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Effect of Grain Boundary and Crystallographic Orientation
on the Stress Corrosion Behavior of an Al-Zn-Mg Alloy

Jianguo Tang, Yidan Zhang, Lingying Ye, Meng Qu, Jianshan Wu, Zhen Zhang, Shengdan Liu, and Yunlai Deng

(Submitted September 23, 2018; in revised form March 27, 2019; published online April 22, 2019)

The effect of grain boundary and crystallographic orientation on the stress corrosion behavior of an Al-
4.57Zn-1.4Mg alloy was investigated by comparing the performance of constant load stress corrosion test
(CLSCT) and tensile test of specimens parallel to the longitudinal and transverse directions of the extruded
plate. The results revealed that the strength of the longitudinal and transverse specimens decreased by 9.68
and 18.13%, respectively, after 10-day CLSCT. The transverse specimens show poor resistance to stress
corrosion cracking (SCC). The grain boundaries (GB) of the longitudinal section are less dense, and more of
them are distributed along the extrusion direction compared with the cross section with selected areas of the
same size. The SCC of all specimens starts from the side faces of the specimen, and it is dominated by
intergranular cracking. But the corrosion of the transverse specimens was more serious. The cracks of all
specimens tend to propagate along the GBs with misorientation of about 50°-60°, and the difference of
Schmidt factor (SF) values of grains on both sides of the crack is significantly large. The crack of longi-
tudinal specimens propagates relatively parallel to the tensile direction, while propagation of the crack in

transverse specimens is more zigzag.

Keywords Al-Zn-Mg alloy, crystal orientation, high-angle grain

boundaries, Schmidt factor, stress corrosion cracking

1. Introduction

Al-Zn-Mg alloys have been widely used as structural
materials in high-speed railway, subway and other vehicles,
due to the superior formability and strength (Ref 1-3).
However, stress corrosion cracking (SCC) always causes
material failure under service conditions. The factors affecting
SCC have been extensively investigated to understand and
reduce the SCC susceptibility. It has been found that grain
boundary precipitates (GBPs) can significantly affect the SCC
susceptibility of Al-Zn-Mg alloys. According to the Sun’s work
(Ref 4), the SCC susceptibility first decreases and then
increases with the increase in the area fraction of GBPs. When
the area fraction of GBPs is low, the SCC is dominated by
hydrogen embrittlement, and when it is higher, anodic disso-
lution is the main factor. The SCC susceptibility decreases with
the increase in GBPs size (Ref 4, 5), which is ascribed to the
capture of hydrogen by coarse particles, especially the coarse
MgZn, particles, to reduce the concentration of hydrogen
which causes hydrogen embrittlement (Ref 4, 6). And the
discontinuous distributed GBPs can inhibit the corrosion
cavities from connecting into a continuous crack (Ref 7).
Cheng Cao et al. (Ref 8) reported that adding copper to Al-
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5.2Mg-2.0Zn alloy can efficiently enhance the intergranular
cracking resistance. Several works (Ref 7, 9-11) reported that
the copper in the GBPs of the Al-Zn-Mg alloy can decrease the
potential difference between precipitates and adjacent matrix
and improve the SCC resistance. In the slowly quenched
specimens, because of the increase in Zn and Mg content in the
GBPs, the positive effect of Cu could not exceed the negative
effect of Zn and Mg and the GBPs became more active and lead
to low resistance (Ref 12). Some researchers (Ref 13, 14)
ascribed the embrittlement and the decrease in the strength of
grain boundaries to the segregation of Mg atoms at grain
boundaries. The diffusion of H atoms at grain boundaries where
Mg is prone to segregate, and its interaction with the segregated
Mg atoms accelerate the process of hydrogen-induced embrit-
tlement. Additionally, a number of conventional methods of
surface engineering have been applied to obtain functional
coating to improve the mechanical and corrosion properties
(Ref 15-17). And the profitable method for improvement of
physicochemical properties of Al-Zn-Mg alloys may be the
two-stage artificial aging process during surface modification
(Ref 17).

Many studies about the effect of grain size and grain
boundary on corrosion were carried out. Some researchers (Ref
18, 19) revealed the relationship between corrosion rate and
grain size in high-purity aluminum, i.e., the corrosion rate
tended to decrease with decreasing grain size. Corrosion takes
place at the grain boundaries due to the formation of micro-
cells between the PFZ and the grain boundary precipitates or
the matrix (Ref 20). Meng et al. (Ref 21) reported that the low-
angle grain boundaries show good resistance to intergranular
corrosion. There were some differences of corrosion resistance
between the recrystallized grains and fibrous grains in the
deformed microstructure. Sinyavskill (Ref 22) proposed that
corrosion active areas tended to be formed at the high-angle
grain boundaries (HAGBs) of recrystallized grains and caused
the intergranular corrosion at certain stage of recrystallization,
i.e., the cracks tended to propagate along the HAGBs of
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recrystallized grains (Ref 23). Therefore, the recrystallized
grains are more susceptible to corrosion than the fibrous grains
(Ref 24). Some investigators tried to improve the corrosion
resistance of aluminum alloys by adding trace elements and
modifying the heat treatment to inhibit recrystallization during
hot deformation and heat treatment (Ref 25-28).

Many researchers have studied the SCC susceptibility of
alloys in terms of alloy composition and heat treatment (Ref 29-

31), which always need different samples with different
compositions and/or subjected to different thermo-mechanical
treatment. In the present paper, the effect of grain boundary
character on the stress corrosion behavior of Al-4.5Zn-1.4Mg
alloy was studied by analyzing the difference of grain boundary
character in different side faces of an extruded plate and
comparing the performance of constant load stress corrosion
test (CLSCT) and tensile test of longitudinal and transverse

(b)

(c)

The side face

Fig. 1 Schematic diagram for specimens and fracture: (a) specimens cutting direction; (b) specimen size specifications; (c) fracture mode
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Fig. 2 Three-dimensional views of the microstructures of the alloy
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Fig. 3 EBSD misorientation maps and pole figures: (a) top surface layer; (b) longitudinal section and (c) cross section

specimens. Furthermore, stress is another reason that should not
be ignored. In this paper, the analysis of Schmidt factor (SF) is
used to resolve maximum shear stress of grains on specific slip
system according to the external loading to account for possible
plastic deformation before cracking. This investigation presents
the effect of different grain boundary character and shear stress
acting on crystallographic slip system correlated with SF
between longitudinal and transverse direction on SCC and
crack propagation.
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2. Experimental

The material used in this study is a commercial Al-Zn-Mg
alloy in TS5 temper, provided by Research Institute of Light
Alloy of Central South University, and then the plate was
artificially aged at 120 °C for 24 h (peak-aged). The chemical
composition is given in weight percent: 4.51 Zn, 1.43 Mg, 0.01
Cu, 0.14 Fe, 0.14 Si, 0.31 Mn, 0.23 Cr, 0.07 Ti, 0.13 Zr.

Journal of Materials Engineering and Performance



Table 1 EBSD statistical data

Top surface layer

Longitudinal section

Cross section

Frequency of low-angle grain boundaries, %
Frequency of high-angle grain boundaries, %
Average grain size, pum

Standard deviation of grain size, um
Number of grains

Aspect ratio

Brass texture

Average grain size, standard deviation of grain size, number of grains and aspect ratio account for the grains defined by HAGBs.

Fig. 4 TEM images showing the precipitates in the (a) matrix and (b) grain boundary

2.1 Corrosion Tests

The CLSCT was used to evaluate the SCC susceptibility of
the alloys. Specimens with their tensile axes parallel or
perpendicular to the extrusion direction of the extruded plate
for CLSCT are schematically shown in Fig. 1(a). They were
named as longitudinal specimens (L) and transverse specimens
(T). The schematic diagram of sample size is shown in
Fig. 1(b). The thickness of the sample is 3 mm, and the parallel
length is 40 mm. The specimens were divided into two groups.
One group of specimens were directly tested by conventional
room temperature tensile test. The specimens of the other group
were completely immersed in the corrosive solution (a mixture
of 30 g NaCl, 10 ml H,O, and 1 L deionized water) with a
constant unidirectional loading of 225 MPa for 10 days and
then the conventional room temperature tensile test was carried
out to evaluate the loss of mechanical properties with 10 days
CLSCT, which is used to characterize the SCC resistance. To
ensure the reliability of the results, the transverse and
longitudinal samples were tested under the same experimental
conditions, and there was no visible extension or cross sections
reduction after 10-day CLSCT. And six samples (three
transverse samples and three longitudinal samples) should be
tested for each set of experiments.
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Fig. 5 Tensile stress—strain curves of longitudinal and transverse
specimens without and with 10-day CLSCT

2.2 Microstructure Examination

The fractography of the tensile test specimens without and
with CLSCT was examined by scanning electron microscopy
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(SEM). The side face of the fracture (as shown in Fig. 1c) and
the granular microstructure of the alloy were revealed by
optical microscopy (OM). The grain boundaries of the top
surface layer, longitudinal section and cross section were
investigated by electron backscattered diffraction (EBSD)
system mounted on Zeiss EVO MA10. The crystallographic
orientation and SF of the grains on both sides of the stress
corrosion crack and corresponding grain boundary character
distribution were also investigated by EBSD. Specimens for
EBSD investigation were electropolished for 10 s in a solution
of 10 vol.% perchloric acid and 90 vol.% C,HsOH at room
temperature. The test results were processed by channel 5. The
distribution and morphology of precipitates in both the grain
boundary and the matrix were investigated by transmission
electron microscopy (TEM, TECNAI G2 F20). Specimens for
TEM were cut in the form of thin slice. Disks of 3 mm in
diameter were then punched from the slices and finally thinned
by a twin-jet polishing technique in a solution (30 vol.% nitric
and 70 vol.% methanol) at — 20 °C.

3. Results

3.1 The Microstructure of the Extruded Aluminum Alloy

3.1.1 Optical Microscopy Results. Three-dimensional
views of the granular microstructures of the investigated Al-
Zn-Mg alloy revealed by optical microscopy are shown in
Fig. 2. The top surface layer (ED-TD) of the plate showed
heterogeneous distribution of coarse elongated grains. The
aspect ratio of grains of longitudinal section is much larger than
that of cross section.

3.1.2 EBSD Results. The EBSD misorientation maps and
pole figures of the top surface layer, longitudinal and cross
sections of the extruded plate are shown in Fig. 3, and high-
angle grain boundaries (HAGBs), the misorientation angle of
which is above 15°, and low-angle grain boundaries (LAGBs)
are depicted as thick blue lines and thin red lines, respectively.
The statistical data are listed in Table 1. For the top surface
layer (ED-TD) of the plate, the grain size is very heteroge-
neous, and most of the grain boundaries are distributed along
the extrusion direction. Compared with the other two sides, its

Table 2 Tensile properties of longitudinal and transverse
specimens without and with 10-day CLSCT

Ultimate Yield
tensile strength, strength, Elongation
MPa MPa rate, %
Longitudinal specimens
Without CLSCT  415.94 £ 1.12  371.84 £ 2.54 12.8
With CLSCT 375.66 £ 598  347.08 £ 3.65 6.14
Loss ratio 9.68% 6.66% 52.34

Transverse specimens

Without CLSCT  410.83 £ 2.71  369.88 £ 3.52 11.4
With CLSCT 336.36 + 5.08  326.39 £+ 1.22 4.02
Loss ratio 18.13% 11.76% 64.73
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LAGBSs and brass texture take a large proportion. No significant
difference is presented in the fraction of HAGBs, LAGBs and
brass texture between longitudinal section and cross sec-
tion. However, in the selected area of same size, the number of
grains in the longitudinal and cross section is 159 and 233,
respectively, i.e., the average grain size is 18.89 and 14.32 pm,

(d)

Fig. 6 Optical microscopy images of the side face of the fracture:
(a) longitudinal specimen without CLSCT; (b) transverse specimen
without CLSCT; (c) longitudinal specimen with CLSCT and (d)
transverse specimen with CLSCT
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respectively, and the aspect ratio of grains within longitudinal
section (8.256) is much larger than that within the cross section
(3.895). The above results mean that the GBs of the longitu-
dinal section are less dense and more of them are aligned along
the extrusion direction compared with that of the cross section.

3.1.3 TEM Observations. Figure 4 displays the distribu-
tion of precipitates in the matrix and grain boundary of the
investigated alloy by TEM observations. A large number of fine
and dispersed precipitates are distributed in the matrix (as
shown in Fig. 4a). According to the morphology and <110>
a1 select area diffraction pattern, the precipitates are particles of
1" phase. The grain boundary is dominated by the continuously
distributed and coarse phases. It is generally accepted that the
phases are 5 phases (Ref 4, 24, 27). What is more, precipitate-
free zone (PFZ) is observed along grain boundary, and the
measured width of PFZ is about 54.45 nm.

3.2 SCC Susceptibility of the Alloys

The stress—strain curves of tensile test of both longitudinal
and transverse specimens without and with 10-day CLSCT are
shown in Fig. 5, and corresponding strength, elongation rates
and the rate of loss after CLSCT are listed in Table 2. It is
clearly demonstrated that there is no significant difference in
the conventional tensile properties between two kinds of

Signal A= SE1
Mag= 20X

Date :23 Nov 2017
Time :9:52:06

specimens, but the transverse specimens show a higher loss rate
in strength and elongation rate with 10-day CLSCT. For the
longitudinal specimens after 10-day CLSCT, the ultimate
tensile strength and the yield strength are 375.66 and
347.08 MPa, respectively, and the elongation rate is 6.14%.
Compared with the conventional tensile properties at room
temperature, the loss rate is 9.68, 6.66 and 52.34%, respec-
tively. For the transverse specimens, the ultimate tensile
strength and the yield strength are 336.36 and 326.39 MPa,
respectively, and the elongation rate is 4.02%, and the
corresponding losing rate is 18.13, 11.76 and 64.73%, respec-
tively. The results indicate that the loss of elongation rate is the
most serious one for all specimens, and the transverse
specimens show a higher loss rate of tensile properties, which
indicates that the SCC susceptibility of transverse specimens is
higher than that of the longitudinal specimens.

3.3 Macroscopic Characteristic of Fracture

Optical microscopy images of the side face near the fracture
of tensile test without and with CLSCT are shown in Fig. 6.
Figure 6(a) and (b) shows typical tensile fractures on longitu-
dinal and transverse specimens, respectively. Something like
necking was found in those tensile tests at room temperature,
and the angle between the fracture surface and tensile direction

Lo |
Signal A= SE1
Mag= 2.00KX

—
EHT = 20.00 kV

WD = 12.0 mm

pm EHT = 20.00 kV Signal A= SE1
H WD = 10.0 mm Mag= 20X
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WO = 10.5 mm Mag= 200KX

Date :23 Nov 2017
Time :10:41.48

Fig. 7 SEM images of the fractography after tensile test: (a) macro-morphology of longitudinal specimen; (b) the high-magnification images of
area A; (c) macro-morphology of transverse specimen and (d) the high-magnification images of area B
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is about 45°. But that of the longitudinal specimens (Fig. 6c¢)
with 10-day CLSCT shows two distinctive parts. Several small
cracks propagated along the tensile direction were found in the
middle part which was denoted as B in Fig. 6(c), and area near
to the top surface of the specimen shows the fracture
characteristic same to that found in Fig. 6(a) and (b). For
transverse specimens, as shown in Fig. 6(d), the specimen
shows many small cracks that were seriously corroded with 10-
day CLSCT. Exfoliation corrosion was found on the surface
layer near the fracture. There are only few sections of the
fracture propagated with an angle of 45° to the tensile direction.

3.4 The Fractography of Specimens After Tensile Test
and GLSCT

The fractography of both longitudinal and transverse speci-
mens without CLSCT is shown in Fig. 7. There is no significant
difference between longitudinal and transverse specimens. The
fractography shows ductile rupture with characteristic dimples
observed in the high-magnification images.

Figure 8 shows the SEM images of the fractography of the
longitudinal specimen with CLSCT. It is obvious that the
fracture includes ductile rupture (A) and SCC (B and C) from
the low-magnification image of overall fracture surface (shown
in Fig. 8a). Area A is close to the surface layer, and the high-

Signal A= SE1

H WD = 18.5 mm Mag= 18X

magnification image is shown in Fig. 8(b). Noticeable dimples
are found, which indicates that area A should be the final
ductile rupture zone in the tensile test. The high-magnification
image of area B is shown in Fig. 8(c). The intergranular
cracking feature is observed and runs through the whole
fracture along the width direction of the fracture. The high-
magnification image of area C (shown in Fig. 8d) clearly shows
the evidence that the SCC starts from the side of the fracture.

Figure 9 shows the SEM images of the fractography of
transverse specimen with CLSCT. A large number of stress
corrosion cracks propagating from the side face to the center
can be clearly found and shown in area B, and the
propagation in the middle part is the deepest. Similarly, many
dimples are found in the high-magnification image of area A
(shown in Fig. 9b), while the intergranular cracking feature is
observed in the high-magnification image of area B (shown in
Fig. 9c).

From the appearance of the fractography after tensile test at
room temperature, there is no obvious difference between
longitudinal specimens and transverse specimens. The fractog-
raphy of specimens with CLSCT shows that the SCC starts
from the side face of the fracture, and it is characterized by the
intergranular cracking. Compared with the longitudinal spec-
imens, the transverse ones show a larger corrosion area and
more serious corrosion.
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Fig. 8 SEM images of the fractography after CLSCT of longitudinal specimen: (a) macro-morphology; (b), (c) and (d) are high-magnification

images of areas A, B and C, respectively
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Fig. 9 SEM images of the fractography after CLSCT of transverse specimen: (a) macro-morphology; (b) and (c) are high-magnification images

of areas A and B, respectively

3.5 EBSD Results of Areas Near the Stress Gorrosion Grack

Figure 10 shows EBSD maps of the stress corrosion crack
found on the side face of the fracture of longitudinal specimen
after CLSCT. The cracks are marked by the thick and black
lines in Fig. 10(c), (d) and (e). As can be seen from Fig. 10(a)
and (b), the cracks are small and discontinuous, which is typical
intergranular cracking. The misorientation angles between
grains on both sides of the crack shown in Fig. 10(c) are
calculated. The result indicates that most segments of the crack
propagated along the HAGBs, except for the segments between
grains 25 and 26, grains 29 and 30. As shown in Fig. 11, the
misorientation angles of more than 95% pair of grains on both
sides of the crack are larger than 10° and dominated with a
fraction of 36% by angles between 50° and 60°. So the crack
tends to propagate along the GBs with misorientation of about
50°-60°. Figure 10(d) shows the Schmidt factor map. When
calculating the SF by channel 5, we set the slip system as
{111} <1-10> and the stress direction parallel to the loading
direction. The lighter the color, the higher the SF value. The
distribution of SF values is illustrated in Fig. 12; it changes
significantly at 0.4. In this selected area, there are 65% grains
whose SF values are greater than 0.4, which are the grains with
light color shown in Fig. 10(d). And the SF values of 84.21%
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grains on both sides of the crack are above 0.4. As shown in
Fig. 10(e), the color of the grains of 18, 20, 21 and 23 on one
side of crack is lighter, and their SF values are 0.47, 0.48, 0.5
and 0.46, while the SF values of 19, 22 and 24 on the other side
are 0.39, 0.41 and 0.42, respectively. So the crack tends to
propagate along the GBs with significant difference of SF
values between grains on both sides of the crack.

EBSD maps and distribution of misorientation of the grains
on both sides of the stress corrosion crack of transverse
specimen after CLSCT are represented in Fig. 13 and 14,
respectively. The cracks are marked by the thick and black lines
in Fig. 13(c), (d), (e) and (f). Similar to the longitudinal
specimen, the crack is featured by tiny and intermittent
segments (Fig. 13a and b) and tends to propagate along the
GBs with misorientation of 50°-60° between neighboring
grains (Fig. 14). But the propagating path of the crack is more
zigzag than that of longitudinal specimen and tends to the
direction of maximum shear stress, i.e., the crack propagates
macroscopically with angle of about 45° to the tensile direction.
The distribution of SF values provided in Fig. 15 clearly
demonstrated that the distribution of SF values of the grains on
both sides of the crack has a significant difference from that of
the grains of entire selected area. Figure 13(e) is the enlarged
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Fig. 10 EBSD maps for longitudinal specimen: (a) SEM image; (b) band contrast map; (c) IPF map; (d) Schmidt factor map and (e) is the

high-magnification image of area A in (d)

figure of area A. It can be seen the grains (3, 7, 9 and 11) on
one side of the crack are darker in color and the average SF
value is 0.38, while the others (5, 6, 8, 10 and 12) are lighter
and the average SF value is 0.46. Figure 13(f) is the enlarged
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figure of area B. The SF values of the grains (39, 41, 43, 45 and
47) on one side of crack are 0.48, 0.4, 0.41, 0.45 and 0.44,
respectively. And the corresponding SF values of the grains
(40, 42, 44 and 46) on the other side are 0.34, 0.32, 0.34 and

Journal of Materials Engineering and Performance



0.35, respectively. So the crack tends to propagate along the
GBs between grains with significant difference of SF values,
which is consistent with that of longitudinal specimen. As the
external loading direction for the longitudinal and transverse
specimens is different, i.e., ED for longitudinal specimen and
TD for transverse specimen, the SF values of longitudinal
(Fig. 12a) and transverse specimen (Fig. 15a) differ.

4, Discussion

There are two main theories about the SCC of aluminum
alloys, hydrogen embrittlement (Ref 32-34) and anodic disso-
lution (Ref 35). The theory of hydrogen embrittlement holds
that under the effect of tensile stress, the hydrogen produced in
the corrosion environment migrates to the GBs by dislocation

40
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Misorientation

Fig. 11 Distribution of misorientation angles between the grains on
both sides of the crack of the longitudinal specimen
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Fig. 12
the crack for longitudinal specimen
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and accumulates near the precipitates to reduce the bonding
strength of GBs and make them brittle. Anodic dissolution
model argues that there is potential difference between GBPs
and adjacent areas, resulting in GBPs to be dissolved as an
anode. In addition, the continuous distribution of GBPs is easy
to form corrosive channels, reducing the mechanical properties
and leading to fracture.

The experimental results prove that the initiation and
propagation of SCC are systematically related to the grain
boundary. Fractographic investigations (Fig. 8 and 9) show that
the SCC starts from the side face and propagates to the center.
The possible reason why no SCC initiation was observed from
the ND surface is that there were few HAGBs on ND surface.
The SCC fractography shows the intergranular characteristic,
which conforms to the anodic dissolution theory (Ref 35, 36).
Discontinuous cracks were found in the side face near the
fracture, which is in line with the theory of hydrogen
embrittlement (Ref 7, 32). Under the effects of the load, the
grain boundaries are torn and corroded by corrosive solution,
and then local anodic dissolution occurs. It can be seen from the
TEM results (Fig. 4b) that the distribution of GBPs is relatively
continuous, so it is easy to form a corrosion channel and
accelerates the corrosion rate (Ref 7). When the hydrogen in the
corrosive environment scrapes up to a certain concentration, it
accumulates on the grain boundaries or crack tips, causing
stress concentration and making GBs brittle. Hydrogen atoms
are produced by the reduction of H* ions, which is a cathodic
reaction at metal surface (Ref 37, 38). The corroded grain
boundaries will provide a channel for the expansion of
hydrogen and corrosive solution, which in turn causes further
corrosion. The corrosion procedure greatly reduces the effective
area to bear the load and results in the loss of mechanical
properties.

For the longitudinal specimens, the number of grain
boundaries within the side face is small, and the HAGBs are
mostly distributed along the extrusion direction (Fig. 3b). At
the effect of the force, the SCC occurs on the two side faces of
the specimen and propagates to the center along the width
direction, until it penetrates the entire specimen (Fig. 8). And

60

0.25 0.30 0.35 0.40 0.45 0.50
(b) Schmidt Factor

The distribution of the Schmidt factors of (a) the grains of entire selected area shown in Fig. 10(d) and (b) the grains on both sides of
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Fig. 13 EBSD maps for transverse specimen: (a) SEM image; (b) band contrast map; (c) IPF map; (d) Schmidt factor map; (e) and (f) are the

high-magnification images of areas A and B in (d), respectively

then, the corrosive agents invade adjacent areas of the corroded
area (Fig. 8d), in which SCC occurs and begins to propagate
again. However, for the transverse specimens, more HAGBs
(Fig. 3c) provide more sites for the initiation of SCC. The SEM
images of the fracture surface (Fig. 9) present that stress
corrosion cracks initiate from several positions on the side face

2964—Volume 28(5) May 2019

and propagate to the center. The transverse specimens are
seriously corroded (Fig. 6d), and the corrosion area is larger
than that of the longitudinal specimens. So the loss of strength
and the loss of elongation rate of transverse specimens are
greater than those of longitudinal specimen. The grains are
elongated along the extrusion direction, and more of grain
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boundaries are also distributed along the extrusion direction.
For the longitudinal specimen, the loading direction is parallel
to the extrusion direction, and the grains deform along the
brittle grain boundary during loading, and therefore, the
fracture is characterized as a ladder, while the transverse
specimen has a relatively flat fracture (Fig. 6d).

The stress corrosion cracks are small and discontinuous,
which is in good agreement with the results reported by Ref 32.
The cracks tend to propagate along the GBs with misorientation
of 50°-60° between neighboring grains, as the high energy GBs
are easy to be corroded. Most HAGBs of longitudinal
specimens are aligned along the extrusion direction, so the
crack propagates parallel to the tensile direction. For transverse
specimens, the high density of HAGBs makes the cracks
ramified. The crack propagation is more zigzag and tends to
propagate along the direction of maximum shear stress.

40 b

Relative Frequency (%)

20 30 40

Misorientation

50 60 70

Fig. 14 Distribution of misorientation angles between the grains on
both sides of the crack of the transverse specimen
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0.45
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Relative Frequency (%)

The larger the SF value, the greater the shear stress acting on
the slip system, and therefore, the grains are easy to deform.
The GBs whose both sides grains have a significant difference
in the values of SF become unstable, easy to be corroded and
then crack.

5. Conclusions

To summarize, this paper shows the following:

(1) After loading for 10-day CLSCT, the loss of ultimate
tensile strength for transverse specimens is 18.13%, lar-
ger than that of longitudinal specimens (9.68%), and the
elongation loss (64.73%) is much higher than that of
longitudinal specimens (52.34%). The elongation loss is
the most serious one for all specimens, and the trans-
verse specimens show a higher loss rate of tensile prop-
erties and SCC susceptibility than longitudinal
specimens.

The stress corrosion cracking starts from the side face
and propagates to the center, and the corroded area is
featured by intergranular cracking. For longitudinal
specimens, the grain boundaries of the side face are less
dense, and more of them are distributed along the extru-
sion direction. The intergranular cracking propagates on
the both sides of the specimen and runs through the
whole fracture along the width direction. The fracture is
characterized as a ladder. However, for the transverse
specimens, more grain boundaries provide more sites for
the initiation and more channels for the propagation,
and the corrosion area is larger than that of the longitu-
dinal specimens.

The stress corrosion cracks are small, discontinuous, and
tend to propagate the GBs with misorientation of 50°-
60° between adjacent grains. The SF values on both
sides of the crack are always significantly different. The
crack of longitudinal specimens propagates relatively

@

3

35 -

0.30

0.35 0.40
Schmidt Factor

0.45

Fig. 15 The distribution of the Schmidt factors of (a) the grains of entire selected area shown in Fig. 13(d) and (b) the grains on both sides of

the crack for transverse specimen

Journal of Materials Engineering and Performance

Volume 28(5) May 2019—2965



parallel to the tensile direction, while the crack propaga-
tion of transverse specimens is more zigzag and tends to
the direction of maximum shear stress.
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