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Abstract

The microscopic morphology of fatigue crack initiation and propagation behavior was
investigated for B93mu high strength aluminum using optical microscopy, scanning electron
microscopy and transmission electron microscopy. The results show that, the fatigue micro-crack
generally initiates on the surface from broken coarse particle, interface between particle and
matrix and grain boundary. The micro-crack initiation has the characteristics of randomness and
diversity and the main crack is generally formed on the surface of the specimen. Fatigue crack
propagation path may deviate from the direction with the max loading and appear in the form of
deflection, fork, convergences and bridge connectivity. This can be attributed to the influence of
microstructural characteristics, which also affect the fatigue crack propagation direction and
growth rate.

Key words: high strength aluminum alloy; crack propagation; crack deflection; bridge

connectivity

1. Introduction
B93mu high strength aluminum alloy in this study can match with the 7075 (United States),
widely applied in aerospace, military, transportation and other fields due to the characteristics of

low density, high strength and hardness and good processability, which has become one of the
1



most important structure materials in these fields [1-2].

As a typical high strength forging aluminum alloy, B934 alloy composition do not contain

Mn, Cr, Zr and other similar elements causing extrusion effect, because of this, its performance is

highly uniform in all directions and the quenching strength loss is insignificant. At the same time,

in order to improve the mechanical properties and corrosion resistance of the alloy, the content of

Fe is generally controlled at about 0.2%, while the content of Si is controlled below 0.2%.

Anti-fatigue performance is increasingly required as structural components are generally

subjected to fatigue cyclic loadings. For B93mu alloy, its fatigue behaviour and the underpinning

micromechanism such as crack initiation and propagation have become the research focus recently

[3-5]. In recent decades, great progress has been achieved in understanding of the high cycle

fatigue behavior of high strength aluminum alloys [6-7], and micro-crack initiation and

propagation mechanisms [8-9]. Application of fracture mechanic in crack propagation

characteristics [10] has been regarded as another advantage. The effect of micro texture on short

fatigue crack growth in high strength aluminum alloy Al-Li8090 and AA 2026 were studied by

Zhai et al. [11] and the key factor of controlling short fatigue crack growth was the crack plane

torsion and the inclination angle at the grain boundary. A larger torsion angle provided increased

crack growth resistance at grain boundaries. The Al-Zn-Mg-Cu alloy fatigue crack propagation

under different pre tension conditions were studied by Kassim S.Al-Rubaie et al. [12] It was found

that the fracture toughness of the alloy decreased by increasing the pre tension times. The fatigue

damage micromechanism of 7075-T651 aluminum alloy rolling plate were studied by Y.Xue et al.

[13]

In order to explore the effect mechanism of grain, grain boundary, grain orientation and other



microstructures on fatigue crack initiation and propagation behavior, the microstructure evolution
of the alloy under the cyclic loading condition with different times was systematically studied in

this paper.

2. Experimental materials and methods

B93mu high strength aluminum alloy forging was used as the test material, the chemical
composition (mass fraction, %) is Zn6.5-7.3Mg1.6-2.2Cu0.8-1.2Fe0.2-0.4Si<<0.2, Al margin. The
alloy forging was quenched and cooled after heat preservation at 470°C for 60 minute, 2%pre
stretch was carried out to release the quenching residual stress, and then 115 ‘C/8h+165°C/16h
double stage aging treatment was carried out .

Fatigue loading testing was conducted at room temperature with a MTS810 fatigue testing
machine and the maximum load was 300Mpa with sine-wave loading way of 10Hz and a stress
ratio of R=0.1. Fatigue testing specimen was machined from an 8mm thickness plate of B93mu
aluminum alloy according to 26077-2010 GB/T standard and the specific size and processing
schematic diagram was shown in Fig. 1.

The intermediate parallel section of the specimen was treated with water polishing firstly, the
fatigue loading with different cyclic times was carried out after corroding with 2mL HF, 3mL
HCL,5mL HNO3,190mL H,O mixed acid, and then the metallographic microstructure observation
was carried out after unloading. The specimen was unloaded after 1x10%, 1x10° 1x10* times
fatigue cyclic loading, respectively. The specimen from the intermediate deformation area was
further grinded, two jet tinning, perforated, then carrying on the transmission microstructure
observation. The scanning morphology of crack propagation with different cyclic times was

observed by using the loading-unloading observation-loading-unloading observation forms, and
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carrying on the process until the specimen fractured. Considering the maximum range of SEM
equipment lofting platform, fatigue specimen of SEM observation were machined into special
geometry based on GB/T 26077-2010 standard and the specimen plate thickness is 3mm, the

specimen length is 60mm.

3. Results and discussion

The metallographic microstructures under cyclic loadings with different durations are shown
in Fig. 2. It can be seen that the amount of slip lines increases and the distance between the slip
lines also increases with the increase of cycles times N. The slippage appear in only a few grains
(Fig. 2a) after 1x10° times cycles, the number and distance of slip lines increase and the degree of
slip is deeper after 5x10° times cycles (Fig. 2b). It also can be observed that slip bands can be
observed only in the local region of high stress or strain. Slippage occurs only within a single
grain, and the slip lines direction of the adjacent grains is not consistent, this is caused by the
different orientation of the individual grain.

Slip bands extrusion and concave can be observed on the grain boundaries of specimen
surface (Fig.2c-d) by increasing cyclic loading times. For a weaker grain boundaries strength, the
stress required to grow the crack through the grain boundaries is much lower than that through the
slip bands in the grains. As a result, fatigue crack initiates more easily from the grain boundaries
(Fig. 2e-f).

The SEM morphology on fatigue specimen surface after cyclic loading is shown in Fig. 3.
The micro-crack initiates in the middle disconnection of the particles (including the broken
particle produced during processing), particle and matrix interface, grain boundary, etc. and

further propagated to be the main crack by competing in the subsequent cyclic loading process.
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Further analysis of broken particles by EDS indicates the coarse bulk phase is mainly Alg (CuFe) ,
as shown in Fig. 3e. Due to the poor compatibility between the coarse particles and the
surrounding matrix, it is easy for crack to initiate at the interface.

The dislocation evolution of alloy fatigue specimen with different cyclic loading times under
the transmission electron microscope was investigated, as shown in Fig. 4. All images were taken
from Al (100) crystal plane. The corresponding plane electron diffraction is shown in the insert.

In Fig. 4, with the increase of cyclic loading times N, the number and density of the
dislocation lines are increased gradually and the slip direction of the dislocation line is roughly the
same as that of the cyclic loading stress (as the arrows show in Fig. 4). At the beginning of the
cyclic loading, the dislocation density is relatively low and a small amount of dislocation bands
can be randomly observed, with a large interdistance, Fig. 4a-b. With the increase of cycles, the
dislocations are converged to bundles and dislocation bands are formed in the favorable
dislocation slip directions. A small amount of random dislocations are distributed among the
dislocation bands. In addition, some cross dislocations can be observed, as a result of the multiple
slip systems, as shown in Fig. 4c-d. With the cycles of 1x10% the dislocation bands are more
significant and the distance between the dislocation bands is further reduced, but the dislocation
density of the dislocation bands are increased rapidly, as shown in Fig.4e-f. At the same time,
network-like dislocation lines are formed along a number of favorable directions.

It is possible for dislocations to encounter with fine precipitates or grain boundaries.
Consequently, slippage is blocked and aggregated, thus leading to piling up in the vicinity of the
sediments or grain boundaries. The location where a large number of dislocations aggregate may

become the initiation sites for fatigue cracks, as shown in Fig. 5.



It is found that the fatigue crack generally starts on the specimen surface from different
initiators and the main crack is a result of the competition among them. As shown in Fig.6, the
main crack grows from the crack initiator Il and the propagation from crack I is suppressed.

In general, the main crack propagates along the direction perpendicular to the loading. Due to
the influence of grain boundaries, coarse impurity phase and crystalline planes, crack propagation

can occur along different directions, following the path with the lowest resistance, as shown in Fig.

The local area at the crack tip (Fig. 6b) was further examined at a higher magnification, Fig.
7. The fatigue crack is deflected several times, and some deflection angles are close to 90 degrees.
When the crack propagates to next grain interface, if the misorientation between the two adjacent
is very large, the propagation of the effective slip surface into the next grain becomes difficult, and
the crack will tend to move along the grain boundary and continue to move forward. Crystal, due
to the face centered cubic structure of aluminum alloy, the primary slip system is {111}<110>, 12
equivalent (111) faces, when cracks propagate along a plurality of mutually non parallel {111}
surfaces in the grain, cracks propagate along the sliding surface which is most beneficial to the
propagation, and thus the deflection degree is different.

After 5x10° times cyclic loading, the crack growth rate is faster and faster and the crack
opening degree is greater. The plastic deformation zone of the crack tip is very obvious due to the
stress concentration, as the dotted circle shows in Fig. 8a. But also some branching cracks can be
observed, which further illustrates fatigue cracks can select path arbitrarily in propagation process,
but only the easiest propagation direction eventually become the main crack path selection, as the

black arrow referred to in Fig. 8a.



The observation of plastic zone at the crack tip suggests the fatigue crack should propagate

along the right obliquely downward direction. In contrast, instead of propagating along the

direction anticipated, it shifts and merges with micro-crack after 500N loading, which indicates

that the tiny secondary crack at the crack tip tiny plays a role in bridging connectivity in

coalescence process with the main crack, thereby speeding up the main crack propagation process.

Also we can find, after 500N cyclic loadings, the main crack continues to propagate and bridge

with the micro-crack ahead, but previous some cracks bifurcate or other micro cracks are inhibited,

not further propagate, as dotted circles maker in Fig.8b.

The interactive relationship morphology between fatigue crack and the coarse particles in the

propagation process is shown in Fig. 9a. It can be found from EDS analysis results in Fig. 9b,

these coarse residual phase are mainly T phase (AlZnMgCu).When the crack pass by the position

of the residual phase particles, as residual phase particles are relatively hard, cracks cannot

penetrate particles, only propagating forward along the particles and matrix debonding interface

position, forming propagation morphology of crack round the residual phase particles. At the same

time, residual phase particles are used as the link points in the course of fatigue crack propagation,

functioning bridge, changing crack propagation direction and increasing the fatigue crack

propagation rate, as the white arrow shown in Fig. 9a.

As is shown in Fig. 3, many small cracks appear in the early stage of fatigue cyclic loading ,

although these cracks have not formed the main crack and propagated forward, these cracks may

confluence and bridge with the main crack in the subsequent sustained loading process, thus

greatly accelerating cracks propagation rate. It can be found by contrasting with Fig. 3d, the fine

crack has been formed and been in the main direction of the main crack propagation path after



1x10* times cyclic loading, as the black arrow shows in Fig. 9. When the cyclic times reach
1x10° times, the main crack propagates forward to this position, in order to select the propagation
path which is more conducive to fatigue crack propagation, the main crack even appear two
vertical deflection, so that it is convenient to join with the fine crack, which accelerates the fatigue
crack propagation process, as white dotted box shows in Fig. 9.

Fig. 10 shows the scanning morphology observation results for alloy fatigue specimen after
2x10° times cyclic loading. From the figure we can find that when cracks propagation encounter
grain boundaries, debonding pits, broken particles, fine cracks initiating on these positions may
sink into the ring, namely cracks may not pass through the grain inside ,but confluence with these
fine cracks divided into multi path propagation along the grain boundaries and other interfaces,
then synthesized one to continue to propagate forward. These grain boundaries, pits and broken
particles play a significant bridging role in the path of crack propagation, which greatly accelerate
the fatigue crack growth rate.

If the micro misorientation in adjacent intercrystallineis is insignificant, the effective slip
surface of the front grain is easier for crack propagation, then the fatigue crack will choose to
cross the grain boundaries and move forward to propagate in the next grain. The white dotted line
in Fig. 9 is further amplified and observed, and the micro morphology at crack tip is obtained in
Fig. 11. We can see that when the crack propagates along the boundaries to a three fork grain
boundaries, the crack can choose to propagate along with the two grain boundary interfaces of the
next grain, also can be selected to propagate in the grain inner. Crack propagation path deflect
large angle (about 120 degrees) due to the poor strain compatibility around the grain boundaries,

which will reduce the effective driving force of crack propagation, the propagation will be blocked



by a large degree. And if the micro misorientations in adjacent intercrystallineis is insignificant,
the effective slip system of the next grain required start energy is very low, then crack can easily
enter a grain forward transgranular propagation, which need to deflect at a very small angle as
shown in Fig. 11b.

The fracture morphology of fatigue specimen after about 3x10° times cyclic loading is shown
in Fig. 12. The deflection, bifurcation and large angle deflection of fatigue crack in the propagated
path selection can be observed in Fig. 12.

A lot of fine cliffs are shown in the fracture surface in the early stage of crack propagation
which is arranged in parallel to crack propagation direction. At high magnification, ladder
appearance pattern in the grain interior is formed in the tiny cliffs, which indicating that the crack
tip in the crack propagation process has lateral deflection slip (Fig. 12a-b). Fig. 12c shows the
morphology observation results of the fatigue crack’s stable propagation period of the specimen
fracture surface. The white arrow shows the direction of fatigue crack propagation. It can be seen
from the figure, fatigue striation spacing are different on both sides of the grain boundaries and the
directions are not consistent, which indicates that the fatigue crack propagation path deflection
occurs at the crossing of the grain boundaries, and the propagation rate is also different in the
adjacent two grains. When cracks growth passes through the grain boundaries, the grain
boundaries may accelerate or delay the crack propagation. This is because there is a certain angle
between the effective slip surface of two adjacent grains, and the size of the included angle
determines the role of grain boundaries. According to the deflection-torsion model from Jian et al
[14], the larger the angle, the greater the driving force for crack deflection, the more difficult the

crack deflection, on the contrary, it is easier for crack to accelerate the expansion in the next grain.



The location of the crack source for smooth fatigue specimen is random and non single,

micro-cracks can form on the specimen surface, grain boundaries, debonding interface between

particles and matrix and broken particles, etc. Multiple micro-cracks formed propagate into the

main crack through competition, and when the main crack formed, the other cracks will terminate

the propagation. When the main crack is in the expansion stage, some coarse particles with high

strength are in poor coordination with the matrix during cyclic stress loading, resulting in

debonding with the matrix, and even cracking, resulting in a large number of tiny

secondary cracks around them. As the crack continues to propagate, if residual phase, debonding

pits exist in the crack front along the direction of the maximum shear stress, which play a role of

bridging connection in the crack propagation process, tiny secondary cracks will be merged with

the main crack, thus speeding up the expansion process of the main crack, causing the deflection

of the main crack at a certain degree. At the same time, as the test material is forged aluminum

alloy, some coarse residual phase particles also have their own cracking phenomenon in the

process of machining, which provides a great convenience for the formation of tiny cracks.

As the control precision of alloy ingot composition, metallurgical quality and uniformity is

limited in industrial production, it is inevitable that some coarse residual phase particles exist in

the alloy materials. Due to the large size of these residual phases, the strengthening effect of the

alloy is not promoted, but it is easy to become the place of crack initiation and propagation due to

the stress concentration when the external force is applied. And which will have a harmful effect

on the fatigue property and the stress corrosion resistance of alloy. In addition, the mechanical

properties of aluminum alloy are also determined by the microstructure characteristics of the grain,

grain boundary, second phase and dislocation, etc. In this study, the microstructure of fatigue
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behavior of the alloy is observed and analyzed, and also analyze the microstructure factors of

fatigue crack initiation and propagation behavior. In this way we can take different heat treatment

technology to guide and control the microstructure of the alloy in production practice, so as to

achieve the purpose of prolonging life for alloy material and improve its various mechanical

properties.

4. Conclusions

1) Fatigue micro-crack initiation is random and varied and the main crack generally initiates

on the surface of the specimen. Fatigue micro-crack is usually easy to initiate on the surface from

coarse particle caused in the thermal processing, debonding hard phase particles of the poor strain

coordination with the surrounding matrix and the stress concentration areas caused by the

dislocation pile-up around grain boundary or precipitate. These micro-cracks cannot be the main

crack in the subsequent competition expansion process, but in the process of propagation path

selection, the deflection, fork, convergence and bridge connectivity of propagation path can be

attributed to the micro structural characteristics such as grain boundary and second phase, which

affect the fatigue propagation direction and rate as well.

2) Fatigue crack propagation of B93mu alloy is divided into intergranular propagation and

transgranular propagation, the choice of intergranular or transgranular propagation is mainly

dominated by the direction of stress loading, at the same time, it will be affected by the micro

structures of grain boundary, grain micro orientation, etc. If the micro orientation difference

between adjacent grains on the crack growth path is insignificant, the effective slip surface of the

front grain is easier to cause crack growth, then the fatigue crack will choose to cross the grain

boundaries and choose transgranular propagation in the next grain size at a very small angle.
11
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Figures

Fig. 1 Processing diagram of fatigue testing specimen (unit: mm)

Fig. 2 Observation of slip bands on the specimen surface under cyclic loading
a) N=1x10% b) N=5x10% c-d) N=1x10% e-f) N=1x10°

Fig. 3 Initiation of fatigue crack N=1x10"

Fig. 4 Dislocation structure under different cyclic times
a-b) N=1x10?%; c-d) N=1x10%; e-f) N=1x10"

Fig. 5 Dislocation structure of fatigue specimen after cyclic loading N=1x10*

Fig. 6 Observation of fatigue crack source N=1x10°

Fig. 7 Morphology of fatigue crack propagation N=1x10°

Fig. 8 Bridge connectivity of crack propagation N=5x10°

Fig. 9 Bridge effect of particles on crack propagation N=1x10°
Fig. 10 Fatigue crack lane propagation and confluence N=2x10°
Fig. 11 Transgranular propagation of fatigue crack N=1x10°

Fig. 12 Fracture morphology of fatigue specimen N=3x10°
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Fig. 2 Observation of slip bands on the specimen surface under cyclic loading
a) N=1x10% b) N=5x10% c-d) N=1x10% e-f) N=1x10°
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Fig. 3 Initiation of fatigue crack N=1x10*
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Fig. 4 Dislocation structure under different cycle times

a-b) N=1x10%; c-d) N=1x10°; e-f) N=1x10"
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