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a b s t r a c t

A modified Trantina–Johnson model was developed to characterize corrosion fatigue crack growth beha-
vior. Crack growth accumulative methodology based on the Willenborg–Chang rule was used to evaluate
the residual lifetimes of corrosion fatigue crack growth. Fatigue crack growth tests were performed on
2524-T3 and 7050-T7451 aluminum alloys subjected to constant amplitude and random spectra loading
under the environments of dry air and 3.5% NaCl sodium chloride solution, and the load–environment
interaction and load interaction mechanisms were deduced from fractographic analysis. The developed
models showed good correlation with experimental results.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Corrosion damage arising from pitting, exfoliation, and inter-
granular attack, etc. leads to crack initiation in metallic structures.
Such a problem is often found on aging aircraft structural compo-
nents subjected to corrosion due to environmental exposure. For
instance, pitting corrosion [1–3] has been found on the surface or
hidden within the fuselage joints of teardown aircraft. Pitting cor-
rosion is a form of corrosion where the electrochemical attack on a
metal surface is localized, with the extremes of corrosion occurring
at relatively few sites on a surface. As a result, multiple cracks
[4–6] initiated by corrosion pits reduce the residual strength and
fatigue life of an aircraft structure due to the interactions between
adjacent cracks. As increasing numbers of aircraft reach or exceed
their design life, it is becoming important to study the effect of cor-
rosion damage during the design prediction stage for failure limits
and reliability assessments of aircraft structures.

Previous research has shown that corrosion has significant
adverse effects on fatigue strength [7–11], pit-to-crack transition
behavior [1,2,4,6,12,13], crack propagation resistance [14–21]
and fatigue life [3,5,22–26] of metallic materials, particularly, alu-
minum alloy. The reason for this is that it is easier for fatigue
cracks to initiate and propagate from corrosion pits on a surface
of material subjected to corrosion than the ones in dry air. A

significant body of research exists covering new quantitative mod-
els for depicting corrosion pit growth [26–28], pit-to-crack transi-
tion [3,6,24] and crack propagation laws [16,17,19,20,29].
Algorithms for corrosion fatigue lives by the superposition of
corrosion-induced crack growth and mechanical fatigue crack
growth based on linear elastic fracture mechanics (LEFM) are also
covered in several works [3,5,24–26].

Corrosion and fatigue damage can occur simultaneously and the
synergistic effects of corrosion and fatigue damage are much more
severe than each one occurring on its own during crack initiation
and growth [19,22]. Moreover, many metallic alloy structures in
aging airframes undergo variable amplitude rather than constant
amplitude loading histories in a corrosive environment
[18,22,30]. The effects of load interaction and load–environment
interaction have an appreciable influence on corrosion fatigue life-
times. Therefore, it is important for engineering design of metallic
alloys airframes to fully understand the synergistic effects of corro-
sion and fatigue damage and the effects of load interaction and
load–environment interaction. It is desirable to have analytical
techniques to assess the above effects on the residual lifetimes of
corrosion fatigue crack growth for the metallic alloy components,
and to establish appropriate inspection intervals to identify and
alleviate corrosion fatigue damage.

This paper seeks to develop an appropriate methodology to
assess the residual life of corrosion fatigue crack growth for metal-
lic alloys. The underpinning work comprises six features: (1) a
modified Trantina–Johnson model is developed to characterize
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corrosion fatigue crack growth behavior by considering the effects
of stress ratio and crack growth threshold; (2) from the Willen-
borg–Chang rule, a cumulative damage methodology is developed
to evaluate residual lives of corrosion fatigue crack growth for
metallic alloys by accounting for the effect of load interaction;
(3) fatigue crack growth tests are performed on 2524-T3 and
7050-T7451 aluminum alloys subjected to constant amplitude
loading at three stress ratios of 0.06, 0.3 and 0.5 under the environ-
ments of dry air and 3.5% NaCl sodium chloride solution to
respectively determine the pure and corrosion fatigue crack
growth rate behaviors; (4) fatigue crack growth tests are carried
out on 2524-T3 and 7050-T7451 aluminum alloys subjected to
actual spectra loading at three reference stress levels of 109 MPa,
91 MPa and 68 MPa under the environments of dry air and 3.5%
NaCl solution to separately model the pure and corrosion fatigue
crack growth lives; (5) the load–environment interaction and load
interaction mechanisms are deduced from fractographic analysis;
(6) applications of the modified models show good correlation
with experimental results.

2. Modified model for corrosion fatigue crack growth behavior

Fatigue cracks generally appear at few sites adjacent to large
inclusions (resulting from high stresses, surface roughness, fret-
ting, corrosion, etc.) on a surface of metal material. Fatigue crack
growth on a macroscopic level is dependent on the material prop-
erties, the material thickness and the orientation of the crack rela-
tive to principal material directions. Furthermore, fatigue crack
growth also depends on the cyclic stress amplitude, the mean
stress and the loading environment. Fatigue crack growth rate,
denoted da/dN, has become an important material property to
characterize fatigue crack propagation for constant amplitude
loading. Generally, fatigue crack growth rate is presented as a func-
tion of the stress intensity factor range DK for different stress ratios
R, the material thicknesses and the different environments. Various
deterministic fatigue crack growth rate functions have been pro-
posed in the literature. Some crack growth rate functions, such as
Paris–Erdogan, Trantina–Johnson, Walker, Forman, and general-
ized Forman models, are commonly used as follows:

Paris–Erdogan model [31]:

da
dN

¼ CðDKÞm ð1Þ

Trantina–Johnson model [32]:

da
dN

¼ CðDK � DKthÞm ð2Þ

Walker model [33]:

da
dN

¼ CðDKÞm1 ð1� RÞm2 ð3Þ

Forman model [34]:

da
dN

¼ C
ðDKÞm

ð1� RÞKC � DK
ð4Þ

Generalized Forman model [35]:

da
dN

¼ C
1� f 0
1� R

� �
DK

� �m1 1� DKth
DK

� �m2

1� DK
ð1�RÞKC

h im3
ð5Þ

where a is the crack size or length. da/dN is the crack growth per
stress cycle. DK is the stress intensity factor range. R is the stress
ratio. C; m; m1; m2 and m3 are the material constants. DKth is the
crack growth threshold. KC is the plane stress fracture toughness
of material dependent on the thickness of structures, but for a gen-
eral thickness about 1.0–2.5 mm of thin plate, KC is approximated to
be dependent only on the material. f 0 is the fatigue crack opening
function.

By re-examining the above models, it is understood that [36]
the Paris model (1) is valid only for expressing the stable or linear
crack growth rate region at a specific stress ratio. As crack growth
rates were developed for a wider range of rates, it was recognized
that the linear relation (in a log–log scale) represented by Eq. (1)
could not describe the crack growth rate for all possible stress
intensity ranges. The Trantina–Johnson equation (2), a slight mod-
ification to the Paris formulation and one that accounts for crack
growth threshold effects was presented to depict the near thresh-
old region and the stable or linear crack growth rate region. How-
ever, the Paris and the Trantina–Johnson models are apt for
representing fatigue crack growth rate behaviors only at a specific
stress ratio. Conversely, there are a large number of stress cycles
with different stress ratio in an actual load history. Therefore, it
is essential to have the model suited for different stress ratio. A
slight modification to the Paris formulation or the Walker model
(3) was developed to characterize the stable or linear crack growth
rate region for different stress ratio by accounting for stress ratio
effect, but is not valid for describing the near threshold region.
Moreover, the Forman model (4) was proposed to express the
stable or linear crack growth rate region and the unstable crack
growth region for different stress ratio, but could not depict the
near threshold region. In order to cover the full range of fatigue
crack growth rate for different stress ratio, the generalized Forman
model (5) with four parameters was presented by considering the

Nomenclature

a crack size or length
a0 initial artificial prefabricated crack
B thickness of specimen
C material constant
da/dN crack growth per stress cycle
f 0 fatigue crack opening function
K stress intensity factor
KC plane stress fracture toughness of material
ðKmaxÞeff effective spectrum peak stress intensity factor
ðKmaxÞth spectrum peak stress intensity factor threshold
ðKmaxÞOL spectrum peak stress intensity factor corresponding to

overload stress cycles
m material constant
m1 material constant

m2 material constant
m3 material constant
N number of stress cycle
r overload shut-off ratio
R stress ratio
Reff effective stress ratio
W width of specimen
ZOL size of overload retardation zone
Da crack growth size
Da0 incremental growth following the overload
DK stress intensity factor range
DKth crack growth threshold
DP load range
rb tensile ultimate strength
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