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The fatigue crack propagation behavior in the overaged Al-Zn-Mg-Cu alloy was characterized by optical
microscopy, scanning electron microscopy, transmission electron microscopy and electron backscatter dif-
fraction. The results revealed that a fatigue crack tended to transgranularly propagate in the near-threshold
regime, whereas intergranular crack propagation was dominant at the high ∆K regime. The transition of
crack propagation from a transgranular to an intergranular path that occurred in the Paris regime was
strongly influenced by the misorientation of adjacent grains and precipitate free zones. In addition, a crys-
tallographic model of crack propagation was proposed to interpret the transition. The fatigue short crack
propagation on a single slip plane was responsible for the formation of a transgranular propagation path in
the near-threshold regime. The fatigue long crack propagation, which was conducted by a duplex slip
mechanism in the Paris regime, led to the formation of fatigue striations. The formation of a zigzag crack
in the near-threshold regime was ascribed to the high misorientation of adjacent grains. 
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1. INTRODUCTION

Al-Zn-Mg-Cu series alloys have been widely used for
structural application in the aerospace industry due to the
combinations of low density, high strength, excellent stress
corrosion cracking resistance and superior fracture tough-
ness [1,2]. With the rapid development of the aerospace
industry, mechanical properties are required to be further
improved to meet the demand of applications, especially
fatigue. Fatigue fracture is believed to be one of the most
dangerous forms of fracture owing to the fact that it occurs
under loads much lower than those required producing fail-
ure by static loading. 

Over the past several decades, studies have been focused
on the research of fatigue crack initiation and crack propaga-
tion behavior in aluminum alloys, by means of optical micros-
copy [3,4], scanning electron microscope [5-7], transmission
electron microscope [8], in situ high-resolution synchrotron
X-ray microtomography [9] and electron backscatter diffrac-
tion [10]. Based on the research by Chan [11], competing
fatigue mechanisms involving crack initiation at persistent

slip bands, grain boundaries, pores and particles, have been
reported to occur at surface sites in the high-cycle fatigue
regime, but they shift to interior sites in the ultrahigh-cycle
fatigue regime. Zheng et al. [7] revealed that cracks initiated
at small pits on the sample surface, second particles such as
the large Fe-bearing particles, and second phase particles/
matrix interface at the early stage of a four-point-bend test in
an AA2524 alloy. 

A fundamental and effective model was well known to
explain the crack propagation behavior proposed by Zhai et
al. [5], and indicated that crack plane tilt and twist occurred
because of a change of crystallographic orientation when the
crack passed through a grain boundary. Apparently, this
model explained that the crack completely crossed the grain
boundary of adjacent grains. Jian et al. [10] investigated the
crystallographic mechanism of long crack propagation in an
overaged 7075 aluminum alloy, in which both intergranular
and transgranular crack propagation were observed. How-
ever, the transition of crack propagation from a transgranular
mode to an intergranular mode was not mentioned. In a
2024-T351 aluminum alloy, Hénaff et al. [12] revealed that
intergranular crack propagation occurred in corrosion fatigue
experiments. It should be noted that the fatigue experiments
were carried out in a saline solution comprised of distilled
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water with a 3.5% NaCl addition, and the crack propaga-
tion behavior was greatly influenced by the corrosive
medium. Additionally, Forsyth [13] described the relation
between short crack propagation and the applied stress
direction by advancing two stages of short crack propaga-
tion. In Stage I the crack grows along the plane of maxi-
mum shear stress, and in Stage II the crack grows on the
plane normal to the direction of maximum principle stress.
Recently, Künkler et al. [14] showed that the transition of
short crack propagation from Stage I to Stage II was
accompanied by a noticeable change from a single slip
mechanism to a multiple slip mechanism. So far, no previ-
ous work has been conducted to report the transition of
crack propagation path for an overaged Al-Zn-Mg-Cu alloy
during cyclic loading. 

In this study, therefore, we analyzed fatigue crack propa-
gation behavior in the overaged Al-Zn-Mg-Cu alloy. The
transition of crack propagation from a transgranular to an
intergranular path is also described in detail. 

2. EXPERIMENTAL PROCEDURES

The received experimental material was an Al-Zn-Mg-Cu
alloy sheet with a 3 mm thickness. Its chemical composi-
tions (in weight percent) are listed in Table 1. The samples
were solution-treated at 470 °C for 1 h, cold water quenched
and immediately given a double-stage ageing treatment
(aged at 125 °C for 3 h and then 170 °C for 10 h in air fur-
nace) after pre-stretching. 

A TecnaiG220 transmission electron microscopy (TEM)
with an operating voltage of 200 kV, together with selected
area electron diffraction (SAED) was used to characterize
the microstructures of the overaged samples. Slices for the
TEM test were cut directly from samples, and subsequently
were ground to 100 µm and punched into a 3 mm disc. The
electrolyte was a mixture of 70% methanol and 30% nitric
acid, and thinning was performed at −25 °C. The tensile
properties were evaluated with a CSS 44100 universal test-
ing machine at room temperature in the long transverse (LT)
direction with a 2 mm/min loading speed using 30 mm
gauge length specimens. 

A fatigue crack propagation (FCP) test was performed
on compact tension (CT) specimens taken from the strips
in the L-T orientation with a size of 45.6 mm × 38
mm × 3 mm (L×W×B) to obtain the FCP rates. FCP tests
were conducted at a stress ratio (R=Kmin/Kmax) of 0.1 with
a sine-wave loading frequency of 10 Hz on an MTS810

machine at room temperature in a laboratory air environ-
ment. The CT specimen geometry of the crack propaga-
tion is shown in Fig. 1. The fatigue fracture surfaces were
analyzed by a FEI Quanta 200 scanning electron micro-
scope (SEM) with an operating voltage of 15 kV. The
fracture surfaces were rinsed by acetone prior to the SEM
observations. 

Fatigued samples were unloaded in the near-threshold
regime, Paris regime and high ∆K regime, respectively, to
detect the crack propagation paths and the misorientation
distributions of grains along the fatigue crack by the elec-
tron backscatter diffraction (EBSD) method. The prepara-
tion of samples for EBSD studies consisted of conventional
mechanical grinding followed by electropolishing which
was carried out on DC stabilized power supply. The sam-
ples were electropolished in a solution consisting of 10%
perchloric acid and 90% ethanol at 18-23 V for 10-20 s.
EBSD measurements were performed on a Sirion 200 field
emission gun scanning electron microscope with an accel-
erating voltage of 20 kV. Moreover, the corresponding
optical metallographic examination and SEM observation
of the EBSD samples were also carried out to reveal the
crack propagation paths. 

Table 1. Chemical compositions of the studied Al-Zn-Mg-Cu alloy
(in wt%)

Alloy Zn Mg Cu Cr Mn Ti Fe Si Al
Al-Zn-Mg-Cu alloy 5.50 2.30 1.50 0.21 0.04 0.03 0.03 0.03 Balance

Fig. 1. Compact tension specimen geometry of the fatigue crack prop-
agation studies (mm). 



Transition of Crack Propagation from a Transgranular to an Intergranular Path in an Overaged Al-Zn-Mg-Cu Alloy 199

3. RESULTS

3.1. Microstructures and properties 
The typical microstructures of the overaged Al-Zn-Mg-Cu

alloy are characterized in Fig. 2, and the corresponding room
temperature tensile properties of the alloy are given in Table
2. The precipitates were distributed homogeneously in the
aluminum matrix, as shown in Fig. 2(a). The selected area
diffraction patterns (SADPs) in <001>Al projection are
shown in Fig. 2(b) and indicate the notable presence of
strong diffraction spots at 1/3 and 2/3 {220}Al associated
with the formation of η' precipitates. The SADPs failed to
reveal any particles that could be identified as GP zones,
since GP zones tend to form at the early stages of ageing.
Therefore, it is unlikely that there would be any at any later
stage. Corresponding SADPs in Fig. 2(b) also do not reveal
spots consistent with η phase, so it is reasonable to conclude
that η' precipitates are the dominant precipitates in the over-
aged alloy. Fig. 2(c) shows that grain boundaries are deco-
rated intermittently by equilibrium η precipitates. This is to
be expected in general because the velocity of solute diffu-
sivity is greater at grain boundaries than that in grain interi-
ors, which allows more rapid growth of precipitates. The
formation of grain boundary precipitates (GBPs) leads to the
depletion of solute atoms and vacancies near the grain
boundary and consequent formation of precipitate free zones
(PFZs). 

The variation of the crack propagation rate (da/dN) with a
stress intensity factor range (∆K) of the overaged Al-Zn-Mg-
Cu alloy at R=0.1 and 10 Hz is revealed in Fig. 3, which sug-
gest that the intermediate ∆K regime, known as the Paris
regime, exhibits a linear variation of log da/dN with log ∆K. 

3.2. Short crack propagation 
It is generally accepted that fatigue crack initiation and

crack propagation in the near-threshold regime are micro-

structure-sensitive [15]. To better understand the detail of
short crack propagation, the misorientation distributions of
grains near the fatigue crack were measured by an EBSD
analysis accessory and the corresponding optical microstruc-
ture observation of the same crack was also carried out, as
shown in Fig. 4. With continuing cyclic loading, the crack
initiated on the surface layer starts to propagate into adjacent
grains. In this work, the short crack presents a transgranular
extension coupled with propagation in the straight-line path
when the crack passes through grains A, B and C sequen-
tially, as shown in Fig. 4(a). However, fatigue crack begins
to deflect when it reaches the grain boundary between grain
C and grain D, and similar crack deflection is also observed
between grain D and grain E. The difference in color in Fig.

Fig. 2. Transmission electron micrograph of precipitates (a) and corre-
sponding selected area diffraction patterns in <001>Al projection (b)
coupled with the micrograph of grain boundary (c). 

Table 2. Tensile properties of the overaged Al-Zn-Mg-Cu alloy at 
room temperature

Ultimate Strength (MPa) Yield Strength (MPa) Elongation (%)
498 430 12.1

Fig. 3. Fatigue crack propagation rates (da/dN) as a function of the
stress intensity factor range (∆K) of the overaged Al-Zn-Mg-Cu alloy.

Fig. 4. Optical micrograph (a) and corresponding misorientation dis-
tributions (b,c) of the short crack propagation in the near-threshold
regime at a ∆K of 4.8 MPa·m1/2 (crack propagation from left to right). 
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4(b) and (c) is responsible for the different misorientations of
adjacent grains, in other words, a smaller difference in color
indicates a smaller difference in misorientation. 

To calculate the misorientations of adjacent grains, the
Euler angles of the grains marked B, C, D and E were mea-
sured by EBSD, and the misorientation axes and misorienta-
tion angles are shown in Table 3. As can be seen, there are
dramatic differences in misorientation angles in those grains.
Compared with the misorientation angle between grain B
and grain C, the misorientation angles between grain E/C
and grain D are much higher, reaching 49.7 ° and 55.0 °,
respectively, while the difference between grain C and grain
E is very small, only 7.2 °. Thus, a zigzag crack path forms
when the crack passes through grain D, as shown in Figs.
4(a) and (c), due to the great differences in misorientation
angles of adjacent grains. At low ∆K values, crack propaga-
tion occurs predominantly by single shear in the direction of
the primary slip system [14]. Precipitates act as the main bar-
rier against slip and a corresponding stress concentration at
the crack tip is released on the slip plane. Therefore, the
effect of PFZs on crack propagation is not obvious in this
stage. 

3.3. Transition of crack propagation path 
The transition from the near-threshold regime to the Paris

regime of fatigue crack propagation is also accompanied by
a noticeable change from short crack to long crack. The mor-
phology of the long crack in the Paris regime is shown in
Fig. 5. Figure 5(a) exhibits the misorientation distributions
of grains in the Paris regime, which indicates that transgran-
ular crack propagation is dominant. Moreover, a SEM obser-
vation of the corresponding long crack was also carried out
in order to identify the crack clearly, as shown in Fig. 5(b).
Well-defined fatigue striations on the fatigue fracture surface
in the Paris regime are illustrated in Fig. 6, and two kinds of
grain boundary morphology are observed in Fig. 6(a). The
grain boundaries in Fig. 6(a) are highlighted by a blue
dashed line, and many tearing grain boundaries are clearly
found as arrowed. High-magnification images of the fracture
surface shown in Figs. 6(b) and (c) illustrate the characteristics
of fatigue striations and grain boundary morphology. The
grain boundaries are marked by a dashed line rectangle in
Figs. 6(b) and (c). 

In Fig. 6(b), cavities form on grain boundary marked by
circles owing to the desquamation of GBPs. The fracture
surfaces in adjacent grains are shown in Fig. 6(b), suggesting
that the cracks in both grains propagate along the same crack
plane. The crack is found to propagate vertically along the
grain boundary. As a result, the crack propagation path is
completely transgranular crack propagation. Different from
Fig. 6(b), Fig. 6(c) reveals a discrepancy in the crack propa-
gation plane on adjacent grains. Commonly, a crack propa-
gates along a certain slip plane within each grain until the

Table 3. Misorientation angles and axes of adjacent grains near 
short crack

Adjacent 
grains

Misorientation 
angle (°) Misorientation axis

B-C 29.5 0.732144 -0.083657 0.675993
C-D 55.0 0.685586 0.007661 -0.727951
D-E 49.7 0.749284 -0.016089 -0.662054
C-E 7.2 -0.184721 -0.430731 0.883381

Fig. 5. Transgranular crack propagation is dominant in the Pairs
regime at a ∆K of 10 MPa·m1/2 (crack propagation from left to right),
(a) misorientation distributions of grains, and (b) SEM observation. 

Fig. 6. Fatigue striations and crack propagation planes in adjacent
grains in the Paris regime at a ∆K of 10 MPa·m1/2, (a) low magnifica-
tion images, and (b, c) high magnification images. 
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crack impinges on the grain boundary [5,16]. Due to the dif-
ference in misorientation of adjacent grains, the crack prop-
agates along different crack planes in each grain as arrowed
in Fig. 6(c). As the cracks propagate, a coalescence of crack
planes occurs eventually on the grain boundary arising from
the presence of PFZs and GBPs. Therefore, the crack propa-
gation path in Fig. 6(c) can be described as partial intergran-
ular crack propagation. Furthermore, fatigue fracture steps
on the tearing grain boundary and secondary cracks marked
by ellipse near the tearing grain boundary are also observed
in Fig. 6(c), indicating the grain boundary is subjected to
high stress during cyclic loading at higher ∆K levels. 

Figure 7 shows evidence of intergranular crack propaga-
tion and transgranular crack branching at high ∆K levels just
prior to fatigue fracture. Crack branching is recognized as an
acceptable method of retarding crack propagation, since it
results in lowering the effective stress intensity and propaga-
tion energy at the crack tip. Although the crack branching
propagates vertically to the loading direction in Fig. 7, the
main crack still tends to propagate along the grain boundary
(as marked by ellipse) because the strength of the grain
boundary is much weaker than that of the matrix. At high
∆K levels approaching fast fatigue fracture, the crack propa-
gates at an even faster rate, as can be seen in Fig. 3, and the
retardation of the FCP rate caused by crack branching can be
ignored. Accordingly, despite the presence of crack branching,
intergranular crack propagation is predominant at the high
∆K regime. 

4. DISCUSSION

According to the studies of Forsyth and Künkler et al.
[13,14], fatigue crack propagates by different mechanisms at
various stages of their evolution. Cracks initiated on active
slip bands are referred to as Stage I cracks associated with a

single slip mechanism. The crack propagation on a single
slip plane is responsible for the formation of a transgranular
propagation path. Those mechanisms are well proved in Fig. 4.
With further increase in crack length, the crack can be called
a “microstructurally short crack”. Figure 8 shows the rela-
tionship between misorientation and the short crack propa-
gation plane, which indicates zigzag crack forms. In light of
the small misorientation between grain B and grain C, as
shown in Table 3, there is nearly no change for the crack
propagation plane when the crack passes through grains B
and C. While the crack impinges on the grain boundary of
grain D, deflection occurs because of the high misorientation
between grain C and grain D, and the crack propagation
plane changes as a consequence. The grain boundary is one
of the major barriers to FCP, especially to short crack propa-
gation. The change of crystallographic orientation through a
grain boundary results in crack plane deflection [5]. As a result,
the transgranular short crack propagation path is greatly
influenced by misorientation and the single slip mechanism,
whereas the influence of PFZs is limited in this stage. 

As Stage I cracks grow larger, they alter the crack path per-
pendicular to the stress axis, eventually becoming Stage II
cracks. Stage II crack propagation, which is conducted by a
duplex slip mechanism in the Paris regime, leads to the for-
mation of fatigue striations. As a conceptual models, the
Laird model was proposed to explain the growth of stage II
cracks and the formation of fatigue striations [17,18].
According to the Laird model, if a grain is loaded along the
<100> direction, two {111} planes are symmetrically loaded
about the crack plane. Considering that coarse η' precipitates
in the overaged alloy are not shearable in nature [19,20], dis-
location motion in the slip plane would be impeded. The
occurrence of the impeding motion on the primary slip plane
leads to alternating shear on another slip plane. Moreover,
the irreversibility of cyclic slip causes crack propagation in a
planar fashion along the line of the intersection of two slip

Fig. 7. Intergranular crack propagation and crack branching at the
high ∆K (14.9 MPa·m1/2) regime, (a) misorientation distributions of
grains, and (b) SEM observation. 

Fig. 8. Schematic illustration of the relationship between misorienta-
tion and the crack propagation plane at a ∆K of 4.8 MPa·m1/2 (crack
propagation from grain B to grain E). 
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planes and the formation of fatigue striations on the crack
fracture surface. The resulting crack propagation direction is
nearly vertical to the intersection line of the two slip planes.
Similar phenomena have been observed in the 7075-T6 alloy
[16] and 7150-T651 alloy [21], where the crack was found to
propagate on {100} planes in the <011> direction. We can
deduce, therefore, that crack propagation in the Paris regime
is also related to the grain orientation. 

In order to fully understand the transition from transgranu-
lar to intergranular crack propagation, a crystallographic
model is proposed in Fig. 9. One crystallographic parameter
of the grain boundary, the tilt angle (θ), is used to account for
the intergranular crack propagation path. The tilt angle is the
angle between the traces (oa and ob in Fig. 9) of two favored
crack planes on the grain boundary plane. Apparently, the
magnitude of the θ value represents the extent of intergranu-
lar crack propagation on the fatigue fracture surface. θ can
be expressed by the following equation, 

(1)

where [E], [N1] and [N2] are the unit vectors of the grain
boundary plane normal and the normal of two crack planes
in the adjacent grains, respectively. Based on the analysis
mentioned above, therefore, the difference in misorienta-
tion of adjacent grains strongly influences the magnitude of
the θ value. When the misorientation is small, the trans-
granular crack propagation path forms as shown in Fig. 6(b).
Moreover, the high misorientation results in the intergranu-
lar crack propagation as shown in Fig. 6(c). It should be
noted that the misorientation is difficult to be identified in
practice and this make an exact calculation of the θ value
impossible. In addition, at high ∆K levels the sensitivity of
crack propagation to microstructure is also very pro-
nounced. In an earlier paper, Xue et al. [22] revealed that
the distance of fatigue striations changed when the crack
passed through the grain boundary in the 7075-T651 alloy
without the occurrence of PFZs. Although the grain bound-
ary acts as a barrier of crack propagation, the transgranular

crack propagation mode is not changed, just as in the mor-
phology shown in Fig. 6(b). In the case of the overaged
alloy in this investigation, when well-defined slip bands
impinge on the grain boundary, local stress concentrations
are generated from the progressive pileup of dislocations at
the end of the slip bands. PFZs will be the preferential site
of plastic deformation because of the depletion of solute
atoms in the grain boundary area, which offers less resis-
tance to deformation than the matrix reinforced by precipi-
tates. Hence, the local stress concentrations promote the
FCP at the grain boundary rather than that in the grain inte-
rior. In addition, grain boundaries are particularly effective
nucleation sites for equilibrium η precipitates. The response of
the GBPs to cyclic deformation results in the easy nucle-
ation of cavities on the interface of GBPs, followed by pro-
gressive growth of the cavities with continued deformation
and giving rise to their coalescence to form a crack. There-
fore, the intergranular crack propagation is aggravated by
the presence of GBPs. In conclusion, the transition from
transgranular to intergranular crack propagation depends
on both the misorientation of adjacent grains and PFZs. 

Intergranular crack propagation is also observed in other
aluminum alloys. Based on the research on the 2650-T6
alloy [12], the percentage of intergranular crack propagation
facets is high in creep-fatigue crack propagation experi-
ments, which was performed at 175 °C with a loading fre-
quency of 0.05 Hz. Fracture surfaces also exhibit significant
amounts of intergranular cavity coalescence. Grain bound-
aries seem to constitute a preferential crack path due to the
high concentration of vacancies along these grain boundaries.
Therefore, the intergranular cavity coalescence induced by
vacancy diffusion control the crack propagation during the
creep-fatigue process. 

5. CONCLUSIONS

Our study revealed that in the overaged Al-Zn-Mg-Cu
alloy, a fatigue crack tends to transgranularly propagate in
the near-threshold regime, whereas intergranular crack prop-
agation is dominant at the high ∆K regime. The transition of
crack propagation from the transgranular to the intergranular
path that occurred in the Paris regime is strongly influenced
by the misorientation of adjacent grains and PFZs. More-
over, the formation of a zigzag crack in the near-threshold
regime is ascribed to the high misorientation of adjacent
grains. 
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