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Abstract

In this work, the effect of extrusion process on the mechanical properties and the stress corrosion cracking (SCC) resistance
of 7NOI aluminum alloys were systematically investigated by tensile testing, slow strain rate testing (SSRT),
electrochemical experiment, scanning electron microscopy (SEM), electron backscattered diffraction (EBSD), and
transmission electron microscope (TEM) observation, respectively. The results showed that with the increase of extrusion
temperature, the SCC resistances of the alloys deteriorated, and this tendency was also proved by the electrochemical
experiments including polarization curves and EIS results. The Microstructure observation results revealed that
recrystallization played an important role on the SCC resistances of the alloys: the new recrystallization grain boundaries
with higher grain boundary energy and wider PFZ could magnify the difference of electrochemical property between grain

boundary area and the grain interior, thus raising the stress corrosion crack sensitivity of the alloys.
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1. Introduction

Due to its good weldability and high strength, the
Al-Zn-Mg alloys have attracted considerable interests
in aerospace and transportation industry in the past
several decades [1-4]. As one of the typical Al-Zn-Mg
alloys with medium-strength, the A7N0O1 aluminum
alloy has excellent extrusion performance, and is
being increasingly used in the railway train body
structures [5]. However, due to the lack of copper
element, the corrosion resistance of the Al-Zn-Mg
alloys is not ideal, thus several heat treatments such as
retrogression and re-aged (RRA) and multi-step
overaged have been developed in order to overcome
the stress corrosion cracking (SCC) problem of Al-
Zn-Mg alloys [6-8].

For Al-Zn-Mg-(Cu) alloys, solution treatment
plays an important role because it directly affects the
final mechanical properties and corrosion properties
of the alloys [9]. As a vehicle body structural material,
the 7NO1 profile size has a length of up to 25 meters,
thus the solution treatment can only be completed
online on the extrusion beltline [10]. Due to the
absence of special solution treatment step, the
deformation structures formed in the hot extrusion
process are preserved in the final state sample, which
may directly affect the corrosion properties. Thus, it is
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essential to study the effort of hot extrusion process
on the SCC resistance of 7NO1 aluminum alloy.
However, relatively little research has been made on
the effect of processing technology on the SCC
susceptibility of Al-Zn-Mg alloy which is with on-line
solution-quench treatment.

Hot extrusion process would directly affect the
recrystallization situation of the aluminum alloy [11].
Some researchers have reported the recrystallization
effort on the SCC susceptibility of Al-Zn-Mg alloy
[12-14]. Huang et.al reported that the inter-granular
corrosion resistance of partially recrystallized 7xxx
aluminum alloy sheet was better than that of fully
recrystallized plate by the investigation of the
influence of rolling parameters on the inter-granular
corrosion behavior of 7475 aluminum alloy [15].
Deng et.al reported that Sc and Zr microalloying
addition could observably improve the corrosion
properties of 7xxx aluminum alloys by inhibiting the
recrystallization process [16].

In this paper, the mechanical properties and the
corrosion susceptibilities of 7NO1 alloys under
different extrusion temperature in TS condition were
comparatively investigated. The aim of this study was
to build the relationship between extrusion process,
recrystallization, and the stress corrosion cracking
behavior.
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2. Experimental

Table 1 shows the chemical compositions of
7NO01 aluminum alloys by inductively coupled
plasma mass spectrometer (ICP-MS, Nex ION
2000G) method. The alloys were cast by semi-
continuous chill casting and cast into an iron mold
with internal dimensions of 50 mm. After being
homogenized at 470 °C for 24 hours, the ingots were
processed into a round bar with the size of ®49*150
mm for extrusion. The samples were extruded on a
four-column hydraulic press using a die and a small
extrusion barrel. Samples and extrusion die were
incubated at 460-520 °C and 420 °C for 1 h,
respectively. Graphite and oil were used as lubricant
during the extrusion process. The extruded bars were
cooled by water spray quenching and placed in a hot
blast drying oven for T5 state peak aging treatment
(120 °C/48 h). The sample numbers and extrusion
process parameters are listed in Table 2.

Tensile properties were conducted on a MTS810
universal testing machine with 2 mm/min loading
speed, and all test data were obtained by three
parallel samples. SCC susceptibility was evaluated
using the slow strain rate test (SSRT) according to
the specification of GB 15970.7-2000 with the
strain rates of 5x10¢ s!'. The long axis of the
specimen was perpendicular to the extrusion
direction. Some specimens were tested in air, while
for other specimens, the gauge sections were
completely immersed in an aqueous 3.5% NaCl
solution during the whole testing. The sample size
for SSRT is shown in Fig.1. Electrochemical
experiments were carried out using the three-
electrode system with Pt conducted as auxiliary
electrode and saturated calomel electrodes (SCE)

conducted as reference electrode. The studied alloy
of 1x1 cm was prepared as the working electrode,
and the tests ranged from -1.3 V to -0.5 V with a
scan rate of 1 mV/s. Additionally, electrochemical
impedance spectroscopy (EIS) tests were
conducted at the open circuit potential with a
frequency sweep from 0.01 Hz to 100 kHz. The
experimental data of the impedance were analyzed
using the Zview software, and the values of these
parameters were simulated by an equivalent
electrical circuit.

The FEI Quanta 200 scanning electron
microscopy(SEM) was used to observe the specimen
fracture surfaces which test in the Chlorine solution
after SSRT. The samples were firstly immersed in the
prepared solution and then washed in concentrated
HNO, (30wt.%), to remove corrosion products. The
grain boundary and recrystallization characteristics
were studied by Electron backscattered diffraction
(EBSD). Specimens for the EBSD and the TEM were
mechanically thinned, followed by a twin-jet
polishing in the solution of HNO,:CH,OH in a ratio of
3:7 at -30 °C. The EBSD samples were examined by
FEI Helios nanolab 600i scanning electron
microscope (SEM) equipped with an EBSD detector
(Oxford, NordlysMax2) operating at 20KV, scanning
with a step size of 0.5 pm. And the TEM samples were
characterized by Tecnai G2 F20 TEM operating at 200
KWV.

3. Results and Discussion
3.1. Tensile properties

Fig.2 shows the tensile properties of the samples.
The tensile strength of samples 1#, 2#, 3#, and 4#
were 389 MPa, 411 MPa, 416 MPa, and 397 MPa,

Table 1. Main elemental compositions of the studied alloy (weight fraction, %) by the ICP-MS method

Materials Zn Mg Cu Mn Cr Zr Ti Fe Si Al
ATNO1 4.35 1.50 0.15 0.34 0.20 0.18 0.09 0.08 0.06 Bal.
Table 2. Specific extrusion process parameters
Samples Ingots Dies temperature] Holding time | Ingot diameter | Bar diameter . .
: Extrusion ratio
numbers temperature /°C /°C /min /mm /mm
1# 460
2# 480
34 500 420 60 49 15.8 9.6
4# 520
170
/[\
o ©
e e ||
i 50
45 R20 58 45

Figure 1. Schematic illustration of the specimen sampling
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respectively. With the extrusion temperature increase,
the yield strength (o, ,) and tensile strength (c,) of the
samples first increased and then decreased, reaching
the peak value for 3# sample.

3.2. Stress corrosion behavior

Fig.3 shows the SSRT results of the specimens.
We can find that both the strength and elongation of
the samples tested in Chlorine solution decreased as
compared to the samples tested in air. According to
ASTM G129, the Eq. (1) was used to evaluate the
SCC susceptibility index, Py..[17].

P, —@x 100%

scc = (1

where P ., and P, were the values of the
measured property in NaCl solution and air,
respectively. The P values are listed in Table 3, and
a higher value suggested better SCC resistance for the
samples.

From Table 3, it was clearly indicated that the SCC
resistance decreased with the increase of extrusion
temperature. It is also found that compared with 1#
sample, the SCC resistance of 2# sample decreased
slightly, but that of 3# and 4# decreased significantly.

air

3.3. Polarization curves

Fig.4 shows the typical polarization curves of the
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Figure 2. Tensile mechanical properties of the samples

studied samples, and the related electrochemical
parameters are listed in Table 4. With the increase of
extrusion temperature, corrosion potentials of the
alloys decreased, and the corrosion current density
increased significantly. According to Faraday’s law
[18]:

K = 3600% )

/A

where K is the corrosion rate, F is the Faraday
constant, N is the valence number of metal, A is the
relative atomic weight, and 1 is corrosion current
density. Hence, the corrosion rate is proportional to
the corrosion current density, and larger corrosion
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Figure 3. Strain stress curve of SSRT alloys (a) in air and
(b) in 3.5%NaCl solution

Table 3. Results of SSRT for the specimens subjected to various extrusion process parameters

Environment YS /MPa YSy.. /% UTS /MPa UTSg../ % TE /% TEg../ %
1 3.5‘;:Ir\lacl gg 98.2 23(9) 97.2 199'16 85.85
e I ErTa e
3# 3.5‘;:Ir\lacl gzélg 92.9 ;‘gg 958 2% 8292
e I e
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current density implies faster corrosion rate.
Meanwhile, more negative corrosion potential leads
to stronger corrosion tendency [19]. Therefore, it can
be concluded that with the increase of extrusion
temperature, the corrosion properties of the alloys
deteriorated. This trend was consistent with the results
of the slow strain test results.

3.4. EIS

The EIS results as Nyquist and Bode-phase data
are shown in Fig. 5, and the corresponding values are
listed in Table 5. For Fig. 5a, the impedance curves of
1# and 2# revealed Warburg impedance in the low-
frequency region and a capacitive reactance arc in
high-frequency region. However, the impedance

radius of capacitive arc was closely related to the
charge transfer resistance of corroded electrode, and a
smaller radius meant a smaller transfer resistance and
a faster corrosion reaction rate [20]. Meanwhile, the
decrease of the height and width of the maximum
phase angle also suggested the decrease of the charge
transfer resistance with the increasing extrusion
temperature [21].

The electrochemical process was simulated using
a Zsimpwin software in Fig. 5c and the corresponding
values are listed in Table 5, where Rs represents the
solution resistance; R, and R represent the charge
transfer resistance [22]. Since it hardly had pure
capacitance in real electrochemical behavior, a
constant phase element (CPE) was always used to

curves of 3# and 4# showed nearly completed arcs. 0.4
For Fig. 5a, it was shown that the radius of capacitive
arc increased with the increasing of extrusion 064
temperature. According to the result of Xiao et al., the ’
Table 4. Electrochemical parameters obtained from I/E g 0.5
Tafel slope analyses in Fig.4 (f, is the cathodic §
slope and B, is anodic slope, respectively) i
) 5 101
Corrosion Corrosion £ — 1#
otential current B, . —a
I];corr N density I | (mVdec-1) | (mVdec-1) L2 T3
/(Alem?) —4
1# -0.802 3.954*10°¢ 229 -1894 oy . . . . .
2t -0.835 7.962%10°° 339 -3451 8 - 6 - 2‘4 -
L t density (A/
3 | 0893 | 2472%10° | 212 -1792 EpfeumEnt Fensietonty
5 Figure 4. Polarization curves of the studied samples and
4# -0.950 | 7.638*10 184 -1688 the electrochemical parameters
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Figure 5. (a) Nyquist plots, (b) Bode plots, and (c) equivalent circuit used to fit the behavior of samples in 3.5% NaCl
solution
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obtain a more accurate fit to the experimental results
[23]. According to the reports by Liu et al., the total
resistance R (neglecting the solution resistance R
which was almost constant in all cases) was inversely
proportional to the corrosion rate [24]. For this study
in Table 5, the values of R , decreased rapidly with the
increasing of the extrusion temperature. Thus, it can
be concluded that the corrosion properties of the
alloys deteriorated with the increase of extrusion
temperature.

3.5. SEM observation of the fracture surfaces

Representative fracture surfaces (from the SSRT
tests in 3.5% NaCl solution) of the samples are
showed in Fig. 6. The fractograph showed a ductile
transgranular nature with copious dimples in Fig. 6a.
However, with the increase of extrusion temperature,
the number of dimples decreased and some tearing
ridges could be observed in Fig.6c. When the

extrusion temperature reached 520 °C, the dimples
disappeared and the fractograph exhibited severe SCC
attacks with intergranular fracture (Fig.6d).

3.6. EBSD observation

Fig.7 shows EBSD analysis results and bright-
field images of the specimens subjected to various
extrusion process parameters (The LD direction
represents the extrusion direction). It can be
clearly seen that the squeezed grains had the
elongated fibrous structures, and partially
recrystallized fine grains could be observed at the
elongated grain boundaries. Meanwhile, the
misorientation angle distribution map in Fig.7¢
showed that the proportion of large-angle grain
boundaries rose with the increasing of extrusion
temperature. This indicated that higher extrusion
temperature would increase the recrystallization
ratio of the samples.

Table 5. Electrochemical parameters obtained from EIS analysis

R, CPEI-C, CPEl-n, R, CPE-C, CPE2-n, R,

1# 22.68 1.043*10 0.9162 7422 3.87*10* 1.0 1.258*10*
214 22,01 1.174*10° 0.878 5755 7.898%10° 1.0 8381
3 10.66 4.861%10° 0.785 780.3 9.398*10° 0.8045 2174
44 7.147 4216*107 1 34.8 2.02*10° 0.9239 688.9

g \ 7 el 00 Ve . el TN &
Figure 6. SEM micrographs of the SCC fracture of the samples failed in 3.5% NaCl solution:
a) 1#, b) 2#, c) 3#d) 4#
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Studies have shown that the corrosion resistance
y=7,0(4-1n0) 3)

of the grain boundary is closely related to the grain
boundary energy, and higher grain boundary energy
Including, vy, is constant, depends on the material’s

means the grain boundaries are more easily to crack

[25]. The grain boundary energy can be related to the shear modulus G, Poisson’s ratio v, and Berber vector
b; and 0 is grain boundary angle. It showed that the

grain boundary energy increased with the grain

boundary angle (0). Apparently, the grain boundary

orientation angle [26]:

A
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14 £, 05=0.15
Figure 7. EBSD analysis results and bright-field TEM images of the specimens subjected to various extrusion process
parameters: a) 1#, b) 2#, ¢) 3#, d) 4#; e) misorientation angle distribution, f) representation of the colour code
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energy of high-angle grain boundary (HAGB) was
much larger than that of the low-angle grain boundary
(LAGB) [27]. Therefore, it was easier to crack during
the corrosion process [28]. Thus, it can be concluded
that with the increase of extrusion temperature, a
certain proportion of LGAB was transformed to
HAGB. This would weaken the resistance of grain
boundaries to corrosion and cause the alloys to change
from the original transgranular fracture to
intergranular brittle fracture during SSRT, as showed
in Fig.6.

3.7. TEM observation

Fig.8 shows the bright-field TEM images of the
specimens subjected to various extrusion temperature.
In the grain interior, fine and dense precipitates (1’
phases) could be observed. With the increase of the
extrusion temperature from 460 °C to 500 °C, the
precipitation phase structures did not change
significantly, only the precipitate free zone (PFZ)
seemed to become wider. However, with further
increase of the temperature up to 520 °C (4#), the
precipitates both in grains interior and grain
boundaries coarsened and the number density
decreased, resulting in a decline in the overall
performance of the alloy. Meanwhile, the width of the
PFZ was up to 52 nm.

From the TEM results, it can be seen that the width

Figure 8. Bright-field TEM images of the specimens subjected to various extrusion process parameters: a)1#, b) 2#, c)

of PFZ in the grain boundary become wider with the
increase of extrusion temperature. According to the
“solute poor theory”, higher extrusion temperature
meant more thorough solid solution [29]. After aging
treatment, the precipitation of equilibrium phases was
more sufficient, resulting in the lack of solute atoms
near the grain boundary, thus the PFZ became wider
[30]. Broad grain boundary precipitation free zone
magnified the difference of electrochemical property
between the grain boundary interior and grain
boundary area, which could promote anodic corrosion
reaction [31]. Thus, the corrosion resistance of the
alloys was reduced.

Based on the EBSD and TEM results, a model
showed schematically in Fig.9 was used to explain
the effects of recrystallization on the stress corrosion
cracking of Al-Zn-Mg alloys. The proportion of
recrystallization increased with the increasing of
extrusion temperature, thus there were more
numbers of recrystallization grain boundaries on the
SCC path. Compared with the sub-grain boundaries
in the initial elongated grain, the new

recrystallization grain boundaries were high-angle
grain boundaries with higher grain boundary energy
and wider PFZ which magnified the difference of
electrochemical performance between the grain
boundary interior and grain boundary area, thus
raising the stress corrosion crack sensitivity of the
alloys.

v N,

3# d) 4#
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Initial grain boundaries

——— (Grain boundaries due to recrystallization

Subgrain boundaries

— — » Stress corrosion cracking path

Figure 9. Schematic depiction of SCC propagation on the grain structure with a) extrusion microstructure with few
recrystallized grain; b) with significant amounts of recrystallization grains; c) meaning of the symbols

4. Conclusion

In summary, the mechanical properties and the
SCC susceptibilities of the 7NO1 alloy with different
extrusion temperature are investigated. With the
increase of extrusion temperature, the stress corrosion
properties of the alloy deteriorated, and this tendency
was also proved by the electrochemical experiments
results which included polarization curves and EIS.
The fractograph showed that with the increase of
extrusion temperature, the fracture morphology which
tested in chlorine solution changed from brittle inter-
granular fracture into ductile transgranular fracture.
Microstructure observation results revealed that
recrystallization played an important role on the SCC
resistances of the alloys: the new recrystallization
grain boundaries with higher grain boundary energy
and wider PFZ could magnify the difference of
electrochemical performance between the grain
boundary interior and grain boundary area, thus
raising the SCC sensitivity of the alloys.
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Al-Zn-Mg alloy friction stir welded joints and the

EFEKAT POSTUPKA EKSTRUZIJE NA OTPORNOST LEGURE ALUMINIJUMA
7N01 NA PUCANJE OD KOROZIJE POD NAPONOM
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Apstrakt

U ovom radu su sistematski ispitani efekti postupka ekstruzije na otpornost legure aluminijuma 7N01 na pucanje od korozije
pod naponom (SCC). Ispitivanje je obuhvatalo ispitivanje naprezanja, ispitivanje sporog stepena deformacije,
elektrohemijski eksperiment, SEM, EBSD i TEM analizu. Rezultati su pokazali da se otpornost na SCC kod legure
pogorsala sa povecanjem temperature ekstruzije, Sto je potvrdeno i elektrohemijskim eksperimentima koji su ukljucivali i
krive polarizacije i rezultate EIS. Rezultati posmatranja mikrostrukture su pokazali da rekristalizacija igra vaznu ulogu kod
otpornosti na SCC: nove granice rekristalizacije kod zrna sa vecom energijom granice zrna i Sirim podrucjem
precipitacione faze mogu povecati razliku u elektrohemijskim svojstvima izmedu podrucja granica zrna i unutrasnjosti zrna,
cime se povecava osetljivost na pucanje od korozije pod naponom.

Kljuéne reci: Pucanje od korozije pod naponom; Postupak ekstruzije; Rekristalizacija; Al-Zn-Mg legure
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