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Abstract: The effect of grain morphology and precipitates on mechanical properties and corrosion behavior of two
commercial 7NO1 alloys was studied using transmission electron microscopy (TEM) and scanning electron microscopy
(SEM) equipped with electron backscatter diffraction (EBSD). Results showed that the recrystallization degree of the
outer surface of 7NO1-I alloy was lower than that of 7NOI-II alloy. The main strengthening precipitates of two alloys
were mainly #' phases. The grain boundary precipitates (GBPs) of 7NO1-I alloy distributed discontinuously, while those
of 7NOI1-II alloy distributed continuously. The strength of two 7NO1 alloys was similar, but the maximum corrosion
depth of 7NO1-I alloy was less than that of 7NOI1-II alloy, because the discontinuous GBPs and the lower
recrystallization degree of outer surface of 7NOI-I alloy were favorable for improving corrosion behavior. Different
models of strengthening mechanism were discussed, and the corrosion behavior was correlated with microstructure.
Key words: 7NO1 alloys; microstructure; mechanical properties; corrosion behavior

1 Introduction

Heat-treatable Al-Zn—Mg alloys were widely
used as structural parts in high-speed rails
due to their sufficient strength and excellent
formability [1,2]. The grain size, recrystallization
degree and precipitates characteristics directly
determined the properties of alloys. With increasing
the recrystallization degree, the yield strength of
Al-Zn—Mg alloys usually decreased. Improving hot
deformation process and reducing recrystallization
degree had become one of main methods to enhance
the strength. It was found that inhibiting
recrystallization was conductive to improving the
yield strength and tensile strength of alloys [3—7].

The size and distribution of precipitates were also
important factors affecting mechanical strength.
The metastable MgZn, phase (n' phase) was
referred to as the main strengthening phase. The %’
phase has a hexagonal structure with ¢=0.496 nm
and ¢=1.402 nm and is semi-coherent with the
matrix. The orientation relationship between 7z’
phase and a(Al) was (0001),//(111)y and
[1010],//[1 10],,- The stable MgZn, phase
(n phase) which has a hexagonal structure with
a=0.515 nm and ¢=0.848 nm was non-coherent with
the matrix and showed orientation
relationships with the matrix [8—11].

However, mechanical properties and corrosion
resistance of Al-Zn—Mg alloys could not be
optimized at the same time. Especially under peak
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aging condition, the corrosion behavior of
Al-Zn—Mg alloys deteriorated with the increase of
strength [12—16]. The intergranular corrosion (IGC)
and exfoliation corrosion (EXCO) of alloys were
caused by potential difference between the grain
boundary precipitates (GBPs) and precipitation free
zone (PFZ). The anodic dissolution was the main
mechanism of corrosion [12,17,18].

Many works have been done to improve
corrosion behavior of Al-Zn—Mg alloys. The
proper heat treatment played an important role in
improving microstructure and corrosion resistance
of alloys. The morphology of GBPs and the width
of PFZ could be controlled by changing the heat
treatment process [19]. GBPs were easy to be
corroded preferentially as the anode because of the
potential difference between GBPs and the matrix.
The discontinuous GBPs helped to reduce the
number of corrosion sites and improved corrosion
resistance [20—22]. The PFZ formation in the
aluminum alloy caused reduction in the strength
(about 100 MPa) [23]. The maximum shear stresses
always occurred in the PFZ which were at an angle
of 45° from the applied stress. The PFZ was
deformed preferentially under the loading and had a
significant effect on properties [24]. The ultimate
tensile strength and yield strength decreased with
the increase of the width of the PFZ [25]. The wider
PFZ, which was relative softer, was conducive to
crack propagation when the crack initiated.
Therefore, it was found that improving corrosion
resistance mainly depended on the transformation
of GBPs and PFZ.

Two extruded commercial 7NO1 alloys have
been investigated in this work. The microstructure

was investigated by transmission electron
microscopy (TEM) and scanning electron
microscopy (SEM) equipped with electron

backscatter diffraction (EBSD). The mechanical
properties and corrosion behavior were tested. And
the correlation among microstructure, mechanical
properties and corrosion behavior was analyzed.

Table 1 Compositions of 7NO1 alloys (wt.%)

2 Experimental

Two commercial 7NO1 alloys were obtained
from two different companies for study. The
commercial profile is shown in Fig. 1. The
compositions of two 7NO1 alloys are given in
Table 1. In order to investigate the microstructures
of two 7NOI alloys, samples were taken in
transverse section and longitudinal section from
five locations which were inner surface, a
quarter-thickness from the inner surface, center, a
quarter-thickness from the outer surfaces and outer
surface.

Fig. 1 Schematic diagram of extruded commercial 7NO1
alloys (ED—Extrusion direction; ND—Normal direction;
TD—Transverse direction)

The microstructure was analyzed by a FEI
Helios 600i SEM equipped with EBSD operating at
20kV. The samples for EBSD analysis were
electropolished with a solution of 85% ethanol, 5%
perchloric acid and 10% high purity water at 20 V
for 15s. The grain size and aspect ratio were
analyzed through HKL Channel 5. The samples
prepared by electropolishing in the same processing
with the EBSD samples, were used to obtain high
resolution images of coarse secondary precipitates
using SEM. The size of precipitates was measured
by Nano measure software and averaged from more
than 300 measured precipitates. The precipitates
were analyzed by JEM 2100F TEM operating at

Cu Cr Ti Zr Fe Si Al

Alloy Zn Mg Mn
Nominal 4.0-5.0 1.0-2.0 0.20—-0.70
TNO1-1 4.12 1.07 0.39

7NO1-II 4.27 0.93 0.30

020 030 020 025 035 030 Bal
0.17 022 0.05 013 017 0.06 Bal
005 022 0.06 014 012 012 Bal
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200 kV. TEM samples were taken on transverse
section. The samples were ground to a thickness
less than 100 um, and then punched into 3 mm
discs. Final double-jet polishing was performed
with an electrolyte solution of 20% nitric acid and
80% methanol at the voltage of 15-25 V (DC) and
at the temperature from —25 to —30 °C.

The Vickers hardness of these samples was
tested using HXD—1000TM/LCD hardness tester
with 0.98 N for 10 s. The average value of eight
calculated with standard
deviations. Mechanical properties of two alloys
were tested according to the standard of
GB/T 228.1—2010. The IGC test was carried out in
the solution of 3 g NaCl + 1 mL HCI and 100 mL
H,O at (35+2) °C in the water bath for 6 h followed
by the standard of GB/T 7998—2005 [26]. The
EXCO test was executed in the solution containing
0.5 mol/L KNOjs, 0.1 mol/L HNO; and 4 mol/L
NaCl at (2543) °C in water bath for 48 h followed
by standard of GB/T 22639—2008 [27]. Three
parallel samples were used for these tests.

measurements  was
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3 Results and discussion

3.1 Microstructure characterization

Figure 2 shows EBSD maps of two 7NO1
alloys in the transverse section and longitudinal
section. Coarse grains were found in the inner
surface and outer surface of two 7NO1 alloys and
equiaxed grains were close to the coarse grain.
Disk-shaped grains and equiaxed grains co-existed
in the center and quarter-thickness from surfaces,
but the width of the disk-shaped grains in the center
was larger than that in quarter-thickness from
surfaces. Except for the outer surface, the grain
morphology of 7NO1-II alloy was similar with that
of 7NO1-I alloy. The deformed grains and a few
equiaxed grains co-existed in the outer surface of
7NOI1-I alloy, while equiaxed grains uniformly
existed in the outer surface of 7NOI-II alloy.
Moreover, as shown in Fig. 3, the average grain size
of 7NO1-I alloy was slightly larger than that of
7NO1-IT alloy.

Inner
surface

Quarter-thickness

Center from inner surface

Fig. 2 EBSD maps of two 7NO1 alloys in transverse section and longitudinal section
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Fig. 3 Grain size (a, b) and aspect ratio (c, d) of different areas of two 7NO1 alloys

The recrystallization maps of two 7NO1 alloys
in transverse section and longitudinal section are
shown in Fig. 4. Most of equiaxed grains in the
surface were recrystallized grains. The disk-shaped
and equiaxed grains in the center and quarter-
thickness from the surface were sub-grains and
recrystallized grains, respectively. Recrystallization
degree of the surface was the highest, followed by
that of quarter-thickness from the surface, and that
of the center was the lowest. The difference of
microstructure between two 7NO1 alloys was in
grain morphology and recrystallization degree of
the outer surface. The recrystallization degree of
outer surface of 7N0O1-I alloy was lower than that of
7NO1-II alloy. The sub-grains dominated in the
outer surface of 7NO1-I alloy while the equiaxed
grains was in the majority in the outer surface of
7NO1-IT alloy.

During the extrusion process, the grains in the
surface of alloys were not deformed significantly
due to the friction between alloys and the die.

Therefore, there was a layer of coarse grains on the
surface of two investigated alloys. The equiaxed
grains in the surface were recrystallized grains
generated after recovery and recrystallization
during the hot extrusion. Due to the temperature
gradient from the surface to center, the
recrystallization degree of the center was much
lower than that of the surface. In particular, the
recrystallization degree of the outer surface of
7NO1-I alloy was smaller than that of 7NO1-II alloy,
which may be due to the different cooling rates
after the extrusion.

3.2 Precipitates

The SEM images of the outer surface of
two 7NO1 alloys in longitudinal section are shown
in Figs. 5(a, b, e, f). The yellow dotted line in
Figs. 5(a, e) represents the grain boundary of coarse
grain. There many coarse secondary
precipitates with size of 80—200 nm on the surface
of 7NO1-I alloy. It was obvious that the size of the

Wwere
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Fig. 4 Recrystallization maps of two 7NO1 alloys (Blue represents recrystallized grains and yellow represents sub-

grains)

coarse secondary precipitates in surface of 7NO1-I1
alloy was larger than that of 7NO1-I alloy. The size
of coarse secondary precipitates in the surface of
7NO1-II alloy was 120—250 nm. There were many
coarse secondary precipitates in the center of two
7NO1 alloys, as shown in Figs. 5(c, d, g, h). The
sizes of coarse secondary precipitates in the center
of 7NO1-I alloy and 7NO1-II alloy were 60—80 nm
and 80—100 nm, respectively. The size of coarse
secondary precipitates in the center of two 7NO1
alloys was smaller than that in surfaces.

The TEM images of two alloys are presented
in Fig. 6. There were many spherical and rod-like
fine precipitates in the matrix. The precipitates in
the matrix were mainly metastable MgZn, phase
(n") and stable MgZn, phase (x), which were
coherent and semi-coherent with the matrix. As
shown in Figs. 6(b, e), #' phases existed uniformly
in matrix. The GBPs of 7NO1-I alloy distributed
discontinuously while the GBPs of 7NO1-II alloy
distributed continuously. The widths of PFZ in
7NO1-I alloy and 7NO1-II alloy were 75 nm and

80 nm, respectively. The morphology of GBPs and
the width of PFZs had significant effects on
corrosion behavior of alloys.

3.3 Mechanical properties

Figure 7 shows the hardness of inner surface,
quarter-thickness  from surface, center,
quarter-thickness from outer surface and outer
surface of two 7NO1 alloys in transverse section
and longitudinal section. The hardness of five
regions of 7NO1-I alloy was all close to HV 121.
However, the hardness of five regions of 7NO1-II
alloy was diverse, and the hardness decreased
gradually from center to surface. The hardness
values of center and surface were HV 121+£2 and
HV 11542, respectively. In the surface of 7NO1-1I
alloy, obvious softening phenomenon existed. The
recrystallization degree of the surface of 7NO1-II
alloy was lower obviously than that of the center,
and the fraction of sub-grains in the center was
greater than that in the surface. Hence, the hardness
of the center was greater than that of the surface.

inner
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Fig. 5 SEM images of two 7NO1 alloys in longitudinal section: (a—d) 7NO1-I; (e—h) 7NO1-II

Figure 8 presents the yield strength (YS),
ultimate tensile strength (UTS), and elongation of
two 7NO1 alloys. The results showed that the YS,
UTS and elongation of two alloys were similar.
Although the hardness of the surface of the 7NO1-I
alloy was lower than that of the center, there was no
obvious difference in mechanical strength due to
the narrow softening area in the surface. And the
distribution characteristic of precipitates was close
to each other and there was no difference in

R SR : =

mechanical properties.

The strengthening mechanisms of Al-Zn—Mg
alloys include grain boundary strengthening,
dislocation strengthening, solid solution
strengthening and precipitation strengthening. The
investigated 7NO1 alloys were solution treated after
hot deforming, so the contribution of dislocation
strengthening could be negligible. Grain boundary
strengthening could be described by the Hall-Petch
equation as [28]
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Og=0,tkd 12 (1)

where ¢,(=10 MPa) is the yield strength of pure
aluminum [29], k(=0.065 MPa/m'?) is the Hall-
Petch constant of pure aluminum [30] and d is the
average grain size of alloys. The grain sizes of the
center in transvers section of two 7N0O1 alloys were
5.8 and 4 pum, respectively.

The solute atoms are dissolved in the
interstitial or displacement sites of a(Al) matrix.

The atoms remained in a(Al) matrix, resulting in
the wvariation of strain field and hindering
dislocation motion. The solid solution strengthening
was governed by the Mott and Labusch theory [31]:

oss=2i{(Ass):C} (2)

where C; is molar fraction and A; is a constant
in Mott and Labusch equation. The solid solution
strengthening depends on the concentration of
solute atoms. Based on other researched alloys with
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Fig. 8 Tensile properties of two 7NO1 alloys

similar composition, the contribution value of solid
solution strengthening (oss) was about to 59.43
MPa [32].

Precipitation strengthening is the main
strengthening mechanism of Al-Zn—Mg alloys.
When precipitates were large enough to exceed
2 nm, the dislocation was difficult to cut through
the precipitate and bent around the precipitate. The
interaction mechanism between the precipitate and
dislocation was widely accepted as the Orowan
mechanism. The precipitation strengthening could
be calculated by using some classical prediction
models. The Kocks statistical equation would be
chosen to calculate the contribution of precipitation
strengthening [29]:

Oy = 0.6MGb {i} 3)

[D, /(/4)]

0y =05, 085 Oppt “4)

where M(=2) is the Taylor factor, G(=26 GPa) is the
shear modulus of pure aluminum, 5(=0.284 nm) is
the magnitude of Burgers vector, and £, and D, are
the volume fraction and average diameter of
precipitates, respectively. The diameter, number
density and volume fraction of precipitates are
listed in Table 2. Equation (4) is used to evaluate
the yield strength. And the calculated yield strength
and experimental strength are shown in Table 3 and
Fig. 9.

It could be seen from Table 3 that the
contribution of precipitation strengthening to yield
strength was the largest, accounting for 66%.
This was consistent with the conclusion that
precipitation  strengthening was  the
strengthening mechanism of AlI-Zn—Mg alloys. The

main

Table 2 Diameter (D,), number density (V) and volume
fraction (f,) of precipitates of two 7NO1 alloys

Alloy Dy/nm N,/m™ ful%
7NO1-I 7.39 4.44x10* 1.01
7NO1-IT 8.07 3.41x10% 1.13

Table 3 Experimental yield strength and strength for
model prediction of two 7NO1 alloys

Experimental Strength for model
Alloy yield prediction/MPa
strength/MPa Ogp Oss  Oppt oy
TNO1-1 293+1 3743 59 189 285+3
7NO1-II 292+1 42+11 59 185 286+11
350 - W Experimental yield strength
Ugb Oss Uppt
300 -
285 286
- 250 3:7 42
=¥
S 200
<
an
§ 150 | 189 185
7
100 -
50 -
59 59
0
TNO1-1 TNO1-1I

Alloy
Fig. 9 Comparison of experimental yield strength and

strength for model prediction

solid solution strengthening and grain boundary
strengthening accounted for 21% and 13%,
respectively. After aging treatment, the solubility of
solute atoms in the matrix decreased obviously, so
the contribution of solid solution strengthening was
less than that of precipitation strengthening. Due to
the fact that the grain size after annealing was about
tens of microns, the contribution of grain boundary
strengthening accounted for 13%. According to
TEM results, the measured precipitates was based
on the limited area, resulting in the volume
fraction of precipitates underrated. Therefore, the
contribution of precipitation strengthening may be
underestimated and the calculated yield strength
was lower than experimental strength. The
contribution values of grain boundary strengthening
were (37+£3) and (42+11) MPa, respectively. And
the calculated strength values of two alloys were
(28543) and (286+11) MPa, respectively. The
calculated strength was at the same level with the
experimental yield strength.
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3.4 Corrosion behavior

Figure 10 shows the SEM images of two
investigated alloys after IGC test. The results
showed that the IGC took place in two investigated
alloys. The maximum intergranular corrosion depth
values of 7NO1-I alloy and 7NOI-II alloy were
9 and 14 um, respectively. The corrosion
morphologies are shown in Fig. 11 after EXCO test.
It was significantly different in corrosion
morphology of two 7NO1 alloys. There were long

PP et A5 P i b ARl sy

EXCO test: (a—c) 7NO1-I; (d—f) 7NO1-II

flakes in 7NO1-I alloy and much shorter flakes in
7NO1-II alloy. The difference of corrosion
morphology was related to grain morphology in the
outer surface of two 7NO1 alloys.

The GBPs and PFZ were more sensitive to the
corrosion behavior than the inner-grain precipitates.
The potential difference between GBPs and
matrix resulted in the anodic dissolution of
GBPs [18,33—36]. In particular, continuous GBPs
provided more anode channel for IGC [37,38]. The

: ; : Brecnir SR LL
Fig. 10 SEM images of cross-section (in transverse section) of two 7NO1 alloys after ICG test: (a, b) 7NOI1-I;
(c, d) TNO1-II
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recrystallized grain boundary had higher energy
than sub-boundaries and # phase precipitated
preferentially at high angle grain boundaries. The
continuous # phase along high angle grain boundary
was preferentially corroded. Once being formed, the
crack propagated rapidly along grain boundary. The
strength of the PFZ was much lower than that of the
matrix. When the crack was formed, the wider PFZ
also accelerated crack propagation [39—41].

The EXCO was usually originated from
local intergranular corrosion. Precipitates on grain
boundaries were corroded in EXCO test and
intergranular corrosion cracks were formed. There
were fibrous grains in alloys. The corrosion
products in aqueous solution were beneficial to the
lifting of uncorroded grain. When the corrosion
cracks were formed, the cracks tended to propagate
along the grain boundaries of the fibrous grains, and
the corrosion products promoted the lifting of the
uncorroded grains.

The difference of intergranular corrosion
behavior of two 7NO1 alloys was mainly due to the
difference of GBPs and PFZ. The schematic
diagram of corrosion behavior of two 7NO1 alloys
in longitudinal section is shown in Fig. 12. The
continuous coarse GBPs of 7NO1-II alloy provided
more corrosion sites for the IGC and facilitated
crack propagation. Compared with 7NO1-1I alloy,
continuous GBPs in 7NO1-I alloy were prone to the
IGC resistance. The width of softer PFZ was also an
important factor affecting corrosion propagation.
The wide PFZ of 7NO1-II alloy was conducive to
crack propagation when the crack occurred.

The recrystallization degree was another factor
affecting the corrosion behavior of two alloys. The
crystallization degree of the outer surface of 7NO1-I
alloy was lower than that of 7NO1-II alloy. There
were more high-angle grain boundaries in the outer
surface of 7NOI1-II alloy than that of 7NO1-I alloy.
The coarse precipitates at high angle grain
boundaries promoted the susceptibility to IGC, so
the IGC was more likely to occur in 7NO1-II alloy.
There were more stretched grains on the outer
surface of 7NO1-I alloy, which were more sensitive
to EXCO, so more long flakes existed in 7NO1-I
alloy after the EXCO test.

4 Conclusions

(1) The grain morphology and recrystallization
degree of 7NO1-I alloy were similar to those of
7NO1-II alloy. However, the recrystallization degree
of the outer surface of 7NO1-I alloy was lower than
that of 7NOI-II alloy. Fine #' phase uniformly
distributed in the matrix of two 7NO1 alloys. The
GBPs of 7NO1-I alloy distributed discontinuously,
while those of 7NOI-II alloy distributed
continuously. The width of PFZ in 7NOI-I alloy
was slightly less than that of 7NO1-II alloy.

(2) The YS, UTS and elongation of two 7NO1
alloys were similar. And calculated yield strength
was in good agreement with the experimental yield
strength. The intergranular corrosion behavior of
7NO1-I alloy was better than that of 7NO1-II alloy
because of discontinuous GBPs, narrower PFZ and
lower crystallization degree of the outer surface of

(b)g Outer surface

Inner surface

Fig. 12 Schematic diagram of corrosion behavior of two 7NO1 alloys in longitudinal section: (a) 7NO1-I; (b) 7NO1-II
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7NO1-1 alloy. There were more long flakes in
TNO1-I alloy after EXCO test because the
crystallization degree of the outer surface of 7NO1-I
alloy was lower than that of 7NO1-II alloy.
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