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Humidity is a key factor affecting the quality of welded joints for high-speed trains. Welded joints made of
A7N01S-T5 aluminum alloy were fabricated under five relative environmental humidity conditions: 50%, 60%,
70%, 80%, and 90%. Themicrostructures of thewelded joints were examined using an optical microscope and po-
rosity quantities were calculated from macrographs using image analysis software. The fatigue strength of the
welded joints was measured with high-cycle fatigue testing. It was determined that the microstructures and
grain sizes in the weld zone and heat-affected zone (HAZ) were similar under different humidity conditions;
however, porosity distribution varied significantly. Porosity quantity increased as humidity increased. The
weld joint made under the 90% humidity condition had the highest quantity of porosity, while the weld joint
made under the 70% humidity condition had the maximum diameter and area of porosity. The weld joint
made under the 70% humidity condition also had the lowest fatigue strength. Fracture morphology of fatigue
samples showed that the weld joint made under the 70% humidity condition had brittle fracture, while others
showed ductile fracture. Therefore, 70% humidity was determined to be the critical humidity level for welding
joints in high humidity environment.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

A7N01S-T5 is anAl–Zn–Mg alloywith high strength, good extrusion,
and good welding properties that can be extruded into thin-walled sec-
tions with complex shapes. It has been selected to make the welded
components of high-speed trains, such as under-frames, corbels, and
other key important parts subjected to static and dynamic loading.
Weld-joint failures were found in the welded components during ser-
vice. Weld defects contributed significantly to the failures [1–3].

Porosity is oneof themain defects produced in gasmetal arcwelding
(GMAW) of aluminum–alloy structures during fabrication of high-
speed trains. Hydrogen (H) is the main contributor to porosity during
welding [4–10].When thehumidity is higher, the high temperature sur-
rounding the welding arc promotes decomposition of water (H2O) in
the air to H ions. The amount of dissolution of H ions in the weld pool
is proportional to the H-ion concentration. The solubility of H ions de-
creases as the temperature of the weld pool decreases during cooling.
Thus, the H ions will escape from the weld pool during cooling by
forming bubbles and floating to the surface. Bubbles that do not escape
the weld pool become porosity.
Research results [11–17] indicate that humidity plays an important
role in the formation of hydrogen-induced porosity in weld joints and
conclude that porosity results a reduction in strength. The content of
diffusible H ions increased with an increase in water-vapor pressure in
the air. Therefore, the sensitivity of porosity formation increased with
an increase in humidity. When the humidity was higher, the weld mi-
crostructure grains became coarser, and porosity size increased in the
fusion zone and heat-affected zone (HAZ).

There is a little research to quantify the effect of humidity in the air
on porosity, microstructure, and fatigue strength in a welded joint. As
a result, a critical level of humidity in whichwelding should not be con-
ducted has not been established. Zhou et al. [18] studied the effects of
ambient temperature and humidity on porosity formation in weld
metal. A simulated gas chamber was designed and made for welding
tests. Experiments were done under various temperature and humidity
conditions; however, Zhou et al. did not study the effect of porosity on
the microstructure and mechanical properties of weld joints. Shore
and McCauley [19] studied the effect of porosity on high strength
7039 aluminum and concluded that porosity reduced both weld metal
ductility and fatigue life. Rudy and Rupert [20] studied the effect of po-
rosity on the mechanical properties of aluminum welds and found that
increasing area fractions of porosity in a weld cross section would re-
duce strength. They also found that fine porosity also reduced the
joint strength as much as a large porosity did, if present in sufficient
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Table 1
Chemical composition of A7N01S-T5 matrix and ER5356 filler wire.

Materials Chemical composition (wt.%)

Zn Mg Cu Mn Cr Ti Zr Si Fe Al

A7N01 4.190 1.340 0.011 0.317 0.233 0.043 0.122 0.046 0.100 Bal.
ER5356 ≤0.10 4.5–5.5 ≤0.10 0.05–0.20 0.05–0.20 0.06–0.2 – ≤0.25 ≤0.10 Bal.
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quantity. The components of high-speed trains have beenwelded under
many different environments all over theworld. Every place has its own
temperature and humidity. Therefore, it is important to understand the
effect of humidity on porosity, microstructures and fatigue properties of
welded joints made of A7N01S-T5 aluminum alloy.

2. Materials and experimental work

2.1. Materials

Experimental base material consisted of 8-mm think A7N01S sheets
that had undergone T5 heat treatment (cooled from an elevated-
temperature during shaping process and then artificially aged according
to ISO 2107:2007). The times and temperatures for aging were 10 h in
the first 100 °C and then 10 h for 150 °C. To remove oxides and decrease
the possibility of porosity in weld joints, the surface of welded samples
was chemically cleaned.

Welded joint samples were made using GMAWwith 1.2 mm diam-
eter ER5356 filler wire. The chemical compositions of the A7N01S-T5
base material and ER5356 are listed in Table 1. The mechanical proper-
ties of the A7N01S-T5 base material are listed in Table 2.

2.2. Welding process

To adjust the humidity of thewelding environment, an environment
simulation lab, as shown in Fig. 1, was established to enable the creation
of relative humidity conditions of 50%, 60%, 70%, 80%, and 90%. The tem-
perature in the lab was adjustable between −30 °C and 40 °C and the
wind velocity was variable between 0 m/s and 4 m/s.

The five levels of relative humidity were selected for two reasons.
The first reason is that the porosity sizes were tiny and the quantity
was minimal under a 50% relative humidity condition. The second rea-
son is that it is required by themanufacturing standard that the humid-
ity should be equal or below 70%. This paper studied the variation of
humidity by + or −20%.

Welding process parameters, as shown in Table 3, were developed
by carrying out a large number of welding experiments to achieve
defect-free weld joints under normal welding conditions. During
welding experiments, 99.999% pure argon was used as the shielding
gas for the GMAW torch and paraxial gas nozzle.

2.3. Microstructure examination and porosity quantity measurement

Themicrostructures of the samplesweldedunder different humidity
were examined using a Zeiss AX10 optical microscope. Samples were
prepared by cutting the weld joints perpendicular to the welding
direction. The polished samples were etched using mixed acid solution
(volume ratio: 1%HF, 1.5%HCL, 2.5%HNO3, and 95%H2O), with an etching
time of 20–30 s.

The cross sections of the welded joints first were examined using a
VK1000 stereomicroscope and then the porosity quantity was analyzed
with Image-Pro Plus software based on a color-difference analysis
Table 2
Mechanical properties of A7N01S-T5.

Materials Hardness (HV) Tensile strength(MPa) Yield strength(MPa)

A7N01S-T5 107 393 327
method. Fig. 2 shows an example image for developing the test
procedure.

2.4. Fatigue test

Fatigue samples were machined from the welded blanks in the di-
rection perpendicular to the welding direction. Weld reinforcements
in the fatigue samples were removed tomeet the test standard require-
ment. Fig. 3 shows the dimensions of the fatigue samples. Before fatigue
testing, all samples were visually inspected to ensure no macroscopic
defects.

Fatigue tests were performed on electromagnetic resonant high-
cycle fatigue equipment by applying a tension–compression cyclic
load at a zero stress ratio. The test waveform was a sine wave and the
test frequency was in the range from 90 Hz to 110 Hz. The maximum
number of loading cycles was 1 × 107 was considered the fatigue limit
if the samples were not broken. The fracture surfaces of the broken fa-
tigue samples were observed using a scanning electron microscope
(SEM) to identify fatigue crack initiation locations as well as the propa-
gation mechanism.

3. Results and discussion

3.1. Microstructures of welded joints

Microstructures and cross-sectional macrographs of weld joints
under the different humidity are shown in Fig. 4. The microstructures
under different humidity were similar in the weld zone and HAZ. In
the weld zone, the uniform equiaxed grains had diameters between
90 μm to 105 μm and the main microstructures were composed of
α-Al solid solution and α-Al + β-Al8Mg5 eutectic phases. In the
heat-affected zones, inhomogeneous microstructures and coarse grains
induced by overheating were observed. The grains were round shapes
and the microstructures were columnar crystals arranged along the
direction of heat transferring from the fusion lines. The grains sizes in
the HAZ were much larger than the weld zone for all humidity condi-
tions. This resulted from the non-spontaneous nucleation along the fu-
sion line in the HAZ that was heated to semi-molten state during
welding.

By comparing the cross-sectional morphologies under different
humidity conditions, it was determined, that that porosity was
dispersedly distributed and the quantity increased with increased
humidity. Under the 50% humidity condition, the porosity sizes were
tiny and the quantity was minimal. Under the 60% humidity condition,
the size and quantity of porosity increased slightly. Under the 70% hu-
midity condition, the size and quantity of porosity increased sharply.
Larger pores were dispersedly distributed along the fusion line of
weld. Under the 80% humidity condition, the porosity size decreased
while thequantity increased. Under the 90%humidity condition, the po-
rosity sizes further decreased, the quantity further increased, and the
distribution was more uniform than under other humidity conditions.
Elongation (%) Impact toughness (J/cm2) Fatigue strength (MPa)

15.5 24 174.5



Fig. 1. Design of welding-environment simulation lab. 1—welding expert database and control system; 2—welding table; 3—wind flow speed control device; 4—device for reducing tem-
perature; 5—device for increasing temperature; 6—humidification intelligent control device; 7—dehumidification intelligent control device; 8—weldment; 9—welding torch; 10—welding
machine.
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Table 4 and Fig. 5 show the porosity statistics and trends for relative
humidities from 50% to 90%. The results showed that the porosity under
the 70% humidity condition had themaximummean size, maximumdi-
ameter, maximumarea,maximum total area, maximum cross-sectional
total area, andmaximumpossession rate. The possession rate is the per-
centage of total porosity area over the weld area. The porosities under
the 90% humidity condition had the maximum quantity. According to
ISO 10042:2006, the porosity quantity and quality under the 50% hu-
miditywas at “A” grade (considered free of porosity defects). The poros-
ity quantity and quality under the humidity 60%, 80%, and 90% reached
to “B” grade (not believed to decrease the static strength of welded
joints). The porosity quantity and quality under the 70% humidity
reached to “C” grade (joints welded under this humidity condition
could not be used as engineering structures). Therefore, the 70% humid-
ity is a critical point that could affect the mechanical properties of
welded joints.

3.2. Fatigue property

3.2.1. P–S–N curves for the welded samples
The following equations were used to process the measured data in

the fatigue testing to get the P–S–N curves according ISO 12107:2012. P
stands for the failure probability, N is the number of cycles, and S is the
stress amplitude.
Table 3
Welding process parameters for A7N01S-T5.

Materials Thickness (mm) Weld Peak current (A) Voltage (V) Weldin

A7N01S-T5 8 1 170–189 20.3–22.7 600–65
2 174–195 21.4–22.9 636–65
3 176–191 22.1–23.2 500–52
x ¼ b̂−ây ð1Þ
â ¼ −
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Fig. 2. Image of porosity measurement in cross sections.
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μ̂y ¼

Xnþ1

i¼2

Si

n
ð7Þ

ŷ P;1−αð Þ ¼ μ̂y−k P;1−α;νð Þσ̂y ð8Þ

where x= lgN and y= S. xi and yi are themeasured values from fatigue
testing. x and y are the average value of xi and yi, respectively. n is the
data points and υ= (n− 2) is degree of freedom (DOF). σ̂x is the stan-
dard deviation of logarithmic fatigue life for the total samples and σ̂y is
the standard deviation of fatigue strength for the total samples. (1− α)
is the confidence probability, k is the unilateral error of normal, μ̂y is the
mean fatigue strength under the failure probability 50%, and ŷ(P,1 − α) is
the mean fatigue strength under the confidence probability (1− α).

Fig. 6 shows the P–S–N curves of welded joints under different hu-
midity conditions. Each figure contains measured data and two lines.
The upper line is for a 50% failure probability (50% confidence) and
the lower line is for a 90% failure probability (10% confidence). Note
that the number of cycleswas plottedwith logarithmvalues. For a stress
of 110 MPa, the logarithmic number of cycles for 50% confidence under
thehumidity 50%, 60%, 70%, 80%, and90%was about 6.9, 6.7, 5.2, 5.9, and
6.0, respectively. Therefore, the fatigue life was reduced with the in-
crease of humidity in general. The weld samples welded under the
70% humidity had the lowest fatigue life.

Fig. 7a and b show themean fatigue strength under different humid-
ity conditions for the failure probability 50% and 10%, respectively,
which provide the change trend of the mean fatigue strength with the
increase of humidity. The mean fatigue strength decreases from 50%
Fig. 3. Dimension of fatigue test sam
humidity to 70% humidity and then increases to 90% humidity. There
is a large drop of the mean fatigue strength under the humidity 70%.

In summary, the fatigue samples welded under the 50% humidity
showed the best fatigue performance with fatigue strength
103.75 MPa for the number of cycles 107, while the fatigue samples
welded under the 70% humidity showed the lowest fatigue perfor-
mance with fatigue strength 68.67 MPa for the same number of cycles.
The mean fatigue strength for the 70% humidity was only 66% of that
for the 50% humidity. For the 10% failure probability, the mean fatigue
strength under the 70% humidity was even lower, only 58% of that for
the 50% humidity. Because the weld reinforcement was removed for
all fatigue samples, it can be assumed that all of these samples had the
same surface condition. Therefore, the fatigue strength of the welded
joint is largely determined by porosity.
3.2.2. Fracture mechanism study
Fig. 8 shows the fracture morphologies of a broken fatigue sample

under the 50% humidity condition. The fatigue cracks originated from
the accumulated porosity zone near the left surface, propagated
throughout internally, and finally fractured, as shown in Fig. 8a.

Fig. 9 shows the fracture morphologies of a broken fatigue sample
under the 60% humidity condition. Themacrofatigue stairs show the fa-
tigue crack initialization (see Fig. 9a). The distributed microporosities
whose diameters are less than 50 μm may induce stress concentration.
There existed striations looming and caves that were introduced by
the broken off the impurities, as shown in Fig.9b. These caves may pro-
mote crack propagation.

Fig. 10 shows the fracture morphologies of a broken fatigue sample
under the 70% humidity condition. The crack source zone showed an
arc shape that manifested the crack initiation at a point defect, as
ples (all dimensions in mm).



Fig. 4.Microstructures andmacrographs of weld under different humidity. (a1)Weld zone under 50% humidity; (a2) fusion line under 50% humidity; (a3)Macrograph under 50% humid-
ity; (b1) Weld zone under 60% humidity; (b2) fusion line under 60% humidity; (b3) Macrograph under 60% humidity; (c1) Weld zone under 70% humidity; (c2) fusion line under 70%
humidity; (c3) Macrograph under 70% humidity; (d1) Weld zone under 80% humidity; (d2) fusion line under 80% humidity; (d3) Macrograph under 80% humidity; (e1) Weld zone
under 90% humidity; (e2) fusion line under 90% humidity; (e3) Macrograph under 90% humidity.
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shown in Fig.10a. A large porewas observedwhose diameter was about
700 μmonto the surface. There existed small poreswith diameters from
30 μm to 100 μm. The large pore may lead to stress concentration along
with the crack. The small pores surrounding the large pore provided the
path for crack propagation and reduced fatigue life, as shown in Fig.10b.
The fatigue fracture mechanism appears as a brittle fracture.

Fig. 11 shows the fracture microstructures of a fatigue sample under
the 80% humidity condition. A large pore with a diameter about 500 μm



Table 4
Porosity content under different humidity.

Humidity
(%)

Mean
size
(mm)

Maximum
diameter
(mm)

Maximum
area (mm2)

Total area
(mm2)

Sectional total
area (mm2)

50 0.00005 0.06 0.0017 0.002 58.43
60 0.0012 0.11 0.0078 0.14 48.88
70 0.0050 0.72 0.3344 0.96 58.60
80 0.0018 0.29 0.0484 0.35 55.79
90 0.0004 0.16 0.0188 0.21 46.38

314 G. Gou et al. / Materials and Design 85 (2015) 309–317
appeared near the surface, as shown in Fig. 11a. Stress concentration
could occur at the large pore and induce cracking under loading. Small
pores with diameters from 30 μm to 100 μmwere found on the fracture
surface. The cracks propagated and formed the fatigue striations, as
shown in Fig.11b; however, the direction of propagation was similar
to that observed in Figs. 8b, 9b, and 10b.

Fig. 12 shows the fracture morphologies of a broken fatigue sample
for the 90% humidity condition. The fracture zone was in the weld
zone and the pores are uniformly and densely distributed on the frac-
ture surface. The largest-diameter of pore was approximately 150 μm,
as shown in Fig. 12a. Crack was initiated from the large pore and then
propagated to form the fatigue striations, as shown in Fig.12b. However,
the direction of propagation was similar to that observed in Figs. 8b, 9b,
10b, and 11b. The pores led to the propagation of the crack until the
fracture occurred.

The above experimental results showed that themorphologieswere
similar under the different humidity but the fracture mechanism of the
70% humidity condition was different from the other humidity condi-
tions. The large pores significantly affected the properties of the welded
joints.

Water vapor does not decompose under the temperature 2000 K
and decomposes to H2 and O2 when the temperature increases from
2000 K to 4800 K. At temperatures higher than 4800 K it decomposes
to H ions and O ions [21]. Thus, the water vapor decomposes to H ions
and O ions entirely in the center of arc during welding process because
the temperature of arc center is about 5000 K–50,000 K [22]. The solu-
bility of H ions decreases sharply from 0.69 mL/100 g to 0.036 mL/
100 g under equilibrium conditions. The amount of water vapor and
the decomposition amount of water vapor increase with the increase
of humidity. Then the amount H ions and the pressure of H vapor in-
creases in the high temperature arc and probability of porosity forma-
tion increases and the quantity accumulates as a result.

From the result of Table 4 and Fig. 5, the porosity quantity under the
90% humidity is 2.8 times higher than that under the 70% humidity. The
mean size of porosity under the 70% humidity is 12.5 times higher than
that under the 90% humidity. Themaximumdiameter of porosity under
the 70% humidity is 4.5 times higher than that under the 90% humidity.
The total area of porosity under the 70% humidity is 4.6 times higher
Fig. 5. Porosity quantity and possession rate as a function of re
than that under the 90% humidity. The maximum area of porosity
under the 70% humidity is 17.8 times higher than that under the 90%
humidity. The porosity possession rate under the 70% humidity is 3.6
times higher than that under the 90% humidity. Thus, it can be conclud-
ed that the major factors that influence the properties of welded joints
were porosity size and the possession rate. The distribution of maxi-
mum porosity affects the properties of weld joints. Hence, the 70% hu-
midity is the critical level of humidity for welding.
4. Conclusion

The A7N01S-T5 welded joints were fabricated under different envi-
ronment humidity using gas metal arc welding process in an environ-
ment simulation lab. The microstructures and porosity quantities were
investigated using an optical microscope and analysis software. The fa-
tigue propertieswere alsomeasured for all humidity conditions. The fol-
lowing conclusions can be drawn:

• Themicrostructures of theweld andHAZwere similar under different
environment humidity.

• The porosity quantity increasedwith the increase of humidity and the
porosities under the 90% humidity condition had themaximumquan-
tity. However, the porosity under the 70% humidity condition had the
maximummean size, maximumdiameter, maximum area,maximum
total area, maximum sectional total area, and maximum possession
rate.

• The mean fatigue strength of welded joints decreased from the 50%
humidity condition to the 70% humidity condition and then increased
to the 90% humidity condition. The fracture mechanism of welded
joints under the 70% humidity condition was brittle fracture, while
others were ductile fracture.

• Themajor factors that affect theweld-joint propertieswere the poros-
ity size and possession rate, especially the distribution of maximum
porosity. The 70% humidity condition was the critical level for envi-
ronment humidity during welding.
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Fig. 6. P–S–N curves of welded joints under different humidity. (a) Under 50% humidity; (b) under 60% humidity; (c) under 70% humidity; (d) Under 80% humidity; (e) Under 90%
humidity.

Fig. 7.Mean fatigue strength of welded joints under different humidity. (a)Under 50% failure probability (b) under 10% failure probability.
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Fig. 8. Fracture morphologies of a fatigue sample under the 50% humidity. (a) Crack source zone; (b) crack propagation zone.

Fig. 9. Fracture morphologies of welded joints under 60% humidity. (a) Crack source zone; (b) crack propagation zone.

Fig. 10. Fracture morphologies of welded joints under 70% humidity. (a) Crack source zone; (b) crack propagation zone.

Fig. 11. Fracture morphologies of welded joints under 80% humidity. (a) Crack source zone; (b) crack propagation zone.

316 G. Gou et al. / Materials and Design 85 (2015) 309–317



Fig. 12. Fracture morphologies of welded joints of 90% humidity. (a) Crack source zone; (b) crack propagation zone.
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