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ABSTRACT

The fracture toughness behavior of Al-Zn-Mgalloy, A7N01S-T5,
welded joints was investigated using three points bending
test with the J integral approach. The microstructures of the
welded joints were examined using optical microscopy, micro-
hardness, and transmission electron microscopy. The heat
affected zone (HAZ) had the best crack propagation resistance,
and the weld zone (WZ) and base metal (BM) behaved simi-
larly. The stress corrosion cracking (SCC) behavior of the welded
joints was investigated under a constant loading condition.
The threshold stress intensity factor of SCC and the cracks’
propagation rate were tested. The microstructure of the
fracture was examined using optical microscope and scanning
electronmicroscope. The results showed that both the BMand
the HAZ were susceptible to SCC and the HAZ was smaller than
the BM, but no cracks were detected in the WZ. A greater
amount of H+ and a higher concentration of Zn and Mg accu-
mulated at the crack front tips, which led to the SCC resis-
tance weakening in the A7N01S-T5 welded joints.

KEY WORDS: A7N01S-T5 aluminum alloy, cracking, fracture
mechanics, stress corrosion cracking, threshold stress intensity,
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INTRODUCTION

A7N01S-T5 aluminum alloy is an Al-Zn-Mg alloy that
may be heat treated to have a yield strength as high as
300 MPa to 450 MPa with very good ductility. The
alloy can be extruded into thin-walled and complex
shapes. In addition, the alloy has excellent aging
characteristics and weldability.1 Specifically, the re-
duced strength from welding-induced softening can
be restored through proper aging treatment. As a
result, this alloy has been selected extensively for
important structures in high-speed trains, including
underframes, threshold, corbels, section beams, and
end walls.2

The A7N01S-T5 alloy contains, in addition to Zn
and Mg, various alloying elements such as Cu, Si, and
Cr. It has been reported that when the Zn and Mg
content was increased to the limit of Zn +Mg = 7.5% for
solid solution strengthening, the sensitivity of the
alloy to stress corrosion cracking (SCC) would increase
considerably.3-6 Increased temperature and humidity
would also influence the SCC behavior of A7N01, es-
pecially when the concentration of chlorine ions in
the atmosphere is relatively high and the pH value
is low.4

Previous results also showed that themechanism
of SCC is related to the migration of corrosion products
on metal surface.7-9 When aluminum alloys and their
welded joints are in corrosive atmosphere, low melting
point compounds may form easily and may promote
the occurrence of SCC. Others reported that the
mechanism of SCC involves anodic dissolution.10-13

Grain boundary precipitation usually plays the role of
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anode and would be dissolved first when the service
condition is corrosive. However, other reports firmly
demonstrated that the SCC phenomenon is a result of
the hydrogen-induced SCC.14-28 As SCC proceeds, the
reduced H atoms would form H2 bubbles generating
crack along the grain boundaries.

SCC is considered to be a very dangerous form of
failure to the safety of high-speed train structures. A
number of A7N01 Al alloy components such as
traction beams, bumper beams, and cross beams, as
well as many other aluminum alloy structures
manufactured with A7N01 aluminum alloys, experience
fracture from time to time. Many of these failures
result from SCC. The present research group has
demonstrated in previous publications that the
features of those cracks were consistent with
SCC.29-34

This paper reports the results from an investi-
gation on the critical threshold stress intensity factor for
SCC (KISCC) and crack propagation data.

MATERIALS AND METHODS

Materials and Welding Parameters
The testing materials used were A7N01S alloy

plates of 10 mm thickness under T5 aging condition
(cooled down from an elevated temperature forming
process and then artificially aged according to ISO
Standard 2107:200735). Welding was performed by
the metal inert gas technique with a PHOENIX 421
EXPERT† welding machine. The welding wires were
ER5356 (AA5356, UNS A95356(1)) of 1.6 mm diameter.
The chemical compositions of the A7N01S Al alloy
base metal, A7N01S, and the welding wire are listed in
Table 1. The mechanical properties of A7N01S under
the T5 condition are listed in Table 2. The welding
parameters are listed in Table 3. To remove the oxides
and reduce the porosity of the joint, the surface of the
alloy was chemically cleaned before welding.

Fracture Toughness Test
Samples were fabricated from the base metal

(designated as BM), heat affected zone (HAZ), and
welded zone (WZ) of the welded joints according to the
standards of ISO Standard 12135:2002.36 The sample
direction was perpendicular to the welded seam, as

TABLE 1
Chemical Concentration of A7N01S-T5 Alloy and AA5356 Welding Wire

Chemical Content (wt%)

Materials Zn Mg Cu Mn Cr Ti Zr Si Fe Al

A7N01(A) 4.190 1.340 0.011 0.317 0.233 0.043 0.122 0.046 0.100 Bal.
JISH 4000-2006(B) 4.0 to 5.0 1.0 to 2.0 <0.2 0.2 to 0.7 <0.30 <0.20 <0.25 <0.3 <0.35 Bal.
AA5356(C) ≤0.10 4.5 to 5.5 ≤0.10 0.05 to 0.20 0.05 to 0.20 0.06 to 0.2 – ≤0.25 ≤0.10 Bal.

(A) A7N01: the aluminum alloy base metal used in the present investigation.
(B) JISH 4000-2006: the corresponding Japanese Al alloy with the Japanese Industrial Standard (JISH 4000-2006).
(C) AA5356: the welding wire material used in the present research.

TABLE 2
Mechanical Properties of A7N01S-T5 and JISH 4100-2006

Materials
Hardness

(HV)
Tensile Strength

(MPa)
Yield Strength

(MPa)
Elongation

(%)
Impact Toughness

(J/cm2)
Fatigue Limit

(MPa)

A7N01S-T5 107 393 327 15.5 24 174.5
JISH 4100-2006(A) – ≥325 ≥245 ≥10 – –

(A) JISH 4000-2006: the corresponding Japanese Al alloy with the Japanese Industrial Standard (JISH 4000-2006).

TABLE 3
Welding Processing Parameters for A7N01S-T5 Alloy(A)

Materials
Thickness

(mm) Weld

Peak
Current

(A)
Voltage

(V)

Welding
Speed

(mm/min)

Gas
Flow

(L/min)
Environment

Temperature (°C)
Environment
Humidity (%)

A7N01S-T5 10 1 205 20 350 25 24 to 26 50
10 2 210 20 330 25 24 to 26 50

(A) The gas used for welding was 999.99% purity argon.

† Trade name.
(1) UNS numbers are listed in Metals and Alloys in the Unified Num-

bering System, published by the Society of Automotive Engineers
(SAE International) and cosponsored by ASTM International.
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shown in Figure 1. The HAZ and WZ region samples
were cut based on the optical microstructure obser-
vation, as well as the microhardness distribution.

The microstructures of WZ, HAZ, and BM regions
are shown in Figure 2. The elongated grains from
rolling were clearly seen in both HAZ and BM regions.
The microstructure consisted of recrystallized grains
with undissolved phases and impurity particles. The
microstructure of BM was similar to that of the HAZ.
In the WZ region, there were uniformly distributed
equiaxed grains whose sizes were smaller than in the
HAZ and BM regions. Figure 3 shows that the hardness
in the WZ region was lower than in the BM and HAZ.

Figure 4 presents the transmission electron mi-
croscope (TEM) micrographs taken in the welded
joints by a JEM-2010† microscope. Precipitated parti-
cles can be seen everywhere, including within grains
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FIGURE 1. Sample cutting layout for fracture toughness test.
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FIGURE 2. Optical micrograph of welded joints.
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FIGURE 3.Microhardness distribution from weld zone to base metal.
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(Figure 4[a]) and along grain boundaries (Figures 4[c]
and [d]). The large particles seen in Figures 4(c) and (d)
along the grain boundaries are believed to be either
T(A12Mg2Zn3) or η(MgZn2) phase particles.37 Many
small precipitates are also seen distributed along the
grain boundaries, which appear to be associated with
the large particles. The size of precipitate-free zone
(PFZ) was estimated to be 80 mm to 90 nm. As
reported previously, the wider the PFZ region, the
greater the stress corrosion resistance of the
materials.38

Figure 5 presents the sample design for three points
bending test, and the test was conducted with a
WD-E† electronic universal test machine. A sharp in-
cision was machined at the edge of the samples using
electron discharge machining. The diameter of the
molybdenum cutting wire was 0.14 mm. Precracks
were introduced by a cyclic deformation process with a
YK-I† dual elastic fork fatigue machine. The precrack
length was generally 3 mm to 5 mm long, and the
effective length of the cracks was controlled to satisfy
0.45 ≦ a/W ≦ 0.70.

The fracture toughness in the present investigation
was obtained using J integral approach. The test was
done in air; the atmosphere was 50% humidity and the
temperature was 24°C to 26°C. The equation for
J integral approach calculation is:

J0=JeþJp

=
�

FS
ðBBNÞ0.5 W1.5 ×g1

�
a0

W

��
2
�

1 −υ2

2Rp0.2E

�
þ 2Up

BNðW −a0Þ
(1)

where J0 is the experiment component of J integral
in kJ/m2, Je is the elastic component of J integral in
kJ/m2, Jp is the plastic component of J integral in
kJ/m2, F is the applied load in kN, S is the loading span
in mm, B is the thickness of the sample in mm, BN is
the net thickness of the sample between the slots on
both sides inmm,W is the width of the sample inmm,
g1 is the constant in the standard according to the
sample size, a0 is the initial crack length in mm, υ is
Poisson’s ratio = 0.3, Rp0.2 is the nonproportional ex-
tension strength that is perpendicular to the crack
plane under the experiment temperature (equal to
327.7 MPa), E is the modulus of elasticity in GPa, and
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FIGURE 4. TEM microstructures of welded joints.
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FIGURE 5. Sample design for three point bending fracture tough-
ness test (unit: mm).
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Up is the energy of plastic deformation component that
was obtained by considering the region enclosed by
the loading and displacement curve in J. This equation
and testing method is in accordance with the ISO
Standard 12135:2002.36

Stress Corrosion Cracking Test
Samples in the direction of Y-Z (see Figure 1) for

SCC testing were cut and machined from the BM, HAZ,
and WZ of the welded joints according to ISO Stan-
dard 7539-6:200339 and ISO Standard 7539-8:2000.40

A notch was cut at the edge of each sample the same
way as the fracture toughness test samples. The pre-
setting notch was 2 mm long and the precrack length
was 6 mm long.

To assure the accuracy of the testing data, only
the region of interest of each sample was immersed into
the solution during testing, and the rest of the sample
surface wasmasked with the BONLE type cyanoacrylate
adhesive glue. The sharp incision and the extens-
ometers were also isolated using glue and then covered
with epoxy. A paper cup was used as the corrosion
solution container. The entire setup for the SCC testing
is shown in Figure 6.

The SCC tests were conducted at a constant load
using a cantilever beam on a CFW-150† SCC testing
machine. Samples were immersed in 3.5%NaCl solution
at a temperature of 45±1°C (Figure 6). One drop of the
solution was added into the solution container by an
infusion catheter every 30 s. Such a rate of solution
addition was approximately equal to the evaporation
rate of the solution, so the solution remained at the
same level in the container.

At first, a preset test time period of 72 h was
selected for the SCC testing. The crack opening dis-
placement, δ, was monitored during the test with an
extensometer and, therefore, the crack propagation
time could be obtained by the δ-t curve. However, if
the δ-t curve did not demonstrate any apparent change
in the first 72 h, the testing time was extended to
144 h or even longer, with the longest time used being
228 h when the test ended. The surface crack length
was measured with an optical measuring microscope. If
the sample had not failed, it was pulled apart using a
tension machine. This test was according to ISO Stan-
dard 7539-6:2003.39

The initiation crack length a0 was measured in
five places along the thickness direction of the sample
fracture, which were the left edge of the fracture, 0.25
times the thickness of the sample from the left edge of
the fracture, 0.5 times the thickness of the sample
from the left edge of the fracture, 0.75 times the
thickness of the sample from the left edge of the
fracture, and the right edge of the fracture. If the results
were obtained before the SCC test, the average value
of the above five values was considered as the initiation
crack length, a0. If the results were obtained after the
SCC test, the average value of the above five values was

considered as the final crack length, af. The mea-
suring sketch map is shown in Figure 7.

The bending moment of the test was obtained from
KIi (Equation [2]):

M=
KIiBW

3
2

4.12ðα−3 − α3Þ12 (2)

where M is the bending moment in N·m; KIi is the stress
intensity factor, obtained from the beginning of stress
corrosion cracking in MPa

p
m; and α=1 − a

W. The other
variables in Equation (2) are listed in Equation (1).

The sample sizes met the plane strain condition
as governed by Equation (3):

B ≥ 2.5ðKISCC=σ0.2Þ2 (3)

where KISCC is the threshold stress intensity factor for
stress corrosion cracking in MPa

p
mand σ0.2 is the yield

strength in MPa. The other variables in Equation (2)
are listed in Equation (1).

The force from the loading lever P is obtained
from (4):

P=
M − M0

S
(4)
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FIGURE 6. SCC testing setup and the corresponding schematic
diagram.
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FIGURE 7. Sketch map of the crack length measurement.
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where P is the force from the loading lever in MPa; M0

is the constant bending moment resulting from the
testing machine weight, M0 = 6.9 N·m; and S is the
distance of the center crack to the load point line of the
loading lever in mm. Note: Equations (2) through (4)
are all from ISO Standard 7539-6:2003.39

Microstructures After Stress Corrosion Cracking
Test

The microscopic structures of the samples were
observed by a stereo microscope, as well as a
JSM-6490LV† scanning electron microscope (SEM)
with Genesis 2000† energy dispersive x-ray
spectrometer (EDS) to analyze the chemistry of the
samples.

RESULTS AND DISCUSSION

Fracture Toughness
The results of the J integral measurements are

shown in Table 4 and Figure 8.
There were seven samples tested for each of the

three zones, i.e., BM, HAZ, and WZ. The J integral of
the HAZ samples seem to be the highest, and the WZ
samples the lowest, with the BM samples in between.
A lognormal distribution method was used to evaluate
the results using the equation:41

fðxÞ= 1

xζ
ffiffiffiffiffiffi
2π

p exp
�
−
ðln x − λÞ2

2ζ2

�
(5)

where λ is the average value of ln x and ζ is the standard
deviation of ln x.

The J0 values of HAZ, WZ, and BM were found to
be 71.7 kJ/m2, 53.63 kJ/m2, and 51.7 kJ/m2, re-
spectively. Thus, the HAZ had the best crack prop-
agation resistance, and the WZ and the BM were similar
and lower.

KISCC and da/dt
During testing, the applied load used in different

samples was in accordance with ISO Standard 7539-
1:2012.42 It was found that the longest time was
228 h, at which time the recorded KIi value was taken as
KISCC. For different testing conditions, the value of KIi

was calculated with the use of Equation (6):

KIi =
4.12ðPSþM0Þðα−3 − α3Þ12

BW
3
2

(6)

Note: Equation (6) is from ISO Standard 7539-
1:201242 and all variables have been described in
Equations (1) through (4).

The summary of the SCC test results for the
A7N01S-T5 joints are presented in Table 5 and Figure 9.
The fitting equations (Equations [7] and [8]) are
obtained through the analysis of first-order nonlinear
exponential decay regression.

yBM =46.50 × exp
�
−

x
27.84

�
þ 15.41 (7)

yHAZ =45.94 × exp
�
−

x
17.57

�
þ 14.03 (8)

It is interesting to see that cracks were detected to
have initiated in both BM and HAZ samples, but there

TABLE 4
J Integral Results

No. W (mm) B (mm) a/Initial (mm) F (kN) a0/W g1 (a0/W) Up (kJ) Je (kJ/m2) Jp (kJ/m2) J0 (kJ/m2)

BM-1 24.07 12.42 14.02 5.66 0.58 3.53 2.07 21.91 33.24 55.15
BM-2 24.07 12.38 14.97 4.69 0.62 4.11 1.83 20.56 32.44 53.00
BM-3 24.01 12.39 15.68 4.00 0.65 4.69 1.75 19.56 33.91 53.47
BM-4 24.01 12.94 12.74 7.15 0.53 2.94 1.99 22.48 27.25 49.73
BM-5 24.01 12.45 14.79 5.08 0.62 4.01 1.74 22.94 30.24 53.18
BM-6 24.01 12.26 13.69 6.25 0.57 3.38 1.57 24.50 24.86 49.36
BM-7 23.81 12.31 12.46 7.12 0.52 2.87 2.04 23.42 29.20 52.62
HAZ-1 23.97 12.40 13.48 4.74 0.56 3.28 4.58 13.47 70.36 83.82
HAZ-2 24.05 12.43 13.63 4.80 0.57 3.35 4.22 14.15 65.24 79.39
HAZ-3 24.05 12.45 16.67 2.63 0.69 5.65 2.46 11.70 53.56 65.26
HAZ-4 23.84 12.41 4.39 14.41 0.60 3.84 2.73 16.10 46.64 62.73
HAZ-5 23.83 12.31 13.54 4.70 0.57 3.35 4.01 14.32 63.26 77.58
HAZ-6 23.91 12.43 12.91 5.63 0.54 3.04 3.44 16.34 50.38 66.72
HAZ-7 23.95 12.48 12.59 6.11 0.53 2.89 4.34 16.73 61.22 77.95
W-1 24.03 12.53 14.41 3.20 0.60 3.77 2.73 7.86 45.30 53.16
W-2 24.05 12.71 13.65 3.79 0.57 3.35 2.52 8.44 38.23 46.67
W-3 24.05 12.48 13.84 3.61 0.58 3.44 2.41 8.43 37.75 46.18
W-4 24.01 12.39 14.22 3.39 0.59 3.66 2.96 8.57 48.90 57.47
W-5 23.91 12.50 14.40 3.25 0.60 3.81 2.74 8.49 46.15 54.64
W-6 24.02 12.39 13.29 4.43 0.55 3.18 2.54 10.67 38.16 48.83
W-7 23.89 12.10 13.66 3.70 0.57 3.40 2.48 9.08 40.08 49.16
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was no crack initiation detected in the WZ under the
current testing condition. As the welding wire used
was AA5356, the chemistry of the WZ was found to be
similar to that of AA5083 (UNS A95083) Al alloy.
Based on the results, it can be concluded that the WZ
had the lowest SCC sensitivity among the three major
regions, i.e., WZ, BM, and HAZ.

The crack initiation time vs. KIi curves are shown
in Figure 9. Figure 10 shows a schematic figure for σSCC
calculation. The stress at the crack tip can be cal-
culated43 with Equations (9) and (10), as well as

Equation (2), assuming through thickness and that
the crack is straight:

σSCC =
M
WZ

(9)

WZ =
BðW − aÞ2

6
(10)

where σSCC is the critical threshold stress in MPa and
WZ is coefficient of bending section in mm3. The other
variables are listed in Equations (1) through (4).
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The threshold stress intensity factors KISCC of BM
and HAZ were calculated to be 15.17 MPa

p
m and

13.09 MPa
p
m, respectively. Compared with the frac-

ture toughness results, the crack propagation resis-
tance of HAZ was considerably lower than the BM
during SCC testing. The σSCC of BM and HAZ was
found to be 202 MPa and 164 MPa, respectively. In-
terestingly, in a previous investigation,20 the σSCC

values of BM and HAZ were found to be 0.62 times and
0.5 times the tensile strength of welded joints

TABLE 5
SCC Test Results

No.
W

(mm)
B

(mm)
a/Initial
(mm)

a/After
Corrosion

(mm)
M

(N·m)
KIi

(MPa
p
m)

Crack
Initiation
Time (h)

Test
Time
(h) a/W

BM-1 19.96 9.98 11.00 12.04 74.42 33.75 25.7 228 0.55
BM-2 19.88 9.98 10.88 11.26 63.54 28.81 35.2 87 0.55
BM-3 19.94 9.96 9.76 9.90 55.04 24.96 47.2 73 0.49
BM-4 19.82 10.00 10.02 10.11 45.44 20.60 53.3 72 0.51
BM-5 19.92 10.00 10.28 10.38 42.38 19.22 73.1 100 0.52
BM-6 19.88 10.00 10.82 11.13 36.85 16.71 108 208 0.54
BM-7 19.98 10.02 10.02 10.02 33.45 15.17 — 228 0.50
HAZ-1 19.98 10.04 11.00 12.27 80.88 36.68 12.8 107 0.55
HAZ-2 19.88 10.02 9.84 11.04 61.67 27.97 20 143 0.49
HAZ-3 19.92 10.02 10.00 10.33 41.53 18.83 37.6 74 0.50
HAZ-4 19.96 10.02 10.66 10.98 38.13 17.29 50.9 87 0.53
HAZ-5 19.98 10.00 10.96 11.43 37.7 17.10 55.4 189 0.55
HAZ-6 19.96 10.02 9.68 9.68 28.86 13.09 — 228 0.48
W-1 20.04 10.12 10.80 10.80 80.20 — — 408 —

W-2 19.96 10.06 10.98 10.98 68.73 — — 288 —

W-3 19.68 10.02 10.88 10.88 49.43 — — 240 —

0

15

20

(a) (b)

25

K
li 

(M
P

a√√
m

)

K
li 

(M
P

a√
m

)30

35

15

20

25

30

35

40

10
50

Fitting curve Fitting curve

Kli-crack initiation time curve of
A7N01-T5 base metal

Kli-crack initiation time curve of
A7N01-T5 HAZ

KISCC KISCC

100
Crack Initiation Time (h)

150 200 250 0 50 100
Crack Initiation Time (h)

150 200 250

FIGURE 9. The KIi and cracks initiation time relationship.

FIGURE 10. Schematic for σSCC calculation, where the green region
represents the sharp incision and the blue region represents the
fatigue crack propagation zone.

TABLE 6
Crack Propagation Rate Results

No.

(da/dt)av with the
Time of the Actual
Expansion (mm/h)

(da/dt)av Throughout
the Expansion (mm/h)

BM-1 5.14 × 10−3 4.56 × 10−3

BM-2 7.34 × 10−3 4.37 × 10−3

BM-3 5.22 × 10−3 1.85 × 10−3

BM-4 4.74 × 10−3 1.23 × 10−3

BM-5 3.75 × 10−3 1.01 × 10−3

BM-6 3.14 × 10−3 2.91 × 10−3

BM-7 — 4.38 × 10−6

HAZ-1 13.5 × 10−3 11.9 × 10−3

HAZ-2 9.75 × 10−3 8.38 × 10−3

HAZ-3 9.05 × 10−3 4.45 × 10−3

HAZ-4 8.56 × 10−3 3.63 × 10−3

HAZ-5 3.50 × 10−3 2.48 × 10−3

HAZ-6 — 3.95 × 10−6
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FIGURE 11. Crack propagation rate, da/dt, of SCC for (a) BM and (b) HAZ.
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FIGURE 12. Macroscopic morphology of samples.
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FIGURE 13. Macroscopic morphology of fracture surface.
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(325 MPa), respectively. Furthermore, the ratio of HAZ
σSCC/BM σSCC was 0.812, but the ratio of the HAZ
KISCC/BM KISCC was 0.863. Both values were far from
the value of KIC. The BM and the HAZ are both

sensitive to SCC, but HAZ is apparently more sensitive
to SCC than BM.

The crack propagation rate, da/dt, during SCC
condition is shown in Table 6 and Figure 11.

OK 53.89 66.93
NaK 00.54 00.47
MgK 00.76 00.62
AIK 38.65 28.46
SK 02.86 01.77
CIK 01.71 00.96
CaK 01.61 00.80

Element wt% at%

04.69 10.24CK

OK 00.58 00.95

NaK 02.60 02.97

MgK 01.73 01.87

AIK 83.53 81.19

CIK 00.08 00.06

ZnK 06.78 02.72

Element wt% at%

Front edge of tongue protrusion

BM

(a) (b)

(c) (d)

(e) (f)

(g) (h)

HAZ

Secondary microcracks

Secondary microcracks
B

20 kV

20 kV

20 kV

20 kV

20 kV

20 kV

20 kV

20 kV2 mm

500 μm

500 μm 50 μm

50 μm50 μm

10 μm

1 mm× 8

× 50

× 30 × 500

× 500× 500

× 1,000

× 12

A

FIGURE 14. Microstructures of fracture surface.
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The crack propagation rate increased with in-
creasing KIi, and the crack propagation rate in the
HAZ was slightly higher than in the BM, with the da/dt
value in HAZ equal to 3.95 × 10−6 mm/h compared to
4.4 × 10−6 mm/h in BM. The highest crack propagation
rate was found to be 13.5 × 10−3 mm/h in the sample
HAZ-1, with a corresponding KIi of 36.7 MPa

p
m.

Hardwick, et al.,25 showed that the residual stress in
the HAZ was tensile, but was compressive in BM. The
superposition of the applied stress and the residual
stress in the HAZ region led to the highest sensitivity of
this region to SCC crack propagation.

Microstructures After Stress Corrosion
Cracking Test

Figure 12 shows the macroscopic morphology of
cracks in BM and HAZ. There are obviously some cor-
rosion products on the discolored sample surface and
inside the notch. More severe discoloration can be seen
as the yellow stain in the HAZ region (Figure 12[d]).

There are four different regions on the fracture
surface in Figures 13(a) and (b), but only three regions
in Figure 13(c). Specifically, the features of region 3
showed coarse morphology that was different from
the other three regions: the line grooves with different
lengths and tongue protrusions are not seen in other
regions.

The SEM micrographs in Figure 14 show the frac-
ture surface morphology. There was not much dif-
ference in fracture surface micromorphology. The

fracture surfaces were rather flat, and the crack paths
were all perpendicular to the loading direction.

Generally speaking, with samples used in the pres-
ent investigation, the crack front tip in the sample
thickness direction was closer to a plane strain state. The
strain state concentration led to plastic deformation
and prevented formation of the second passivation film
at the crack front tip, so the crack front tip was still in
the active state. The area in the crack front tip was larger
than in the other location. For this reason, more H+

assembled at the crack front tip. The concentration H+

decreased the binding force of the atoms, and the
binding energy was also decreased.6,44-46 The micro-
structures at the end of the fatigue crack region and
the entire front SCC showed a morphology of tongue
protrusion, as seen in Figure 14(a). As the center of the
crack front line was more a plane strain condition, the
normal stress in the sample thickness direction be-
came higher, leading to longer secondary cracks. In fact,
the longest secondary crack in Figure 14(b) was
measured to be 2.65 mm at the center of the crack front.

EDS analysis of the crack tips in region A of
Figure 13(c) indicated that the main elements in this
region were Al, Zn, Mg, Na, and Cl. Specifically, the
weight percentage of Zn was approximately 7% and Mg
was approximately 2%. The total amount of Zn and
Mg was larger than the recommended standard com-
position in this Al alloy (see Table 1). This result
indicates that a higher concentration of Zn and Mg
exists in the crack front tip areas. Gou47 showed that
the SCC resistance became weaker when the total

C

20 kV 5 μm× 3,000

20 kV 20 kV5 μm 10 μm× 3,000 × 1,000

(i) (j)

(k)

FIGURE 14. (Continued).
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concentration of Zn andMg was higher than 7% for Al
alloys.

CONCLUSIONS

The fracture toughness and the stress corrosion
cracking behavior of A7N01S-T5 Al alloy welded joints
were investigated. The threshold stress intensity
factor KISCC for the SCC behavior and the crack prop-
agation rate, da/dt, were examined. The micro-
structure and fracture surface morphology after SCC
tested samples were also examined by various tech-
niques. The conclusions were:
v The J0 value of HAZ, WZ, and BM were found to be
71.67 kJ/m2, 53.63 kJ/m2, and 51.74 kJ/m2, re-
spectively. The HAZ had the highest crack propaga-
tion resistance, and the WZ was moderately better than
the BM.
v The KISCC of BM and HAZ was found to be
15.17 MPa

p
m and 13.09 MPa

p
m, respectively.

The crack propagation rate of HAZ and BM was
3.95 × 10−6 mm/h and 4.38 × 10−6 mm/h, respectively.
The BM and HAZ are more susceptible to SCC, with
the HAZ having a higher susceptibility than BM. No
apparent cracks were detected in WZ region in the
SCC tests.
v The crack front tip is closer to a plane strain state,
which led to plastic deformation and prevented the
formation of the second passivation film, so the crack
front tip was still in the active state with the larger area,
which led to more H+ assembling at the crack
front tip.
v A higher concentration of Zn andMg existing in the
crack front tip areas would lead to the SCC resistance
becoming weaker.
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