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Fatigue fracture mechanism of AZ31B magnesium alloy and its welded joint
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Abstract: Fatigue test was carried out on AZ31B magnesium alloy. Under 2x10° cycle times, the fatigue strengths of base metal
(BM), butt joint (BJ), transverse cross joint (TJ), lateral connection joint (LJ) are 66.72, 39.00, 24.38 and 24.40 MPa, respectively.
The crack propagation behavior of the alloy was analyzed by optical microscopy. The AZ31B magnesium alloy base metal has a
smooth crack propagation macroscopic path. However, the microscopic path is twisted and some cracks have two forks, and the
crack propagation is transgranular. The crack initiates in the weld toe and the crack propagates along the HAZ for the BJ and TJ; for
the LJ crack initiates in the fillet weld leg. The fatigue fracture mechanisms were analyzed by SEM. The fatigue fracture surface
consists of quasi-cleavage patterns or cleavage step and a brittle fracture occurs. Numerous secondary cracks are observed; some

fatigue striations exist in butt joint and its size is about 5 pm.
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1 Introduction

Magnesium alloys have excellent mechanical
properties such as high specific strength at room
temperature and superplasticity at elevated temperatures
[1-2]. Magnesium alloys are increasingly considered the
energy

advanced materials that comply with

conservation and environmental pollution regulations [3].

They are also hailed as the most developmental potential
among all alloys and are prospective green engineering
structure materials of the 21st century [4—5].

Fatigue fracture is a major failure pattern in metal
structures, and 70% to 90% of failure accidents involving
welded structures are caused by the fatigue fracture of
welded joints. Welded structures are used in most
buildings and construction projects, and the accidents
stemming from fatigue damage often result in a
catastrophic loss of lives and property. The weldability
[6], welding technology adaptability, microstructure [7]
and mechanical properties [8—9] of magnesium alloys
were widely studied. However, only a few studies
focused on the fatigue properties of magnesium alloy
welded joints [10—11]. These researchers mainly studied
the tensile properties and the influence of welding
processes on fatigue properties of magnesium alloy. The

research about fatigue fracture mechanism of welded
joint is less. Investigations on the fatigue properties of
magnesium alloy welded joints under dynamic loading
have theoretical and practical significance in engineering
applications.

Wrought magnesium alloys have higher mechanical
properties, including tensile strength and elongation, as
well as higher corrosion resistance and fatigue properties
compared with cast magnesium alloys [12—13]. These
characteristics make wrought magnesium alloys suitable
for a wide range of applications. In this investigation, the
rolled AZ31B magnesium alloy and its welded joint are
tested for fatigue property, and their crack propagation
feature and fatigue fracture mechanism are analyzed.

2 Experimental

2.1 Materials

A 10 mm-thick rolled AZ31B magnesium alloy
plate was used in the experiment, and its chemical
composition is listed in Table 1.

2.2 Welding methods and welding technology

Manual TIG welding method and a 300 GP AC/DC
TIG welding equipment were used to weld the AZ31B
magnesium alloy with an AZ31B magnesium alloy
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welding wire (d 2.8 mm). The parameters of the welding
process are listed in Table 2.

Table 1 Chemical composition of AZ31B (mass fraction, %)

Al Zn Mn Ca Si
2.5-3.5 0.6-14 0.2-1.0 0.04 0.10
Cu Ni Fe Mg
0.01 0.001 0.005 Bal.

Table 2 Welding process parameters

. Welding  Welding Welding speed
Joint type current/A  voltage/V. v/(mm's ')
Butt joint 170-180 12-15 2.8-3.0
Transverse cross 174180 12-15 25-29
joint
Lateral connection ¢ 170 15 15 2429
joint
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2.3 Specimen processing

The AZ31B magnesium alloy base metal was
mechanically processed. The welded joint was first
welded and then processed. The size and shape of the
fatigue specimens are given in Fig. 1.

3 Results and discussion

3.1 Metallograph analysis

The microstructure of cross section of AZ31B
magnesium alloy was analyzed. The microstructure
(Fig. 2) indicates that the grain size is nonuniform, and
some precipitated phases are observed inside grains and
at grain boundaries.

The microstructures of the welded joint of the
alloy are shown in Fig. 3. Figure 3(a) shows the
microstructure of the welding center region, where the
grain size is uniform and has a typical isometric feature.
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Fig. 1 Size and shape of AZ31B magnesium alloy fatigue specimens: (a) Base metal; (b) Butt joint; (¢) Transverse cross joint;

(d) Lateral connection joint (unit: mm)
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Fig. 2 Microstructure of AZ31 magnesium alloy

Fig. 3 Microstructures of welded joint: (a) Welding center;

(b) HAZ

Table 3 Fatigue test results of AZ31B

1227

An intragranular precipitate phase is present. Figure 3(b)
shows the microstructure of the HAZ region, where the
grains are coarse and nonuniform.

3.2 Fatigue test

Fatigue tests were conducted using a PLG—-200D
high frequency fatigue testing machine with a stress ratio
of zero. The imposed cyclic frequency varies between
99-102 Hz.

3.2.1 Fatigue test results

AZ31B magnesium alloy and its welded joint were
tested. The fatigue test results are listed in Table 3. It can
be noted that specimens 1 to 6 for the base metal are all
disabled in the middle of gage length, and the specimens
7 and 8 are unfaulted under 5x10° cycles. Furthermore,
specimens | to 7 for the welded joint are all disabled in
the welding toe, and specimen 8 is unfaulted under 5x10°
cycles.

Using the fatigue results given in Table 3, the
nominal stress S—N curves of the AZ31B magnesium
alloy base metal and welded joint are depicted in Fig. 4.
Every group test data are divided into two parts by the
curves in Fig. 4. The upper part is the fatigue fracture
zone and the bottom is the no-fatigue fracture zone.

Table 4 shows that the fatigue strengths
corresponding to a 50% survival rate for the base metal,
butt joint, transverse cross joint, and lateral connection
joint are 66.72, 39.00, 24.38, and 24.40 MPa,
respectively. The fatigue property of the welded joint is
lower than that of the base metal. The fatigue properties
of the butt joint, transverse cross joint and lateral
connection joint are 58.4%, 36.5%, and 36.6% of that of
base metal, respectively. This is due to the stress
concentration and welding residual stress in the welded
joint. The coefficient of stress concentration is different
in three joint and the dynamic load carrying capacity of
welded structure is closely related to the joint type.

Nominal stress range, Acyon /MPa Number of cycles to failure, N/10° Disabled position
Specimen Base Bl}tt Transxfe¥se col;lzt:ézlon Base Bl}tt Transxfe¥se col;lzt:ézlon Base Joint
metal joint cross joint joint metal joint  cross joint joint metal
1 100 60 50 70 0.231 0.266 0.298 0.103 In gage length Weld toe
2 90 55 40 60 0.385 0.460 0.329 0.204 In gage length Weld toe
3 85 50 45 40 0.406 0.580 0.403 0.218 In gage length Weld toe
4 80 50 30 30 0.402 0.446 0.846 1.308 In gage length Weld toe
5 75 45 35 25 0.497 1.320 0.298 2.332 In gage length Weld toe
6 70 40 35 35 2.524 2442 0.426 0.971 In gage length Weld toe
7 65 35 25 20 5.000 3.215 1.919 2.566 Unfaulted Weld toe
8 55 30 20 15 5.000 5.011 5.041 5.000 Unfaulted Unfaulted
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Fig. 4 S—N curves of magnesium alloy AZ31B and welded
joints

Table 4 S—N curve parameters of AZ31B and welded joints
. m Ao/
Jointtype ——— Cn m r
P Result Deviation MPa
Base metal 6.87 0.026

Butt joint 4.70 0.033

6.76x10"®  66.72 0.901
5.99x10"  39.00 0.895

Transverse "

cross joint 3.58 0.019  1.84x10° 24.38 0.958
Lateral o

connection joint 272 0.046  1.58x107 24.40 0.949

The parameters can fit formula N(Ac)"=C,, in Table
4, m and ¢, are material constants, the correlation
coefficients () of S—N curves are nearly greater than 0.9
and the deviations of m are lower, which indicate that the

tested data are reliable.
3.2.2 Fatigue crack propagation path

The fatigue failure site and crack propagation
macrographs of magnesium alloy and its welded joint are
shown in Fig. 5.

The crack initiation site for the base metal locates at
the smallest section as shown in Fig. 5(a), and the crack
propagation direction is vertical to the load direction.
The crack initiation site for the welded joint is at the
welding toe, as shown in Fig. 5(b), the butt joint crack
propagates along the HAZ in the welding direction and
cross section due to the coarse microstructure. For the
transverse cross joint, the crack initiates at the welding
toe, and propagates along the weld junction in the
welding direction and vertical to the load direction; it
propagates along the HAZ in the cross section as shown
in Fig. 5(c). Figure 5(d) shows the crack initiation site
for the lateral connection joint. The crack initiation site is
in fillet weld leg, and the direction of crack propagation
is vertical to the load direction. Since the stress
concentration is greater in welding toe and fillet weld leg,
the crack initiation occurs at these sites.

A CMM-20 optical microscope was used to
determine the fatigue crack propagation behavior. The
fatigue crack propagation path for the AZ31B
magnesium alloy base metal is shown in Fig. 6. The
macroscopic path of the crack propagation of AZ31
magnesium alloy base metal is smooth (Fig. 5(a)).
However, the microscopic path is twisted. Some cracks

Fig. 5 Fatigue crack initiation, propagation site and direction: (a) Base metal; (b) Butt joint; (c) Transverse cross joint; (d) Lateral

connection joint
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also have two forks.

Figure 7 shows the crack propagation photographs
of the base metal. The crack propagation is transgranular
as shown in Figs. 7(a) and (b). The transgranular fracture
plays a predominant role in the fatigue crack propagation
track and it is a brittle fracture. Figure 7(c) shows the
crack tip propagation. Slip deformation can be seen from
the base metal with some precipitated phases.

Deformation bands near the crack are observed in
Fig. 7(d), and twins are present in the course of crack
propagation. It can be found that crack propagation

deformation also depends on twins because the slip
system is less at room temperature.

The crack of the butt joint initiates at the weld toe
along the weld direction (Fig. 8). Figures 8(a) and (b)
show crack tip initiation sites of the weld cross section.
Figure 8(b) shows the crack propagation along the HAZ.
Figures 8(c) and (d) show photographs of the crack
propagation along the weld direction, where the crack
propagates along the weld junction. Figure 8(d) indicates
that the AZ31 magnesium alloy butt joint exhibits a
brittle fracture.

Fig. 7 Crack propagation path and twinning deformation of base metal: (a), (b) Crack propagation path; (¢) Crack tip; (d) Twinning

deformation near fracture
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Fig. 8 Crack propagation site and path for welded joint: (a) Crack propagation site along weld toe; (b) Crack propagation along HAZ;

(¢), (d) Crack propagation along weld junction

3.3 Fracture analysis

Figures 9(a) and (b) show the fatigue fracture
surfaces of the AZ31B magnesium alloy base metal.
These images indicate that the fracture surface is
characterized by quasi-cleavage and fan-shaped patterns
(Fig. 9(a)). There are many tear ridges on the quasi-
cleavage fracture surface, which are perforated and
tipped during separate crack nucleation.

A secondary crack is observed on the fracture
surface in Fig. 9(b), and its propagation direction
corresponds to the rolling direction. It is observed that
the slip deformation occurs on the fracture surface where
cleavage steps are found, and the fracture surface is a
brittle fracture. Figure 9(c) shows tensile fracture of base
metal. Comparing with the fatigue fracture, the tensile
fracture of base metal is quasi-cleavage fracture, and the
shear lip is in the fracture.

Figure 9(d) shows the fatigue fracture surface of the
butt joint. Some cleavage steps can be seen. Figure 9(e)
shows the partially enlarged image of Fig. 9(d) where
fatigue striation-like features are vertical to the crack
propagation direction, and secondary cracks are also
observed. The fatigue striation size is about 5 um. It
means that the butt joint exhibits a brittle fracture.
Figure 9(f) shows the tensile fracture of the butt joint,

which is characterized by dimple and is a ductile
fracture.

Figure 9(g) shows the fatigue fracture surface of the
transverse cross joint. Many cleavage steps can be seen.
Because the fatigue crack propagates at different rates,
the crack propagation has an arc path. Figure 9(h) shows
partially enlarged image of Fig. 9(g), where secondary
crack and cleavage step are observed.

Figure 9(i) shows that the lateral connection joint
fracture surface is characterized by cleavage step. Figure
9(j) shows partially enlarged image of Fig. 9(i). The slip
deformation occurs in some grain, and the lateral
connection joint fails in a brittle fracture mode.

Magnesium alloy has a hexagonal close-packed
structure. Its primary slip plane is a basal plane, and its
slip system is less [14—15]. It only has one slip plane
(0001) at room temperature and three slip directions in
the slip plane (0001). Because magnesium alloy has only
three geometry slip systems and two independent slip
systems, whereas five slip systems are required for
generalized and homogeneous plasticity [16], its
plasticity is lower than the fcc and bcc metals, and its
plasticity deformation relies more on twinning, as shown
in Fig. 7(d). So the plasticity deformation capacity of
magnesium alloy is weak. It presents a brittle fracture
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Fig. 9 Fatigue fracture appearance: (a) Tear ridge on fatigue fracture surface of base metal; (b) Secondary cracks in base metal; (c)
Tensile fracture of base metal; (d) Fracture surface of butt joint; (¢) Secondary cracks in butt joint; (f) Tensile fracture surface of butt
joint; (g) Fracture surface of transverse cross joint; (h) Partial enlargement for Fig. 9(g); (i) Fracture surface of lateral connection

joint; (j) Partial enlargement for Fig. 9(i)
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characteristic while failed. The plasticity deformation
capacity also depends on c/a (c is lattice height, a is side
length of base plane). The c/a value of Mg is 1.623 5,
slightly less than the axial ratio of 1.633 in the isometric
rigid sphere model [17].

The cleavage fracture of the magnesium alloy
during fatigue deformation occurs on the high index
plane, and the crack shape is strongly changed because
of twins and slips [17]. The fatigue fracture surface
appearance is a quasi-cleavage fracture with a few
secondary cracks.

In the course of crack propagation, because the
grain size is nonuniform, the crack forks form, which
will inhibit crack propagation. This inhibition, in turn,
results in the higher fatigue strength for the magnesium
alloy base metal. The stress concentration and welding
residual stress occur in welded joint, and the grains in
welding junction and HAZ are coarser than those in the
base metal, which results in the lower fatigue strength of
welded joint.

4 Conclusions

1) The fatigue strengths corresponding to a 50%
survival rate of 50% for the base metal, butt joint,
transverse cross joint and lateral connection joint are
66.72, 39.00, 24.38, and 24.40 MPa, respectively. The
dynamic load carrying capacity of welded structure is
closely related to the joint type.

2) The crack propagation macroscopic path of the
AZ31B magnesium alloy base metal is smooth, while the
microscopic path is twisted. Some cracks have two forks.
The crack propagation is transgranular.

3) The crack initiates in the welding toe and the
crack propagates along the HAZ for butt joint and
transverse cross joint; the crack initiates in fillet weld leg
for lateral connection joint.

4) The
quasi-cleavage patterns or cleavage step and a brittle

fatigue fracture surface consists of

fracture occurs. There are numerous secondary cracks;

some fatigue striations exist in butt joint and their size is
about 5 pum.
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