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Abstract: Fatigue behavior of AZ31B magnesium alloy electron beam welded joint undergoing cyclic loading was investigated by
infrared thermography. Temperature evolution throughout a fatigue process was presented and the mechanism of heat generation was
discussed. Fatigue limit of the welded joint was predicted and the fatigue damage was also assessed based on the evolution of the
temperature and hotspot zone on the specimen surface during fatigue tests. The presented results show that infrared thermography
can not only quickly predict the fatigue behavior of the welded joint, but also qualitatively identify the evolution of fatigue damage in
real time. It is found that the predicted fatigue limit agrees well with the conventional S—N experimental results. The evolution of the
temperature and hotspot zone on the specimen surface can be an effective fatigue damage indicator for effective evaluation of

magnesium alloy electron beam welded joint.
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1 Introduction

Magnesium alloys are important future structural
materials owing to their low density, high specific
strength, environmental friendliness, and good
machinability and recyclability [1]. They are potentially
used as structural components in automotive and
aerospace application [2]. And in practical applications
such as aircrafts and automobiles, many components
with welded joints would inevitably involve the dynamic
loading in service [3]. However, it is well known that
the weld seams are often the weakest sites of the
structures [4]. Fatigue fracture often occurs in welded
structures at a relatively low stress level due to the
presence of possible crack-like defects along with high
stress concentration effect and complex residual stresses
and flaws caused by the thermal welding process
itself [5]. Therefore, the study on fatigue behavior of the
welded joints of magnesium alloy is of vital importance
for their safety operation.

For the fatigue evaluation of welded structures,

different approaches have been applied, such as the
nominal stress approach, the hot spot stress (HSS)
approach, and the local notch stress approach [6].
However, these approaches still meet some unavoidable
limitations for fatigue strength assessment of complex
welded joints in practical applications [7], besides their
extremely time-consuming and costly disadvantages [8].
It is well documented that most of the dissipated strain
energy during fatigue test is converted into heat, which
manifests itself as heat and causes an increase in the
temperature of the specimen [9]. Taking the initial
thermal increment or the surface temperature evolution
as the major indicator of fatigue, the thermographic
method (TM) brings a great revolution to fatigue
assessment of welded joints [10], which can overcome
the above-mentioned problems. And the TM has been
widely and successfully applied to assessing the fatigue
behavior and the damage evolution of materials and their
welded components [11].

With the development of high resolution infrared
camera and the relevant theories, infrared thermography
(IRT), as a non-destructive, real-time and non-contact
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technique was extensively used to evaluate fatigue
parameters of materials and components [12].
RISITANO group [13,14] firstly proposed a method to
fast determinate the fatigue limit and construct the S—N
curve of materials. And CRUPI [15] adopted the Risitano
method to rapidly determine the fatigue limit of
structural steels with different welded joints, and good
agreement was achieved between predicted values and
traditional experimental results. Based on the theory of
material’s dissipativity, LUONG [16,17] put forward a
methodology to rapidly evaluate the fatigue limit of
metals. This method was utilized to determine the fatigue
limit of a mild steel Fe 510 [18], with an error lower than
10% compared with the traditional method for both
standard and notched specimens. Besides, WILLIAMS
and KHONSARI [19] successfully predicted the
remaining fatigue life of welded joints based on the
initial slope of the temperature rise R, in the fatigue test.
Moreover, IRT has been used to monitor fatigue crack
growth [20,21] and assess the fatigue crack growth
behavior of materials through recording the temperature
evolution around cyclic plastic zone [22,23].
UMMENHOFER and MEDGENBERG [24] used the
IRT to analyze the damage progress of butt-welded steel
structures and steel structures with t-stiffeners during
fatigue testing. They found that the IRT provides a
powerful experimental tool to identify and investigate
localized inhomogeneous damage and to analyze
complex fatigue processes. Meanwhile, the fatigue
behavior of the AZ31B magnesium alloy [25,26] and the
fatigue crack growth behavior of the AZ31B magnesium
alloy electron beam welded joint [27] have been
investigated by IRT in our previous researches.

In this work, IRT was used to research the fatigue
behavior of AZ31B magnesium alloy electron beam
welded joint. Fast prediction of the fatigue limit and
fatigue damage evolution of the welded joint during
fatigue tests based on IRT were investigated. A series of
experimental measurements involving high-cycle fatigue
were performed to verify the predicted results. This study
was performed to provide the reliable theoretical basis
and rational suggestion for the broader application of
magnesium alloy welded joints in the structural industry.
Besides, research results can further promote the
application of IRT in the fatigue research.

2 Experimental

2.1 Materials

The material used in this work is hot-extruded
AZ31B magnesium alloy with a thickness of 10 mm. The
composition is listed in Table 1. The physical and
thermal properties of AZ31B magnesium alloy are shown
in Table 2.

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

Al Zn Mn Ca

2.5-3.5 0.6-1.4 0.2-1.0 0.04
Si Cu Ni Fe Mg
0.10 0.01 0.001 0.005 Bal.

Table 2 Physical and thermal properties of AZ31B magnesium

alloy
Parameter Value
Density, p/(kg'm ™) 1770
Heat capacity, c,/(J kg KT 1000
Linear expansion coefficient, a/K! 26x107°
Thermal conductivity, /(W-m™-K™") 156

The plates with dimensions of 300 mm % 300 mm x
10 mm were welded by a ZD150—60C CV85M electron
beam welder at a vacuum of 5x10° Pa. The welding
direction is perpendicular to the extrusion direction of
the Mg alloy sheets. The welding parameters are listed in
Table 3. After welding, the joints were checked by
XXQ-2005 portable X-ray detection apparatus with
resolution of 0.4 mm to avoid the macrocracks.

Table 3 Electron beam welding parameters of butt joint

Parameter Value
Acceleration voltage, UkV 150

Focus current, /r /mA 2188
Beam current, /g/mA 30
Welding speed, v/(mm-s™") 35

To avoid the influence of surface oxidation film and
stress concentration on the tensile and fatigue properties,
two sides of specimens were polished by using the
silicon carbide paper grit from No. 600 to No. 2000
before mechanical testing. In order to observe the initial
microstructure, the polished specimen surface was etched
by Keller’s reagent with the following composition:
10 mL acetic acid, 4.2 g picric acid, 10 mL distilled
water, and 70 mL ethanol (95%) for 15 s.

Figure 1 shows the microstructure of AZ31B
magnesium alloy electron beam welded joint. As can be
seen from Fig. 1(a), the shape of weld seemed as a
“finger” and the depth-to-width ratio reached 8:1. And
the HAZ is so narrow that is hardly to distinguish as
shown in Fig. 1(c). Compared with base metal as shown
in Fig. 1(d), the microstructure of fusion zone in Fig. 1(b)
is fine and equiaxed, and the average grain sizes are
approximately 6.0 um. This can be accounted for high
density of electron beam and high thermal conductivity
of magnesium alloy itself, which caused that the grain
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Fig. 1 Microstructures of AZ31B magnesium alloy electron
beam welded joint including various zones: (a, b) Macroscopic
and microscopic views of electron beam welded joint on
cross section, respectively; (c) Microstructure of weld,;
(d) Microstructure of base metal

growth was suppressed by rapid welding rate and cooling
rate during the welding process.

2.2 Experimental procedure

Figure 2 shows the dimensions of specimens used in
tensile and fatigue tests. Tensile tests were performed
using a DNS—100 universal testing machine. All the
fatigue tests were conducted using a uniaxial PLG-200D
high-frequency electromagnetic resonance load frame in
ambient air. Fatigue tests were performed by applying a
sinusoidal waveform with a load ratio (ratio of the
minimum load to the maximum load in a loading cycle),
R=0.1, and a frequency of 100 Hz. During all the tests,
an infra camera (Tech VarioCAM hr) was used to record
the temperature field evolution on specimen surface.
Optical field-of-view conditions were achieved by
installing the infra camera at a distance of approximately

50 cm between specimens and the lens of the camera.
The main technical characteristics of this camera are as
follows: with resolution of 320x240 focal plane array or
384x288 pixel, sensitivity/NETD of 0.08 K at 300 K and
sampling frequency of 50 Hz. To increase the surface
emissivity properties, the specimen surface was painted
in black (matt paint) after polishing. And thermographic
data were dealt with an IRBIS™3 software.

R30
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Fig. 2 Sample shapes and dimensions for tensile tests (a) and

fatigue tests (b) (unit: mm)
3 Results and discussion

3.1 Tensile tests

Figure 3 exhibits the tensile curves and superficial
temperature evolutions of AZ31B magnesium alloy
electron beam welded joint and base metal during tensile
process, respectively. Temperature evolutions in the
welded joint and base metal uniformly undergo four
stages: linear temperature decrease stage I, step
temperature increase stage II, abrupt temperature
increase stage III, and final drop after failure stage IV, as
shown in Fig. 3.

In stage I, temperature presented significantly
decline tendency which can be attributed to the
thermoelastic effect [28]. From point B, temperature
variation slope transformed into positive, corresponding
to the inversion at point B’ in the tensile curve, indicates
the transition from elastic deformation stage to plastic
deformation stage. Meanwhile, the superficial
temperature of specimens gradually rises due to the
thermoplastic effect [29]. Along with increasing of the
loading sequentially, the fractures happened at point D,
as shown in Fig. 3. At last, the temperature gradually
dropped down. Besides, we could conclude that different
fracture modes were presented between the welded
joint and base metal from the view of the thermographic
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Fig. 3 Temperature evolutions and tensile curves in tensile process: (a, b) AZ31B magnesium alloy electron beam welded joint;

(c, d) Base metal

graphs. Typical ductile fracture (45° shear fracture) was
demonstrated in base metal while the weld showed
relatively flat fracture morphology. And obvious stress
concentration effect was found in the weld toe from the
thermographic graph of the weld, which led to fracture
on the weld toe [30].

As shown in Fig. 3, non-apparent yield phenomenon
appeared in the tensile processes of AZ31B magnesium
alloy electron beam welded joint and base metal. The
mechanical properties of AZ31B magnesium alloy
electron beam welded joint and base metal are listed in
Table 4. As can be seen in Table 4, electron beam welded
joint exhibits a little higher tensile strength than base
metal. This can be explained by the Hall-Petch
relationship: o, =0op+kd v 2 where g, is the yield strength
of the material, oy, and k are constants related to the
material, and 4 is the average grain size. After the
electron beam welding, the grain was obviously refined,
as shown in Fig. 1. And the HAZ was so narrow that can
be neglected [31], so superior mechanical property was
exhibited for the welded joint.

Table 4 Mechanical properties of AZ31B magnesium alloy
electron beam welded joint and base metal

Material Ultimate tensile strength/MPa  Elongation/%
Base metal 250 14.63
Welded joint 259 9.81

3.2 Temperature evolution analysis in fatigue tests
Figure 4 shows the S—N curves of AZ31B
magnesium alloy electron beam welded joint and base
metal. Fatigue strength of AZ31B magnesium alloy
electron beam welded joint at 2x10° cycles is 89 MPa
and that of base metal at 1x10’ cycles is 107 MPa.
Fatigue strength of AZ31B magnesium alloy electron
beam welded joints is 83.2% that of base metal.
Compared with TIG (tungsten inert gas welding) [32],
electron beam welding can significantly improve the
fatigue strength of magnesium alloy welded joints. This
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Fig. 4 S—N curves of AZ31B magnesium alloy electron beam
welded joints and base metal
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would be due to the smaller grain size developed by
electron beam welding. Meanwhile, the effect of grain
size on the fatigue strength can be expressed properly by
Hall-Petch relationship for AZ31B magnesium
alloy [33], which explained that grain refinement can
enhance crack initiation and crack growth resistance.

Figure 5 shows the superficial temperature
evolution of AZ31B magnesium alloy electron beam
welded joints in different stress ranges measured during
fatigue tests. A is the maximum temperature increment,
which is calculated as Ar=t—f, (where ¢ is the highest
superficial temperature value of specimen, #, is room
temperature). Note that when the cyclic loading is greater
than fatigue limit of AZ31B magnesium alloy electron
beam welded joint, the consistent temperature evolution
tendency is shown in all specimens compared with that
of base metal in our previous research (Fig. 3) [25]. As is
shown in Fig. 6, which is the typical temperature
evolution for AZ31B magnesium alloy electron beam
welded joint under 110 MPa, the temperature evolution
uniformly undergoes five stages: initial temperature
increase stage I, temperature decrease stage II,
temperature equilibrium stage III, abrupt temperature
increase stage IV, and final drop stage V.

40
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25 ¢ Omax—105 MPa
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Fig. 5 Temperature evolution of AZ31B magnesium alloy
electron beam welded joint measured during fatigue tests under

different stress ranges

In stage I, superficial temperature is presented to
rapidly increase at the beginning of the test since the
energy density associated with hysteresis effect gives rise
to heat generation at a greater rate than heat loss from the
specimen by conduction, convection and radiation.
Along with the rapid increase of temperature, large
cyclic hardening effect appears inside the specimen and
reaches maximum at point B [25]. And this phenomenon
reflecting in the change of tensile strength during the
fatigue test has been successfully utilized to determine
the fatigue damage variation of materials [34].
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Fig. 6 Temperature evolution of AZ31B magnesium alloy
electron beam welded joint measured during fatigue test under
110 MPa

In stage II, little inelastic deformation occurring
inside the specimen and heat transfer is in dominant
Besides, considering the large
conductivity, A, of magnesium alloy, which is above
10 W/(m-K) [35], heat is mainly transferred by
conduction in this test. And this stage is a distinctive

status. thermal

temperature evolution for magnesium alloy and its
welded joint subjected to cyclic loading compared with
the steels and the aluminium alloys which have
body-centered cubic crystal and face-centered cubic
crystal structure, respectively [36]. This can be possibly
attributed to the less slip systems of HCP (hexagonal
close-packed) crystal structure for magnesium alloy.

In stage III, energy generation balances the energy
dissipation, and the temperature almost reaches a
constant value. After a certain number of cycles, there is
a sharp increase of temperature before the final failure in
stage IV, which indicated that the macrocrack was
initiated in the specimen and propagated forward.
Therefore, this information can be utilized to terminate
the operation of magnesium alloy welded structures to
prevent the catastrophic failure.

In stage V, the temperature gradually decreases to
room temperature after the test stops.

3.3 Fatigue behavior based on temperature evolution
3.3.1 Fatigue limit prediction

According to LUONG [17], the fatigue limit can be
defined as two curves interpolating experimental
thermographic data: one for stresses below and the other
for stresses above the fatigue limit, and the abscissa of
the intersection point of two linear regressions lines,
corresponding to the fatigue limit. Figures 7 and 8
represent the At,x captured by IRT in stage I versus the
corresponding stress levels of base metal and AZ31B
magnesium alloy electron beam welded joint,
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respectively. It is observed that Az, varies as a function
of the loading stress and two distinct curves with
different slopes are remarkable. The fatigue limits of
AZ31B magnesium alloy electron beam welded joint and
base metal predicted by IRT are 83 and 108 MPa,
respectively. With any experimental investigation, there
is always a certain degree of unavoidable uncertainty.
The percentage difference between osy and the
prediction of fatigue limit oy obtained by thermography
method is evaluated by the formula: d=(orv—osn)/osn %
100%. Table 5 shows the prediction by IRT and the
comparison with the experimental values.

From the results in Table 5, good predictions are
achieved between predicted values and experimental
values. The absolute maximum difference in the fatigue
limit predictions is found to be 6.7%. Low errors are
possibly attributed to inhomogeneity in both scattering
feature of the experimental data and microstructure, and
mechanical property caused by the welding process.
Therefore, fatigue limit of AZ31B magnesium alloy
electron beam welded joint can be rapidly predicted by
IRT, which is of great importance for the development
and security application of magnesium alloy in
automotive and aerospace industry.

40

35F

301 = Base metal -
25t — Fitting straight line

20
15
10

Au°C

70 80 90 100 110 120 130 140 150

Maximum stress, o,,,/MPa

Fig. 7 Fatigue limit prediction of AZ31B magnesium alloy
(base metal) by infrared thermography
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Fig. 8 Fatigue limit prediction of AZ31B magnesium alloy
electron beam welded joint by infrared thermography

Table 5 Fatigue limit obtained from fatigue tests and
thermographic approach

Type osn/MPa orm/MPa 0/%
Welded joint 89 83 6.7
Base metal 107 108 0.9

3.3.2 Damage assessment

Figure 9 presents the temperature variations of
AZ31B magnesium alloy electron beam welded joint
during fatigue tests. As can be seen in Fig. 9, the initial
stage associated with minimal damage in the specimen of
AZ31B magnesium alloy electron beam welded joint is
depicted with “cold” color coding in the thermograph;
whereas along with the accumulation in cycles,
progressive damage in specimens is characterized with
increasingly “warmer” colors. Being agreement with the
temperature evolution of the AZ31B magnesium alloy
electron beam welded joint as shown in Fig. 6, the
warmest color happened in Fig. 9(b), which indicates
that the plastic strain in the specimen researches the
maximum.

(a) (b) (c)
Fig. 9 Thermographic images of AZ31B magnesium alloy electron beam welded joint during fatigue test under 110 MPa

(d) (e) (0
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This manifests that a raise in fatigue damage in
material is indicated by the increase in the density of the
“warmer” colors. And latterly, the visible hot spot zone
on the specimen surface can be found through the
thermography images recorded by infrared camera. The
hot spot in weld specimen tends to appear in the weld toe
as shown in Fig. 9(d), which indicates serious fatigue
damage in weld toe. It can also be observed that the hot
spot extends forward along the direction of weld toe in
Fig. 9(e). Finally, the specimen is naturally fractured in
weld toe.

Figure 10 shows the failed specimen of AZ31B
magnesium alloy electron beam welded joint. Failure in
the welded specimen occurs in the weld toe,
corresponding to the results obtained by IRT. This is
possibly due to the remarkably inhomogenous transition
of microstructure from base metal to weld in Fig. 1. This
leads to serious stress concentration in the weld toe. And
no post heat treatment was applied to the weld, so the
residual stress in the weld toe was not relieved. Hence,
the weld was failed on the weld toe. CRUPI et al [37]
used the thermographic method to predict the fatigue
limit of welds, and results showed that welded specimens
also failed in the weld toe region. Although some
variations may exist in weld specimens, such as
differences in the microstructure of the material and weld
quality, the behavior of specimens is very consistent.

Meanwhile, it can be concluded that stress
concentration has a significant influence on the fatigue
strength of the weld from above discussion. Therefore, a
quantitative analysis of stress concentration would be
conducted by IRT in our further research.

—Weld

O/Crack initiati

Crack initiation

Crack initiation

Fig. 10 Photograph of failed specimen of welded joint (a)
positive view of fracture position (b) and lateral view of
fracture position (c)

4 Conclusions

1) For AZ31B magnesium alloy electron beam
welded joints, when the stresses are above the fatigue

limit and below the yield limit, five stages of temperature
variation are observed during a fatigue test: an initial
temperature increase, a temperature decrease stage, a
temperature equilibrium, an abrupt temperature increase
and a temperature drop after the failure.

2) The fatigue strength of AZ31B magnesium alloy
electron beam welded joints under 2x10° cycles is
89 MPa, which can reach 83.2% that of AZ31B
magnesium alloy electron beam joint under 1x10 cycles.
The fatigue strengths of AZ31B (base metal) and its
magnesium alloy electron beam welded joints predicted
by IRT are 108 and 83 MPa, respectively, and the
percentage errors compared with the conventional
experimental values are 0.9% and 6.7%, respectively,
suggesting a fine accuracy for infrared thermography in
fatigue strength prediction.

3) Fatigue failure in AZ31B magnesium alloy
electron beam welded joints was predicted to suffer in
the weld toe by means of infrared thermography, which
coincides with the traditional experimental results.
Therefore, real-time monitoring the evolution of color
and hot spot zone on the specimen surface can efficiently
assess the fatigue damage in specimens during fatigue
tests. Meanwhile, by analyzing their changes, it is likely
to avoid unexpected fatigue fracture in practical
engineering structures.
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