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Failure analysis is one of the complex tasks in engineering materials since it involves analyses of the
interdependency of factors like environmental conditions, materials properties and loading conditions
etc., causing catastrophic failure of engineering components in real-time applications. In recent times,
the advances in characterization techniques have led to the precise findings of the cause of the failures
in several cases. However, specific failure analysis-based case studies report that the couple load effects
of two or more parameters influencing the failures of engineering components are complex to identify.
Moreover, it is difficult to formulate a mathematical model involving the interdependency factors to
study the failure behaviour of the engineering materials. Especially in aerospace industry, the crack ini-
tiation and propagation in metallic alloys are more complex since the various factors like environmental
conditions combined with loading parameters cause unpredictable failures. Hence, there is a need to
study the effect of environmental conditions combined with different loading systems on the crack prop-
agation of metallic alloys. The review concludes that still a comprehensive analytical modelling approach
is required to relate the interdependencies of couple loads such as humidity and temperature of metallic
alloys in corrosive environment.
Copyright � 2022 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of 2022 International Confer-
ence on Recent Advances in Engineering Materials. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Aggressive environments like ambient temperature fluctua-
tions, humidity variations and environmental conditions play a
crucial role in the environment assisted cracking of engineering
materials. In addition, the combination of parameters like stress,
material properties and environmental conditions is often causing
the catastrophic failures in metallic alloys [1,2]. Especially materi-
als under the influence of high temperature and humid conditions/
water exposure are prone to crack initiation by corrosion phenom-
ena like pit formation and then crack propagation. The material
exposed to humid conditions/water exposure and high tempera-
ture give rise to oxide scale formations and further spallation of
the same, leading to the new surface of the system undergoing fur-
ther corrosion. These phenomena enhance the chances of crack ini-
tiation and influence the higher crack growth rate when both
temperature and the environmental conditions combined affect
the performance of the metallic alloy [3,4]. The published research
has comprehensively investigated the influence of environmental
and mechanical loads on crack assisted failures [5,6]. Stress corro-
sion cracking and hydrogen embrittlement are the most common
ones which are observed and reported. However, most of the exist-
ing research efforts have reported empirical results only. Still
efforts are required to model the relationship between the coupled
environmental and mechanical load conditions with the material
crack growth phenomenon [7-10]. Therefore, it is necessary to
review the crack assisted failures of metallic alloys in terms of
materials properties, environmental conditions, and different load-
ing systems. In this paper, past empirical efforts are critically dis-
cussed to identify the challenges and gaps with regards to the
mentioned model development.
2. Mapping of experimental works and results as a review

2.1. Corrosion assisted cracking

Environment assisted failure behaviour of aluminum-based
alloys have been studied systematically in recent times. The con-

https://extranet.cranfield.ac.uk/licenses/by/4.0/,DanaInfo=creativecommons.org+
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.matpr.2022.07.075
https://extranet.cranfield.ac.uk/licenses/by/4.0/,DanaInfo=creativecommons.org+
mailto:i.alqahtani@cranfield.ac.uk
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.matpr.2022.07.075
https://extranet.cranfield.ac.uk/science/journal/,DanaInfo=www.sciencedirect.com+22147853
https://extranet.cranfield.ac.uk/locate/,DanaInfo=www.elsevier.com+matpr


Fig. 2. Grain boundary cohesive energy as a function of hydrogen gas pressure [15].
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cerned outcome publishes the mechanism of corrosion assisted
crack nucleation in the aforementioned alloys related to pitting
corrosion, localized corrosion, anodic dissolution in an alloy
matrix. The humidity factor is the predominant one in corrosion
occurrence in these alloys. The crack growth studies correlate the
crack growth factors to the hydrogen embrittlement and grain
boundary effects.

The effect of environmental humidity on the failure behaviour
of certain aluminum alloys is studied and inferred that relative
humidity (RH) plays a crucial role in the crack propagation as
shown in Fig. 1. Humidity assisted corrosion in aluminum alloys
directly refers to the galvanic corrosion leading to pitting in the
alloy matrix, where anodic dissolution is a significant phenomenon
causing the pitting. Therefore, the indicating results in aluminum-
based alloys focus on the anodic dissolution as one of the major
influencing factors for crack initiation and propagation. In addition,
the heat treatment procedures employed to enhance the mechan-
ical properties introduce secondary phase precipitations in the
alloy. Therefore, a significant alteration in the topographical
response of the alloys to aggressive chemical environments is
observed. This promotes the environmental assisted failures in
aluminum-based alloys during engineering applications [7,11–14].

The study on the sensitiveness of some of the recent aluminium
based alloys to hydrogen environment in promoting the crack ini-
tiation and prorogation at various stress levels ranging from low to
high, is another important research domain in the analysis of cor-
rosion assisted failures. In addition, various microstructural fea-
tures are correlated to the failure mechanisms under the
hydrogen environment. It is observed that even the lower stress
factors are causing the crack propagation in metallic alloys like alu-
minium alloys, despite the absence of high stress level factors.

Fig. 2 shows the grain boundary cohesive energy variation for
the hydrogen gas pressure, indicating that the grain boundaries
stability depends on the hydrogen pressure to which the metallic
material is exposed. In addition, some of the alloys show failure
behaviour by crack propagation promoted by the presence of triple
joints at the matrix of the alloy and direction oriented grain bound-
aries [15–18].
2.2. Measuring techniques in crack assisted failures

A systematic investigation on presently existing sustainable
measuring techniques for the crack propagation analysis in metal-
lic alloys under environmental conditions is essential as per the
failure analysis studies carried out in the USA’s defence related
domains. In addition, the effect of various influencing factors like
Fig. 1. AA5083 crack propagation under cyclic RH [7].
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mixed and complex loading systems, aggressive environmental
conditions, specific alloy properties and the couple load effect of
the aforementioned factors on the failure mechanisms need to be
considered while proceeding with the failure mechanism analysis.
Several conventional techniques to measure the crack propagation
related factors involve immersing the specimen in an electrolyte or
exposing the specimen to constant humid conditions. However,
these studies are inferior in predicting the real-time conditions of
humidity assisted adhesive droplets adhering to the surface of
the alloy products. As a result, the particular region based corro-
sion (Galvanic corrosion) leads to pitting and localised corrosions.

Hence it necessitates studying the corrosion assisted failure
behaviour namely the continuous crack propagation under in situ
conditions. In this regard, tensile load notched specimen under sta-
tic loading system, exposed to variable humidity conditions set up,
can be subjected to predetermined loading cycles. This will enable
the assessment of the crack propagation related factors like crack
velocity shown in Fig. 3 and crack depth etc., in real-time environ-
mental exposure conditions [7,19–21].

In general, the studies on the failure behaviour of metallic alloys
comprise both experimental and theoretical analysis to validate
the experimental data and predict the deformation behaviour of
designed structural elements under environmental conditions.
Therefore, the essentiality of carrying out a modelling study on
the crack propagation assisted failures under corrosive environ-
ments to bring forth the theoretical correlation part to be executed
simultaneously along with experimentations [22,23].
Fig. 3. AA5083 crack velocity vs. RH under cyclic RH testing [7].



Fig. 4. Overview of Paris Law Crack Growth Regimes [27].

Fig. 5. The crack growth rate variation with crack length for different groups of
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2.3. Theoretical aspects of crack propagation and the corrosion
parameters in metallic alloys

In the theoretical aspects of the failure behavioural studies of
metallic alloys, the crack propagation rate, and Linear Elastic Frac-
ture Mechanics Factor (LEFMF), K are the basic parameter to be
considered. The primary measure of the effect of the load on crack
growth is known as a stress intensity factor (SIF) and as it is deter-
mined by using Eq. (1).

K ¼ Yr
ffiffiffiffiffiffi
pa

p ð1Þ
KIC is the more generally tensile load case for accessing the crack
propagation. The Griffith’s Criteria for tensile is given by Eq. (2).

K ¼ KIC ¼ XYr
ffiffiffiffiffiffi
pa

p ð2Þ
where, KIC is the critical stress intensity factor, X is the factor desig-
nating type of crack, X = 1 for simple interior crack, X= 1.12 for sim-
ple surface crack, Y is the geometry factor, r is applied or design
stress, and a is the crack length.

Where, Y is a geometric factor, reflecting the shape of crack and
geometry of sample, r is the stress applied, a represents crack
length [24]. The applied stress or design stress can be calculated
by using Eq. (3).

r ¼ P
tw

ð3Þ

where P represents applied load, t represents the thickness of the
specimen and w represents the width of the specimen.

In the case of cyclic loading, the stress intensity factor is modi-
fied to account for the maximum and minimum stresses. The range
of SIF DK , calculated using Eq. (4).

DK ¼ Kmax �Kmin ¼ Yr
ffiffiffiffiffiffi
pa

p ð4Þ
where DK represents the change in stress intensity factor for a crack
length of ‘‘a”. Kmax and Kmin represent the maximum and minimum
values of LEFMF factor. da=dN ratio represents the change in crack
length with respect to the change in number cycle of loading and
it designates the crack propagation rate. N represents the cycle of
loading.

In modelling related work, the variation of the ratio da=dN is
plotted against the change in stress intensity factor (DK). The basic
curve is divided into three parts. Part 1 belongs to a minimum
value of DK . In this part, no crack propagation is possible when
the intensity factor value is less than the minimum one. In Part 2
of the curve, a governing Paris law Eq. (5) holds good between
DK and da=dN. Part 3 belongs to a behaviour of the alloy where
accelerated fatigue crack growth is noticed under cyclic loading
conditions [25]. The authors in [26] also utilised the Paris Law rela-
tionship and estimation to identify the crack propagation in a
detailed way. The following Paris law as shown in Fig. 4 holds good
for the part 2 of the plot drawn between DK and da=dN.

da

dN
¼ C DKm ð5Þ

where C and m are material constants and that are calculated
empirically [28].

Another model evaluating the crack propagation in aluminium
alloys under corrosion fatigue reveals that the crack growth expe-
riences a hysteresis effect. Moreover, the pre-corrosion character-
istics of the specimen before the test significantly influence the
test results. Due to all the influencing factors, the relationship
between the ratio of da=dN and DK is evolved as follows Eq. (6)
[29,30].

Log
da

dN

� �
¼ logC þmlog ðDK 0Þ ð6Þ
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where DK 0 represents the change in intensity factor after the corro-
sion test.

The theoretical work related to crack initiation and propagation
requires to be studied into two parts. Part one is concerned with
modelling crack nucleation under the influence of factors like pit
depth, pit density, and variable humidity conditions. The second
part discussed the modelling of crack growth in the metallic alloys
needs to incorporate the parameters like hydrogen environment,
grain boundary effects, crack length and temperature etc., into
the governing equation of cracking deformation behaviour of the
model to be developed. The theoretical model considering the
aforementioned parameters shall give an accurate correlation
between experimental data and theoretical formulation.

In a study, the crack growth rate variation with the crack length
for different groups of specimens at various periods of corrosion
experiments. One of the related graphs, Fig. 5 shows the effect of
corrosion experimentation for 192 h on the crack growth variation
with respect to crack length. In addition, it revealed that the
specimens [20].
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increase in time of the corrosion experiment enhances the crack
growth rate.

The modelling of stress induced corrosion failures in metallic
alloys are using various proposed mechanisms namely slip dissolu-
tion, surface mobility theory and oxidation model etc. [31]. Based
on film rupture mechanism, oxide scale formation, scale rupture
and reformation of the passive layer are considered. Crack tip
strain rate, charge oxidation density and stress intensity factors
are governing the developed model with the following mathemat-
ical expression depicted in Eq. (7). The crack tip growth rate is
directly proportional charge density and molecular weight of the
materials.

Vct ¼ M
zqF

Qf

ef
ðde
dt
Þ ð7Þ

where Vct -Crack tip growth rate,M – Molecular weight of the mate-
rial, z – Charge of anodic dissolved material, q – Density of corrod-
ing species, F – Faraday Constant, Qf – Charge Density per film
rupture event, ef - Oxide fracture strain, de

dt – Crack tip strain rate.

2.4. Effect of loading system on crack propagation

The fatigue crack rates of the metallic alloys depends on the
materials and the loading ratio or stress ratio (R) of the applied cyc-
lic loading. The Fig. 6 shows the effect of R -ratios on the stress
intensity factor and fatigue crack rates. It is witnessed that loading
ratio has significant effect on the stress intensity factor range DK
and crack growth rate da=dN under various values of R-ratio. The
R -ratio is a crucial because, when in service, many engineering
structures are subjected to varied amplitude loads, which has a
substantial impact on the crack propagation rate. The stress inten-
sity factor range has been used as the driving force in a straightfor-
ward calculation that takes the R -ratio into account. Several
materials’ fatigue crack propagation rates from literature were
studied using the Paris law equation. These revised data are clus-
tered in a small area around the R = 0 fracture growth rate curve.

2.5. Effect of temperature and relative humidity on fatigue crack
propagation

The above Fig. 7 shows the fatigue crack propagation (FCP) vs
temperature of magnesium AZ61 material. The magnesium AZ61
alloy used to study the FCP behaviour at various temperature such
as room temperature (RT), 60 �C and 120 �C. The test results reveals
Fig. 6. Crack growth rate curve under different loading ratios (R) [32].
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that, FCP rate increase in temperature in AZ61. The da=dN verses K
curve curved, which corresponded to a fracture transition from a
mixed intergranular and trans-granular fracture this is because of
the growth of grain size at 120 �C.The study also includes the effect
of relative humidity on FCP of magnesium AZ61 alloy. The 45% and
100% relative humidity (RH) used for the study shown in Fig. 8. The
test results inferred that, the increase in RH values, significantly
improved the FCP. The primary reason for increasing in FCPs in
wet air is the hydrogen embrittlement and secondary phase parti-
cles in microstructure facilitated FCP crack initiation [33].

2.6. Measuring techniques used for crack propagation analysis

Measuring techniques used for crack propagation analysis are
as follows:

� Digital Image Correlation (DIC)
� High-Speed Camera Image Sequence Processing
� Silicon-Rubber Replica Method

2.6.1. Digital Image correlation (DIC)
As seen in Fig. 8, a stereo DIC system was utilised to quantify

the 3D displacement of the test sample. Due in large part to its sim-
plicity of use and high resolution of the generated measurements,
digital image correlation (DIC) has developed into a potent full-
field strain mapping measurement tool. Full-field results and scal-
ability are two very exciting new tools that DIC adds to the exper-
imentalist’s toolbox. In particular, this scalability is starting to pay
off in nano- and micro-scale research fields. The full-field measure-
ment of the strain, as opposed to single point measurements at a
gauge location, is of course DIC’s biggest benefit over conventional
strain gauge methods. The advantage is seen in experiments like
these, where the strain field continuously changes during the
experiment as the fracture tip grows. It should be noted that DIC’s
strain resolution falls short of a strain gauge when applied cor-
rectly. Resolution for strain gauges is normally 1–10, whereas it
is typically a few hundred for DIC. The fact that DIC does not expe-
rience the vibration problems that the other widely used full-field
method, electronic speckle pattern interferometry (ESPI) does is a
significant advantage. This decreased resolution is not a concern
for many experiments, including the determination of the failure
of these aluminium specimens, and is balanced by the benefits of
DIC [34].

2.6.2. High-speed camera image sequence processing
The ability to analyze the whole surface of a sample at once

makes it possible to simultaneously observe several cracks, which
is a clear benefit of high-speed, camera-based techniques for iden-
tifying cracks and calculating their crack propagation velocity. Pro-
cessing interactive image sequences is tedious, though. As a result,
automated methods are necessary for the effective processing of
experimental data. Reliable and accurate image processing proce-
dures should also eliminate observer mistakes to improve findings
reproducibility. Although using a high-speed camera requires a sig-
nificant amount of instrumental work, it has the clear benefit of
allowing for non-contact, spatiotemporally resolved data as
opposed to single-point measurements [35].

2.6.3. Silicon-rubber replica method
The silicon rubber replica is one of the methods used to mea-

sure the crack propagation in metals which are subjected to cyclic
loading. The replication process generally entails creating exact
reproductions of a desired region using a variety of rapid drying/
curing or imprint materials. The benefit of this technique is that
it preserves the surface for further inspection once the precise loca-



Fig. 7. (a) FCP rate vs temperature of AZ61 (b) FCP rate vs relative humidity of AZ61 [33].

Fig. 8. Stereo DIC camera arrangement and sample on the MTS test frame [34].
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tion of the major crack is established. This method could detect the
cracks less than 25 lm with a resolution of 0.1 lm and its highly
accurate when compared to destructive analysis. The experiments
take less time to complete since the replicas are applied in a sim-
pler way than other replica technologies (such as acetyl cellulose
film) [36].
3. Conclusions

The corrosion assisted cracking of various metallic materials are
reviewed and it is understood that the crack initiation happens due
to the corrosion phenomena called pitting. Further, the crack
growth takes place with the aid of loading system and environ-
mental conditions. In this regard, the couple load such as temper-
ature and humidity can play a significant role in making the crack
growth behaviour faster. Both stress corrosion cracking and fatigue
load assisted cracking can be influenced by the combined effect of
the environment and the loading systems. The various parameters
involved in the crack propagation can be utilized to develop a
model governing the corrosion assisted cracking of the metallic
alloys. The study also reveals that, under different values of the
loading ratio (R-ratio), it is concluded that the loading ratio signif-
icantly affects the stress intensity factor range DK and the crack
growth rate da=dN. Because many engineering structures are sub-
jected to varying amplitude loads while they are in operation,
which has a significant impact on the fracture propagation rate.
The different measurement of crack propagation rate are measured
accurately recorded using the techniques like Digital Image Corre-
lation (DIC), High-Speed Camera Image Sequence Processing and
Silicone-Rubber replica methods.
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