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Abstract In this study, fatigue properties and fracture mechanism of dissimilar Al–Mg–Si/Al–Zn–Mg aluminum alloys

friction stir welding (FSW) joints were investigated and the effect of the sheet configuration on the fatigue behavior of the

FSW joints was also discussed. Results showed that the joints owned better fatigue properties when the Al–Zn–Mg

aluminum alloy was placed at the advancing side (AS). At 107 cycles, the fatigue strengths of Al–Zn–Mg–AS and Al–Mg–

Si–AS joints were, respectively, 105.6 and 90.1 MPa. All joints fractured at the heat-affected zone at the Al–Mg–Si alloy

side. Transmission electron microscopy results showed that better fatigue property of the Al–Zn–Mg–AS joint was

associated with the bridging effect of the bigger secondary phase particles.

KEY WORDS: Fatigue behavior; Friction stir welding; Al–Mg–Si/Al–Zn–Mg aluminum alloys; Secondary

phase particle

1 Introduction

Owning various advantages of lower residual stress,

smaller distortion and less defects, friction stir welding

(FSW) joints have been extensively studied by researchers

and widely used to modern industries [1, 2]. FSW was

initially invented to join aluminum alloys, which are tra-

ditionally considered as difficult to weld using traditional

fusion welding technologies. As a solid-state joining

technology, FSW has also shown great potential in welding

other materials, such as Mg alloys, steel and Ti alloys

[3–5]. Moreover, plenty of papers have focused on FSW

joints of dissimilar alloys, such as Al/Ti [6], Al/Steel [7]

and Al/Mg [8] joints in recent years. For FSW of dissimilar

aluminum alloys, the joints not only combine the advan-

tages of the two base materials (BMs), such as low den-

sities, high strengths and good corrosion resistances, but

also avoid the formation of thick brittle intermetallic

compounds (IMCs), which always own low ductility and

deteriorates the joints mechanical properties [8, 9].

In actual engineering applications, the fatigue reliability

of the FSW joints is one of the major concerns in deter-

mining the in-service life of the structural components [10].

Traditionally, the FSW joint can be divided into several

regions based on the microstructure features after welding:

the BM, the heat-affected zone (HAZ), the thermo-me-

chanically affected zone (TMAZ) and the stir zone (SZ).

Microstructures of these zones show much heterogeneity,

inevitably resulting in the complexity of the mechanical

properties at joint different regions [11, 12]. Hence, the

fatigue properties of the FSW joints have been investigated

by many researchers [13–17]. Deng et al. [10] found out

that the fatigue properties of 7050-T7451 aluminum alloy

FSW joint was superior to the BM and most fatigue cracks

initiated at the TMAZ and HAZ at the advancing side (AS).

Dai et al. [13] found out the highest fatigue crack
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propagation rate in the SZ, which owned fine and equiaxed

grains. D’Urso et al. [14] reported that the fatigue crack

growth in the SZ was always slower than that in the BM at

low stress intensity factor range and the volume defect

caused five times higher propagation rate than the BM.

Moreover, fatigue properties of other alloys FSW joint and

even lap joints were investigated by researchers [15–20].

By contrast, plenty of papers have focused on fatigue

properties of similar aluminum alloy FSW joints. But the

researches about fatigue properties of dissimilar aluminum

alloys are relatively few. Al–Mg–Si and Al–Zn–Mg alu-

minum alloys are two common structural materials, which

are widely applied to modern industries. For instance, Al–

Mg–Si alloys can be used as the side walls and floors of

some certain structures due to good corrosion resistance

and weld-ability [21], while Al–Zn–Mg alloys were always

used as the frame and beam owing to high strengths and

good thermostabilities [22]. Therefore, in the present study,

fatigue behaviors of Al–Mg–Si/Al–Zn–Mg dissimilar alu-

minum alloys FSW joints were mainly discussed. Due to

different material deformation behaviors of the AS and

retreating side (RS) during welding, effect of sheet con-

figuration on joint fatigue properties was also discussed.

2 FSW Experiment and Fatigue Test

In the present study, Al–Mg–Si/Al–Zn–Mg aluminum

alloys were chosen as the BM. Chemical compositions and

mechanical properties of the two materials are listed in

Tables 1 and 2. Dimensions of the sheets are machined to

300 mm 9 200 mm 9 15 mm. Before welding, all sheets

were cleaned with sandpapers to clean off the oxidation

layer. Diameter of the rotating tool is 35 mm. Diameters of

the pin root and pin bottom are, respectively, 20 and

12 mm. Length of the pin is 14.5 mm. During welding,

constant rotating and welding speed of 800 rpm and

180 mm/min were chosen. Shoulder plunge depth was

chosen as 0.2 mm. Titling angle was 2.5� during welding.

After welding, samples for metallography and fatigue

tests were cut perpendicular to the welding line using an

electrical discharge cutting machine. Metallographic and

fracture surfaces analysis were carried out using a trans-

mission electron microscope (TEM, JEM-2100) and a

scanning electron microscope (SEM) equipped with an

energy-dispersive spectrometry (EDS) system. Dimension

of specimens for the fatigue is shown in Fig. 1 according to

GB/T6398-2000. All the specimens were ground and pol-

ished before the fatigue tests. The specimens were tested at

room temperature with the stress ratio R = 0 on a PLG-

200C fatigue testing machine. The frequency adopted

during the fatigue tests was 15 Hz. No less than three

samples were tested at each load, and the fatigue lives were

then averaged.

3 Results and Discussion

3.1 Fatigue Properties

Figure 2 shows the fatigue lives and S–N curves of the FSW

joints using different configurations. For convenience, the

joint, in which the Al–Mg–Si aluminum alloy is placed at the

AS, is called the Al–Mg–Si–AS joint. Similarly, Al–Zn–

Mg–AS joint refers to the joint in which the Al–Zn–Mg

aluminum alloy is placed at the AS. Based on the fatigue life,

the S–N curves of the Al–Zn–Mg–AS and Al–Mg–Si–AS

joints are listed as logS = 2.96241�logN - 0.341 and

logS = 3.18763�logN - 0.17615. The goodness-of-fit val-

ues are, respectively, 0.930 and 0.933, illustrating the

accuracy of the S–N curves. It can be seen that the Al–Zn–

Mg–AS joints own better fatigue properties than the Al–Mg–

Si–AS joints. At 107 cycles, the fatigue strengths of Al–Zn–

Mg–AS and Al–Mg–Si–AS joint are 105.6 and 90.1 MPa,

respectively.

During the fatigue tests, all joints fractured at the HAZ

regions at the Al–Mg–Si side. Figure 3 shows the general

views of the fracture surfaces on different joints. It can be

seen that all the crack propagation regions present semi-

circle morphologies. After initiating from the crack source,

crack gradually propagates under the repeated fluctuating

load, reducing the load-bearing area of the specimen. When

reaching the critical fracture toughness, the joint fractured,

forming final rupture region. With increasing the stress,

critical length of the crack decreases, crossing the section

of the crack propagation region. As shown in Fig. 3b and c,

critical length decreases from 10.7 to 8.8 mm when the

stress increases from 140 to 160 MPa.

Formation of the macro-fatigue crack can be divided

into four stages: the formation of the micro-crack, the

Table 1 Chemical compositions of the BM (wt%)

BM Si Fe Cu Mn Mg Zn Ti Cr Al

Al–Mg–Si 0.4–0.9 B0.35 B0.35 B0.50 0.4–0.8 B0.25 B0.10 B0.30 Bal.

Al–Zn–Mg B0.30 B0.30 B0.20 0.2–0.7 1.0–2.0 4.0–5.0 B0.20 B0.30 Bal.
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mechanical small crack, the physical short crack and the

macro-fatigue crack. These four stages are divided

according to crack length, the microstructure and size of

the crack tip region. Therein, micro-crack is always formed

at the region with highest stress and lowest strength. Fig-

ure 4 shows the initiation regions of the micro-crack. It can

be seen that the micro-cracks are mainly formed at two

regions: surface defects (Fig. 4a, b) and secondary phase

particles (Fig. 4c, d). As shown in Fig. 4b, a small surface

indentation can be observed on the joint surface, which

leads into serious stress concentration and resultant joint

failure. Generally speaking, the smooth joint surface

should be prepared before the fatigue test. Hence, effects of

the surface defect on the fatigue properties are not dis-

cussed in this paper.

Table 2 Mechanical properties of the BM

BM Tensile strength (MPa) Yield strength (MPa) Elongation (%)

Al–Mg–Si 284 241 25

Al–Zn–Mg 368 256 19.5

Fig. 1 Dimension of the specimen for fatigue

Fig. 2 Fatigue life of the FSW joints

Fig. 3 General views of the fracture surfaces: a Al–Zn–Mg–AS using 120 MPa, b Al–Mg–Si–AS using 140 MPa, c Al–Mg–Si–AS using

160 MPa
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Fig. 4 Crack source: surface indentation a, its magnified view b, secondary phase particle c, its magnified view d, e, f EDS analyses of the

secondary phase particles A and B in d
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As shown in Fig. 4c, d, another important micro-crack

formation region is the secondary phase particle region.

Figure 4e, f shows the EDS analysis of the second phases.

It can be seen that for the Al–Zn–Mg–AS joint, the main

phase is AlFeMnSi phase, which is not coherent with the

matrix and belongs to a hard brittle phase. Besides, some of

the secondary phase particles own sharp angles, which

easily results in local stress concentration. Under alternat-

ing stress, some of the secondary phase particles may

become the size for crack initiation. Micro-crack can ini-

tiate from both the above-mentioned conditions. As shown

in Fig. 4d, some secondary phase particles can be observed

on the fracture surfaces. Micro-crack about 40 lm in

length can be observed near the secondary phase particles,

as shown in Fig. 4b.

After the micro-crack is formed, it gradually becomes

bigger and forms mechanical small crack. Microstructure

plays a crucial role during this stage. At the beginning,

plastic deformation at the crack tip always happens within

the scope of several grains. Under biggest stress, crack

propagates in a shearing way, forming new crack.

Figure 4d shows the mechanical small crack. Length of the

crack is about 100–200 lm.

When the mechanical small crack is formed, plastic

deformation at the crack tip appeared within rains. Hence,

effect of the microstructure on the crack propagation

gradually decreases. After that, crack propagates through

multi-slip systems and forms physical small crack and then

macro-crack. During this period, size of the crack is

obviously bigger than plastic deformation at the crack tip.

Hence, mechanical factor plays the leading role during the

propagation and the fracture surfaces are always perpen-

dicular to the stress direction.

When the macro-crack is formed, crack propagates

under the alternating stress. To save energy, crack more

easily propagates along the specific grain boundaries which

own low propagation energy near the crack tip. Therefore,

some radial river-like pattern can be observed, as shown in

Fig. 5a. The magnified fracture morphology in Fig. 5b

shows some feature morphology, which is composed of

some shining tear ridges and small fracture surfaces. Fig-

ure 5c shows the magnified view of the fracture surface

Fig. 5 Radial river-like pattern near the crack source a, its magnified view b, fatigue striations c, micro-pit d
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which is about 8.9 mm in length from the crack source.

The fracture surface shows typical brittle cleavage fracture

mode, on which plenty of fatigue striations can be

observed. The fatigue striations show parallel morpholo-

gies on the same fracture surface and are perpendicular to

the crack propagation direction.

It is worth mentioning that some micro-dimples formed

due to coarse secondary phase particles can be observed on

fracture surface, as shown in Fig. 5d. As introduced above,

secondary phase particles are hard and own sharp angles.

They cannot deform conformably with the matrix. During

the fatigue test, these secondary phases are the sites

forming fracture sources, resulting in formation of the

micro-dimples.

Figure 6 shows the fatigue striations observed at dif-

ferent distances from the crack source. It can be seen that

the striations spacing gradually become bigger with

increasing the distance (from 1 to 3 lm). According to the

Paris equation, as the crack propagating, stress intensity

factor at the crack tip gradually becomes bigger, resulting

in bigger propagating distance per cycle.

Figure 7 shows the fracture morphologies of the final

rupture regions of the two joints. Plenty of dimples can be

observed on both fracture surfaces. Some secondary phase

particles can be observed inside the dimples. It can be seen

that the dimples in Fig. 7a are bigger and deeper, indicating

better plasticity of the Al–Zn–Mg–AS joints.

Fig. 6 Fatigue striations near the crack source a, far from the crack source b

Fig. 7 Fracture morphologies of the final rupture regions: a Al–Zn–Mg–AS joint, b Al–Mg–Si–AS joint
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3.2 Effect of the Microstructure on the Fracture

Mechanism

For the Al–Zn–Mg–AS joints, the fracture position at the

HAZ region locates about 15 mm from the joint centerline.

For the Al–Mg–Si–AS joints, the fracture position locates

about 12 mm position from the joint centerline. To further

investigate effect of the microstructure on the fracture

mechanism, TEM photographs of the secondary phase

particles at the fracture region are shown in Fig. 8.

For the Al–Zn–Mg–AS joints, the precipitated phases

are mainly the AlFeMnSi or AlMnCrSi phases and the b0

phase owns sizes about 0.5–0.8 lm. For the Al–Mg–Si–AS

joints, similar precipitated phases can be observed with

smaller b0 phase, which owns sizes about 0.3–0.5 lm.

Moreover, it can be seen that quantity of the b0 phase on the

Al–Mg–Si–AS joint is more than that on the Al–Zn–Mg–

AS joints. Crack sources can be divided into surface crack

source and internal crack source. Without regard to the

volume defect, internal crack sources always initiate from

the coarse secondary phase particles. Similarly, during the

crack propagating period, microstructure feature plays an

important role in the propagation speed. Coarse secondary

phase particle more easily results in stress concentration

and then breaks or drops from the BM, which is beneficial

to crack propagation.

For submicron secondary phase particle, when micro-

crack evolves into mechanical small crack, bridging effect

of the secondary phase particles will slow down the crack

propagation speed due to crack closure effect, since the

crack tip opening displacement (CMOD) is at submicron

level. Nakai and Eto [23] found out that for 2024 aluminum

alloy, crack propagation speed decreased with increasing

the sizes and distances of the secondary phase particles.

And coarser secondary phase particles resulted in rougher

fracture morphologies. Figure 9 shows the fracture mor-

phologies of the two different joints, in which the pho-

tographs are both taken where the fatigue striations spacing

is 0.6 lm. It can be seen that rougher fracture morpholo-

gies can be attained on the Al–Zn–Mg–AS joint (Fig. 9a).

Only indistinct fatigue striations are observed in Fig. 9a.

By contrast, more obvious fatigue striations are observed in

Fig. 9b, illustrating the slight effect of the secondary phase

particle. The fracture morphologies in Fig. 9 are in agree-

ment with the TEM photographs in Fig. 8.

According to the crack closure argument, during the

tension–tension fatigue test, the real factor determining the

crack propagation speed is the effective value of stress

intensity factor range DKeff. Under repeated loading, crack

tip region will plastically yield and tension stress will be

formed. Hence, during unloading period, compressive stress

rF is formed when the crack is closed. In the next loading

process, crack will open and propagate only if the loading is

bigger than rF. Hence, now the maximum effective stress

intensity factor range is DKeff = DKmax –DFF.

At the beginning of the crack propagation stage, crack

tip opening displacement (CMOD) is at the same order of

magnitudes with the secondary phase particles. Crack

closure argument appears at the crack tip. When the sec-

ondary phase particle appears at the crack end, it will come

into contact with the crack surface, resulting in advanced

closure. At the same time, the original rF at the crack tip

Fig. 8 TEM photographs of the fracture region: a Al–Zn–Mg–AS joint, b its magnified view, c Al–Mg–Si–AS joint, d its magnified view
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reduces the stress amplitude from Dr = rmax - rmin to

Dr = rmax - rmin - rF. Hence, the driving force at the

crack tip is reduced. Bigger secondary phase particles can

result into lower crack propagation speed.

Based on the above-mentioned discussion, the following

conclusions can be drawn. Size of the secondary phase

particle on the Al–Zn–Mg–AS joint is bigger, and the

secondary phase particles are more dispersed distributed.

Coarser fracture morphology can be obtained in the Al–

Zn–Mg–AS joint. Crack closure effect is easier to happen

in the Al–Zn–Mg–AS joint, and better fatigue properties

can be obtained.

4 Conclusions

In the present study, fatigue properties of dissimilar Al–Mg–

Si/Al–Zn–Mg aluminum alloys FSW joints were investi-

gated. Based on the fracture morphologies and microstruc-

ture observations, following conclusions can be drawn:

1. Fatigue properties of the Al–Zn–Mg–AS joints are

better than that of the Al–Mg–Si–AS joints. Using

different configurations, all joints fracture at the HAZ

region at the Al–Mg–Si alloy side. Based on the S–

N curves, the fatigue strengths of Al–Zn–Mg–AS and

Al–Mg–Si–AS joint are, respectively, 105.6 and

90.1 MPa at 107 cycles.

2. The secondary phase particle at the fracture region is

characterized by submicron b0 phase. For the Al–Zn–

Mg–AS joint, the size of the b0 phase is bigger and the

b0 phases are more disperse distributed, which is

beneficial to bridging effect. Therefore, the Al–Zn–

Mg–AS joints own better fatigue properties.
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