that in air (Fig. 4d), 
but its propagation direction makes an angle of about 7° 
in the horizontal direction. Besides, there are always some 
large deflections seen during crack propagation (as indi-
cated by red dotted circles in Fig. 10a). The crack path in 
EXCO solution (Fig. 10c) is macroscopically straight and 
almost parallel to the horizontal direction. Many microc-
racks are found to be formed near the crack tip implying 
an environmental embrittlement effect.

Figure 11 shows typical SEM images of the crack tip 
region of 2524 alloy loaded in argon, 3.5% NaCl fog, 
and EXCO solution. In argon (Fig. 11a), a mass of paral-
lel straight, and uniformly spaced SBs are presented at 
the crack tip region and some sections of the main crack 
extend along these SBs (as indicated by dotted box). This 
indicates that slip plays a dominant role in determining 
the crack propagation behaviour of this alloy in argon. 
Besides, due to the strong effect of slip on crack propaga-
tion, microscopically, the crack in argon exhibits a zigzag 
characteristic which makes the crack path more tortuous 
than that in air (Fig. 5d). In 3.5% NaCl fog (Fig. 11b), 
the crack shows greater tendency to deflect than in air at 
25 °C (Fig. 5d). In addition, many inclusions and corrosion 
pits can be found distributed on the deflected crack-growth 
route; this implies that this crack is sensitive to not only 
the corrosion pit but also the inclusion in front of its path. 
In EXCO solution (Fig. 11c), the crack displays brittle 
characteristics namely plentiful microcracks distributed 
around the crack tip region.

Fig. 8  The da/dn curves of 2524-T4 alloy in different environments

Table 3  Values of ΔKth and ΔKcr of alloy in argon, 3.5% NaCl fog, 
and EXCO solution environments, respectively

Environment Argon 3.5% NaCl fog EXCO solution

ΔKth (MPa m1/2) 9.6 7.3 6.8
ΔKcr (MPa m1/2) 20.9 19.7 19.5
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3.2.1  Argon environment

The effects of inert environments, such as an argon, vacuum, 
etc., on the fatigue properties of aluminium alloys have been 
investigated in previous studies [26, 32], most of which indi-
cate that the fatigue crack propagation of aluminium alloys 

is significantly delayed in these environments. Investigators 
recognised that an inert environment can lead to a more uni-
form, stable SB and more efficient slip-reversal in aluminium 
alloys compared to those loaded in air due to the absence of 
oxidation; however, Wanhill et al. [31] found that the differ-
ence in the FCGR of 2000 series aluminium alloy in gaseous 

Fig. 9  SEM images of the 
fatigue fracture surface of 2524-
T4 alloy in different environ-
ments at ∆K ≈ 15 MPa m1/2 a 
fracture surface in air shows 
a rough fractograph, b fatigue 
striation in air, c fracture 
surface in argon indicates 
a relatively smooth fractograph, 
d fatigue striation in argon, e 
many corrosion pits distributed 
on the fracture surface in 3.5% 
NaCl fog, f fatigue striation in 
3.5% NaCl fog, g many corro-
sion products dispersed over 
the fracture surface in EXCO 
solution, h fatigue striation in 
EXCO solution

10μm

10μm

10μm

10μm

Inclusions

Corrosion product

(a)

(c)

(e)

(g) (h)

(f)

(d)

(b)

Table 4  Results of EDS 
analysis on the corrosion 
product shown in Fig. 9h

Elements Al Cu Mg Mn O Cl N

Wt% 43.7 27.3 2.4 1.4 15.4 8.5 1.3
At.% 46.9 12.4 2.9 0.7 27.8 6.8 2.5
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Fig. 10  Macroscopic photo-
graphs of fatigue crack growth 
in different environments a 
argon, b 3.5% NaCl fog, c 
EXCO solution

Fig. 11  SEM images of the 
crack tip region of 2524 alloy 
fatigue loaded in different envi-
ronments at ∆K ≈ 15 MPa m1/2 
a argon, b 3.5% NaCl fog, c 
EXCO solution
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oxygen and inert environments (e.g., vacuum and helium) is 
negligible. They attributed the reason for this to the absence 
of OICC in inert environments, as OICC is known to reduce 
the crack driving force and thus slow down the crack growth; 
however, in our study, we revealed that argon can not only 
promote the slip during fatigue loading but also increase 
the microscopic tortuosity of the crack path (or the rough-
ness of the fracture surface). As is known, the oxide film of 
aluminium alloy fatigue loaded in oxidising environments is 
less than 0.1 μm thick [26] which is extremely small when 
compared with the scale of the increased crack tortuosity 
in argon (tens of micron), thus the effect of OICC should 
be insignificant in comparison with RICC induced by the 
increased crack tortuosity. Therefore, the FCGR of alloy in 
argon decreases due to the promotion of uniform slip and 
RICC.

3.2.2  NaCl fog environment

The 2524 alloy in 3.5% NaCl fog has a higher FCGR than 
that in air at the same ∆K. This is in agreement with results 
from other studies [4, 7]. To investigate the accelerating 
mechanism of NaCl fog on the FCGRs of aluminium alloy, 
an in situ observation on the propagation behaviour of the 
crack in 3.5% NaCl fog was carried out (Fig. 12) where 
both the number of loading cycles and crack length were 
zeroed. The image in Fig. 12a shows that two large defects 
(inclusions or corrosion pits) are present, ahead of the crack 
tip, as indicated by triangles in Fig. 12a. Under cyclic load-
ing, the one in the front induces a microcrack forming at 
this defect-containing region (Fig. 12c). After 826 cycles, 
the main crack is propagating slowly towards this microc-
rack. Again, a new defect forms ahead of the crack tip and 
it becomes a new microcrack (Fig. 12e). Finally, through 
coalescence between the main crack and the microcracks, 
the crack truncates these defect-containing regions after 
1263 cycles (Fig. 12g) and 1534 cycles (Fig. 12i), respec-
tively. During these processes, its length suddenly increases 
to about 99 μm and 251 μm, respectively, which indicates 
that the local FCGR of aluminium alloy in NaCl fog has a 
high dependence on the microcrack ahead of the crack tip. 
Besides, it can also be noticed that the crack propagation in 
the NaCl fog environment can be considered as an iterative 
process of microcrack formation and crack coalescence.

To depict the crack propagation mode in NaCl fog, a 
schematic illustration is provided (Fig. 13). It is generally 
believed that [4], in a NaCl fog environment, the oxide film 
forms first which covers the inclusions on the crack surface 
(Fig. 13a). Since the radii of  H+ and  Cl− are small [7], they 
can penetrate the oxide film and promote matrix dissolution 
around the inclusion through galvanic reactions; this leads 
to interfacial weakening and formation of corrosion pits 
(Fig. 13b). Previous work [22] shows that, these corrosion 

pits deflect the crack path and accelerate the FCGRs of alu-
minium alloys due to local stress concentration, which is 
confirmed by our observations, but it is further revealed in 
our study that, besides corrosion pits, the crack propaga-
tion is also quite sensitive to the inclusions ahead of the 
crack tip as the main crack always truncates the inclusion-
containing region. In NaCl fog, lots of corrosion pits will 
form at inclusion sites, but many more inclusions remain 

Fig. 12  In situ observation using the CCD camera on the crack 
(∆K ≈ 15  MPa  m1/2) in 3.5% NaCl fog environment: a no cycles, b 
schematic diagram of a, c 826 cycles, d schematic diagram of c, e 
983 cycles, f schematic diagram of e, g 1263 cycles, h schematic dia-
gram of g, i 1534 cycles, j schematic diagram of i 
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in the process of changing into corrosion pits for which the 
interface with the matrix is weak due to the erosion of  H+ 
and  Cl−. Both corrosion pits and these inclusions can be 
regarded as defects which are prone to stress concentration 
[22]. Thus, during fatigue loading, as the crack tip plastic 
zone gradually encounters, and finally encompasses, these 
defects (corrosion pits and inclusions), the formation of 
microcracks would take place at the defect-containing region 
ahead of the crack tip. Then, the main crack bridges the 
microcracks ahead of the crack tip during which the FCGR 
is accelerated (Fig. 13c).

In Menan et al. work [29] on the fatigue behaviour of 
2024 aluminium alloy, the FCGR at ΔK ≈ 8 MPa m1/2 in 
3.5% NaCl fog is increased by nearly three times that in 
air. Our study revealed that the NaCl fog also acceler-
ates the FCGR of 2524 alloy but the increase in FCGR at 
ΔK ≈ 8 MPa m1/2 and 10 MPa m1/2 is less than 60% of the 
original values (Table 2). This indicates that the 2524 alloy 
is less sensitive to NaCl fog than 2024 alloy. This might have 
been due to the relatively lower inclusion density of 2524 
alloy, since it contains fewer impurities (such as Fe and Si) 
than 2024 alloy.

3.2.3  EXCO solution environment

In a previous study [33], it was found that the FCGR of 
aluminium alloy in the EXCO solution is much greater than 
that in NaCl solution. Investigators [13] generally attributed 
the significant deterioration of fatigue properties in EXCO 
solution to either the embrittlement by hydrogen atoms or 
formation of corrosion pits. In our observation of the frac-
ture cracking of 2524 alloy in EXCO solution, many crystal-
like corrosion products and a thick oxidation film appear 
on the fracture surface (Fig. 9g), while fewer inclusions 
or corrosion pits are distributed on the crack-growth route 
(Fig. 11c) than those in NaCl fog (Fig. 11b). This indicates 
that the crack propagation behaviour in EXCO solution is 
not as sensitive to inclusions or corrosion pits as in NaCl fog.

In situ observation of the propagation behaviour of the 
crack in EXCO solution was undertaken (Fig. 14); both the 
number of loading cycles and crack length were zeroed. As 
shown in Fig. 14a, each fatigue crack in EXCO solution has 
many branches and several microcracks are formed ahead 
of the crack tip. After 543 cycles, the main crack quickly 
bridges two of these microcracks during which its length 

Fig. 13  Schematic diagram of 
the crack propagation in NaCl 
fog environment a the matrix 
dissolution surrounding the 
inclusion by the erosion of 
 H+ and  Cl−, b the intercon-
nection between the crack and 
corrosion pits, c the intercon-
nection between the crack and 
inclusions with weakly bonded 
interfaces
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increases by 285 μm. Besides, at the region beneath the 
crack, some microcracks also nucleate (Fig. 14b). Then, 
after 813 cycles, several microcracks nucleate again ahead 
of the crack tip (Fig. 14c). It is clear that the propagation of 
the crack in EXCO solution is discontinuous because of the 
nucleation of microcracks in front of it and bridging connec-
tions therewith, but it should be pointed out that, except for 
those microcracks immediately ahead of the tip of the main 
crack, the crack is also inclined to connect with those above 
and below the tip of the main crack (e.g., the microcracks 
below the crack tip are also coalesced by the main crack, as 
indicated by the dotted circle in Fig. 14c). This accounts for 
the many branches of the crack in EXCO solution and it also 
implies the severe fragility of the crack tip region in EXCO 
solution which is probably induced by hydrogen embrit-
tlement. In short, our study shows that crack propagation 
in 2524 aluminium alloy is more susceptible to hydrogen 
embrittlement than corrosion pitting.

3.3  The effect of pre‑deformation on the fatigue 
behaviour of 2425 alloy

Table 5 summarises the mechanical properties of alloy after 
different pre-deformation levels: as can be seen, with the 
increase of pre-deformation from 0 to 2%, both the yield 
strength (σ0.2) and ultimate tensile strength (σu) of the alloy 
increase, although moderately compensated by a loss of 
1.3% in the elongation (δ). Compared with specimens sub-
jected to 2% pre-deformation, the strengths of alloy speci-
mens with 5% pre-deformation increase notably, but their 
values of δ decrease significantly.

Figure 15 shows the da/dn curves of 2524-T4 alloy with 
different pre-deformations in air, argon, 3.5% NaCl fog, 
and EXCO solution environments, respectively. As shown 
in Fig. 15a, in air, the da/dn values of the alloy with 2% 
pre-deformation are the lowest. This indicates that 2% pre-
deformation can impede crack propagation, while, when the 
pre-deformation increases to 5%, the da/dn values increase 
significantly and are higher than those with no pre-deforma-
tion. Similar results were also observed in alloy specimens 
loaded in argon (Fig. 15b) and 3.5% NaCl fog (Fig. 15c) 
environments, but the differences in da/dn values caused by 

pre-deformation are more pronounced in an argon environ-
ment; however, this difference almost vanishes in the EXCO 
solution (Fig. 15d), which means that pre-deformation has 
little effect on the fatigue crack propagation behaviour of 
alloy in an EXCO solution environment. Besides, it is shown 
that, the da/dn values in argon are more scattered than those 
in the other three environments tested. This might be due 
to the more tortuous crack path formed in argon which 
increases the dispersion of FCGR.

Figure 16 shows the microstructure of 2524 alloy after 
different pre-deformations. It is found that there is no appar-
ent precipitate in these alloys but a large number of short 
rod-shaped T-phase particles [34] exist within the matrix 
(Fig. 16a). These T-rods are known to be the main disper-
soids in this type of alloy which are believed to be formed 
during the homogenisation process after casting [35]. For the 
unstretched specimen, the dislocation density is quite low 
(Fig. 16a) shows a large number of ellipsoidal GP zones [36, 
37] with a mean average size of 3.52 ± 0.23 nm distributed 
homogeneously in the matrix (Fig. 16b). With the increase 
of pre-deformation to 2%, the dislocation density increases 
(Fig. 16c), and these dislocations are generally uniformly 
distributed in the matrix. Besides, the GP zone density of the 
specimen after 2% pre-deformation increases but their aver-
age size decreases to 3.08 ± 0.18 nm (Fig. 16d). When the 
pre-deformation increases to 5%, the distribution of disloca-
tions becomes non-uniform, and some parallel dislocation 
walls (Fig. 16e) and abnormally grown GP zones (as shown 
by the white triangles in Fig. 16f) can be seen in the matrix.

Previous studies [38, 39] found that pre-deformation 
enhances the fatigue properties of alloys in air. The main 
reason for this is that, the dislocations increase with the 
pre-deformation, which function as barriers to subsequent 

Fig. 14  In situ observa-
tion by CCD camera 
(∆K ≈ 15 MPa m1/2) in EXCO 
solution for different numbers 
of loading cycles a 0 cycle, 
b 543 cycles, c 813 cycles, d 
schematic diagram of a, e sche-
matic diagram of b, f schematic 
diagram of c 

Table 5  The mechanical properties of alloy after different degrees of 
pre-deformation

Specimen σ0.2 (MPa) σu (MPa) δ (%)

0% Stretch 289.4 357.7 25.8
2% Stretch 305.8 365.2 24.5
5% Stretch 327.3 385.2 20.1
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dislocation motion during fatigue loading [40], and thus 
delaying crack initiation and impeding crack propagation. 
This is in agreement with the findings of our study in the 
specimen with 2% pre-deformation which has a higher dislo-
cation density, and a higher crack-growth resistance than that 
with no pre-deformation when fatigue loaded in air. Besides, 
it is also found that, the uniformly distributed dislocations 
introduced by 2% pre-deformation produce finer GP zones 
in the matrix than those in non-predeformed specimens. This 
can intensify the interaction between GP zones and disloca-
tions, and therefore decrease the average slip distance during 
each loading cycle.

As shown in our study, the crack propagation in an argon 
environment is more dependent on dislocation slip than 
that in air; due to the reduction in slip distance during each 
loading cycle, the decrease in the FCGRs of alloy in argon 
caused by 2% pre-deformation is also more evident than that 
in air.

In a 3.5% NaCl fog environment, crack propagation is 
susceptible to corrosion pitting and the weakly bonded inclu-
sions formed by corrosion since they cause stress concen-
trations ahead of the crack tip. Thus, the fatigue properties 
of this alloy in NaCl fog can be improved by the enhance-
ment of corrosion resistance as well as stress concentration 

resistance. For the 2% pre-deformed specimen, the refine-
ment of GP zones enhances the corrosion resistance to a 
certain extent. Besides, the increase in σ0.2 enhances the 
resistance to stress concentration. Both these effects result 
in the decrease of the FCGRs of 2% pre-deformed specimens 
in NaCl fog environment.

As mentioned, the crack propagation of this alloy in 
EXCO solution is mainly susceptible to hydrogen embrit-
tlement induced by the presence of sufficiently concentrated 
hydrogen atoms in the Al lattice. It is known that, since the 
atomic radius of hydrogen is much smaller than those of Al, 
hydrogen atoms can either diffuse into the bulk material or 
be transported by dislocation cores [41]. The large number 
of dislocations produced by pre-deformation can provide 
a mass of channels for H-transportation, which aggravates 
the hydrogen embrittlement in the alloy and counteracts the 
beneficial effects of pre-deformation on the fatigue crack 
resistance. Therefore, differing from those in air, argon, and 
a 3.5% NaCl fog environments, the pre-deformation effect 
on the FCGRs of alloy in EXCO solution environment is 
quite limited.

When the amount of pre-deformation is increased to 
5%, the dislocation distribution in the alloy becomes non-
uniform and many dislocation walls with high densities of 

Fig. 15  The da/dn curves of pre-deformed 2524-T4 alloy in different environments a air, b argon, c 3.5% NaCl fog, d EXCO solution
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dislocation and lattice distortions can be seen in the matrix 
(Fig. 17). Wu et al. [42] investigated the pre-stretching effect 
on the microstructure of an artificial aged 2024 aluminium 
alloy, finding that, when the pre-stretch exceeds 2.0%, it can 
induce an uneven distribution of both dislocations and sec-
ond-phase particles. Inhomogeneous deformation produced 
by 5% pre-deformation can be thought of as microscopic 
damage. It inevitably leads to a loss of ductility reflected in 
the significant decrease in δ (Table 5). As predicted, such 
microscopic damage can provide source loci for both crack 

initiation and corrosion pitting, therefore, the specimen with 
5% pre-deformation has the worst fatigue properties among 
those specimens studied here.

4  Conclusion

1. When loaded at the same temperature of 25 °C, the 
FCGR is larger in water than that in air at the same ∆K. 
In water, between 0 and 90 °C, the FCGR of 2524 alloy 

Fig. 16  TEM images, cor-
responding selected-area 
electron diffraction patterns 
(SAEDP) and HRTEM images 
of 2524 alloy after different 
pre-deformations viewed along 
the < 010 >Al axis a the disloca-
tion distribution and b GP zones 
of alloy specimens with 0% pre-
deformation; c the dislocation 
distribution and d GP zones of 
alloy specimens with 2% pre-
deformation; e the dislocation 
distribution and f GP zones of 
alloy specimens with 5% pre-
deformation
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increases with increasing water temperature due to the 
increase in hydrogen embrittlement and the decreases in 
fracture surface roughness.

2. An argon environment hinders the FCGRs of 2524 alloy 
due to the promotion of uniform slip and RICC induced 
by increased crack tortuosity.

3. The fatigue crack propagation of 2524 alloy is acceler-
ated in NaCl fog: this can be regarded as two repeated 
processes, i.e., microcrack formation at the defect (inclu-
sion or corrosion pit)-containing region ahead of the 
crack tip and the coalescence between the main crack 
and the microcracks. The local FCGR is accelerated dur-
ing crack coalescence.

4. The FCGR of 2524 alloy in EXCO solution is the fastest 
among argon, air, NaCl fog, and EXCO solution envi-
ronments at the same ∆K, which is mainly attributed to 
the severe fragility of the crack tip region as induced by 
hydrogen embrittlement.

5. A pre-deformation of 2% can improve the fatigue crack 
propagation resistance in air, argon, and 3.5% NaCl fog 
environments, due to the moderately enhanced strength, 
limited loss of δ, and refinement of GP zones; however, 
5% pre-deformation accelerates the FCGRs of alloy in 
air, argon, and 3.5% NaCl fog environments, due to the 
associated microscopic damages and decrease in δ.

6. The pre-deformation effect on the FCGRs of alloy in an 
EXCO solution environment is limited due to the coun-
teractive strength enhancing, and hydrogen embrittle-
ment effects.
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