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The Al-Zn-Mg aluminum alloy A7N01S-T5 used in high speed trains was designed by orthogonal method. The
effect of elemental composition on the tensile properties and fracture toughness has been investigated. The alloys
with different compositions were tested by tensile and three point bending tests: the range analysis results
showed that the compositions of Zn and Mg were the main factors that affect the strength and plasticity of the
alloys. The tensile testing results showed that the #1 alloy Al-4.34Zn-1.43 Mg-0.27Mn-0.13Cr-0.12Zr-0.07Ti
had the best combination of tensile strength, yield strength and elongation, which were 415 MPa, 378 MPa
and 13.5%, respectively. Furthermore, this alloy showed the excellent ability to hinder the crack propagation
with a value of Jo2p(12) = 23.37 k] m 2. The microstructure, grain size, compositions and fracture characteristics
of the alloy were investigated by optical microscopy (OM), scanning electron microscopy (SEM), energy disper-
sive spectrometer (EDS), backscattered electron diffraction (EBSD) and transmission electron microscopy (TEM).
The results indicated that the strength is mainly determined by the volume fraction, size and distribution of
precipitated n'(MgZn,) phase. The discontinuous distribution of n(MgZn,) phase, narrow precipitated-free
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zones (PFZs) and fine grain size played important roles to obtain high fracture toughness.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

A7NO01S-T5 aluminum alloy belongs to the Al-Zn-Mg alloy series. It
has been widely used in high-speed train bodies and welding structures,
such as corbels, beams and underframes due to its high strength, low
density and good welding properties [1,2]. In addition to Al and the
main alloying elements for Zn and Mg, A7N01S-T5 alloy contains
minority elements and impurity elements, such as Mn, Cr, Zr, Ti, Fe
and Si. It has generally been recognized that alloying composition and
treatment determine the grain type, grain size, and distribution of
precipitated phase, which affect the strength and fracture toughness
of the alloy [3,4].

As Zn and Mg are the main alloying elements of 7xxx series alloys,
much effort has been made to investigate the fine-scale precipitation
of metastable Zn- and Mg-rich 1'(MgZn;) phase and its precursors in
7xxx series alloys [5,6]. It has been reported that an increase of Zn and
Mg contents results in increasing volume fraction of metastable precip-
itates and improvement of alloy strength [7,8].

Studies also revealed that minority elements such as Ti, Zr, Cr, and
Mn can form different dispersoids and microstructures which affect
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the mechanical properties of Al-Zn-Mg alloys. A study on optimized
Ti and Zr content in high strength 7xxx alloys has been reported and
the research revealed that the Ti-refined alloys possess higher tensile
strength and elongation [9]. Minor Zr additives help in precipitating pri-
mary AlsZr particles from the molten pool during solidification, and the
particles promote a-Al nucleation [10-13]. This mechanism can im-
prove the alloy strength, decrease the susceptibility of stress corrosion
cracking and restrict the nucleation of recrystallization [14-16]. Studies
also showed that adding Cr can inhibit the recrystallization of Al-Zn-
Mg-Cu-Zr alloys, greatly enhancing mechanical properties and fracture
toughness as well as the resistance for stress corrosion cracking [17-19].
Adding Mn can form AlgMn in Al-Zn-Mg matrix which can increase the
strength without scarifying plasticity due to the dispersion hardening
effects [20-22]. Moreover, Cr and Mn decrease the surface tension
between liquid Al and solid Al5Ti, AlsZr and Als(Tix,Zr;_x) particles,
therefore impeding the nucleation and growth of particles [23].
Although extensive studies on one or two elements have been made
to affect various mechanical properties and microstructural changes in
Al-Zn-Mg alloys, published work on multiple elements of the same is
rather limited. In this paper, the elements which have a similar effect
on the properties would be taken into consideration as the same one
factor. Then three combinations of alloying elements, Zn and Mg, Mn
and Cr, and Zr and Ti, were used to design alloys by the orthogonal
array L4(23). We report our investigation on the effect of composition
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on tensile properties and fracture toughness of Al-Zn-Mg alloy
A7NO1S-T5.

2. Materials and experimental work
2.1. Materials

The orthogonal designing level for elemental composition is pre-
sented in Table 1, and it was designed that the real composition must
meet with the compositions in the bracket. Four types of 12 mm thick
aged Al-Zn-Mg alloys (A7N01) with T5 aging were provided by
Longkou Conglin Aluminum Co., LTD. Four types of alloys were named
as #1, #2, #3 and #4. The chemical composition of the alloys, analyzed
by arc-spark direct reading spectrometer, is given in Table 2.

The alloys were melted in an electrical-resistance furnace and casted
into an iron mold with internal dimensions of 480 mm. The as-cast in-
gots were homogenized at 455 + 5 °C for 16 h, followed by air cooling
in room temperature. Then the ingots were converted into aluminum
alloy sections by hot extrusion at 520 4 10 °C, with an extrusion ratio
of 19.4:1. After extrusion, the materials without solution treatment
were cooled in air. The sections were aged at 105 °C and 150 °C sepa-
rately for 10 h for T5-tempered according to ISO 2107:2007.

2.2. Mechanical properties tests and microstructural characterization

Samples that were used for tensile test were prepared after
12 month natural aging. The longitudinal direction of tensile samples
was perpendicular to the rolling direction X. The tensile tests were con-
ducted at the loading speed of 2 mm/min on a WDW-3100 electronic
universal testing machine according to ISO 6892-1:2009.

Fracture toughness tests were carried out according to CMT-4304 by
three point bending method on the fatigue pre-cracked samples of Y-X
orientations, under a constant displacement velocity of 0.5 mm/min and
span of 96 mm. Fig. 1 showed the shape and sizes of the samples which
follow ISO 12135:2002. The J-Aa resistance curves were drawn after
tests. Representative fracture surface microstructures of the bending
samples were examined by SEM (JSM-6490LV).

The samples that were used for optical microscopy observations
were prepared by Keller reagent (1% HF + 1.5% HCl + 2.5%
HNO3 + 95% H,0). The grain morphology and size of samples were
also observed by using electron back scattered diffraction on FEM-
6500. The precipitations were investigated by TEM (JEM-2010).
Thin foils for TEM analysis were prepared by twin-jet polishing
with an electrolyte solution consisting of 25 vol.% HNOs; and
75 vol.% methanol.

3. Results
3.1. Tensile properties and fracture toughness

The tensile properties of 4 alloys are shown in Fig. 2. The #3 alloy had
the highest strength with 436 MPa of tensile strength and 405 MPa of
yield strength. The #2 alloy had the highest elongation rate of 14.98%.
#1 and #4 alloys were close in tensile strength and yield strength, but
#1 alloy exhibited higher elongation than #4 alloy.

Fig. 3 shows the J-Aa resistance curves of 4 alloys. To make the
0.2 mm offset line intersecting with the ]J-Aa resistance curves, the

Table 2
Elemental composition of test A7N01S-T5 alloys (wt.%).
Sample  Si Fe Cu Factor A Factor B Factor C Al
No. Zn Mg Mn Cr Zr Ti
#1 011 015 008 434 143 027 013 0.12 007 Bal
#2 0.09 0.15 0.08 433 147 036 024 0.16 003 Bal
#3 0.08 0.16 008 469 163 022 014 0.17 003 Bal
#4 009 0.16 007 454 159 034 024 0.13 009 Bal
———t~
{ || /
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Fig. 1. Schematic diagram of samples size for fracture toughness test.

Joz2si(12) was 23.37 kJ-m ™2 for #1 alloy, 34.18 kJ-m ™2 for #2 alloy,
14.24 kJ-m~2 for #3 alloy and 23.19 kJ-m~—2 for #4 alloy. It can be
concluded that #2 alloy has the best fracture toughness and #3 alloy
has the worst value.

3.2. Orthogonal experiment results

The orthogonal experiment results with three factors and two levels
were analyzed by range analysis method, and the results are presented
in Table 3.

The results in Table 3 show that the change of R, was in accordance
with Rg . The strength increased with increasing Zn and Mg contents,
decreasing Mn and Cr contents, and increasing Zr and Ti contents. In ad-
dition, the change of A was in accordance with Jo 2p1(12). The plasticity
increased with decreasing Zn and Mg contents, increasing Mn and Cr
contents, and increasing Zr and Ti contents. Besides, the compositions
of Zn and Mg were the main factors that affect the strength and plastic-
ity of the alloys.

3.3. Fracture microstructure

The surface microstructures of the fracture samples are shown in
Fig. 4.1t can be seen that the failure mechanism of #1 alloy was main-
ly the transgranular fracture. There were some Fe-rich phase parti-
cles (Fig. 4a) in the center of the dimples and some of them were
broken. The failure mechanism of #2 alloy was also the transgranular
fracture but more and larger dimples distributed deeper in the
fracture surface than those in #1 alloy. The failure mechanisms of
#3 and #4 alloys were the intergranular and transgranular fracture.
While the intergranular fracture was dominant in #3 alloy, and
transgranular fracture was dominant in #4 alloy. Some secondary

gle’l(e)r:hogonal designing level for elemental composition of A7NO1S-T5 alloys (wt.%).
Level Factor A Factor B Factor C
Zn Mg Mn Cr Zr Ti
1 4.35 (4.20-4.50) 1.50 (1.40-1.60) 0.25 (0.20-0.35) 0.15 (0.10-0.20) 0.12 (0.10-0.15) 0.08 (0.05-0.10)
4.65 (4.50-4.80) 1.70 (1.60-1.80) 0.40 (0.35-0.50) 0.25 (0.20-0.30) 0.18 (0.15-0.20) 0.03 (0-0.05)
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Fig. 2. Tensile properties of A7N01S-T5 alloys of different compositions.

cracks and subspheroidal second-phase particles were seen on the
surface of #3 alloy (Fig. 4c).

3.4. Microstructure

Three directions of optical micrographs of A7NO1S-T5 alloys with
different compositions are presented in Fig. 5. There were many coarse
recrystallized grains distributed in the microstructure of #1 alloy
(Fig. 5a). Much more tiny grains and fiber-like un-recrystallized micro-
structures distributed along the rolling direction X in #2 alloy (Fig. 5b).
The microstructures of #3 and #4 alloys were similar to #1, but some
grains had a larger size. There were also distributed fiber-like un-

recrystallized microstructures with fine sub-grains in #4 alloy (Fig. 5d).

The microstructures of SEM observations for the #2 alloy are shown
in Fig. 5(e). It can be seen that a large amount of impurity-phase parti-
cles distributed inside the grains or on the grains boundaries. Besides,
the impurity-phase particles with the size of 3-15 pm were mostly dis-
tributed at grain boundary areas, with the shape of short rod or irregular
geometry. Coarse impurity-phases are generally detrimental to the
toughness [5]. The other alloys had the same structure. It can be con-
cluded that the Al, Zn, Mg, Fe, Mn and Cr were the main elements of
impurity-phase particles from Fig. 5(f). So the impurity-phase particles
may be (FeMn)Alg, Al(FeMnCr), etc. More accurate compositions will

need further analysis. For other particles the EDS analysis results were
detected on a similar level.

The grain size distributions along X directions (Fig.5) are shown in
Fig. 6 (different colors represent different grain sizes). The majority
grains of #1 alloy were smaller than 90 um with ~10% of grains in the
range of 90-120 um and ~46% grains in the range of 0-30 um
(Fig. 6a). Alloy #2 had a much smaller grain size than #1 with ~56%
grains smaller than 30 pum (Fig. 6b). In alloy #3, 40% grains were greater
than 90 pm, with ~19% grains in the range of 120-150 um (Fig. 6¢). The
grain size of alloy #4 was similar to #3 alloy.

Typical TEM microstructures and select area electron diffraction
(SAED) patterns of the grains and grain boundaries in the A7N01S-T5
alloys are shown in Fig. 7. Fig. 7a-d exhibits the small precipitates dis-
persed in the a-Al matrix, but the volume fraction, size and distribution
pattern of precipitates were different. As shown in Fig. 4b, the corre-
sponding electron diffraction of 1'(MgZn;,) precipitates could be identi-
fied at the positions of 1/3[422] and 2/3[422] in SAED of <111>
direction of the Al alloy [24]. ' phase is a metastable hexagonal
phase, semi-coherent with the aluminum matrix, and is the main hard-
ening precipitate in Al-Zn-Mg alloy [8]. Besides, secondary coherent
AlsZr particles had a similar lattice parameter to a-Al matrix and ap-
peared 1/2[220] of Fig. 4(b) and (d) with an ordered L1, cubic crystal
structure [25]. The n" phases are functionally important as well as

50 |- . X
J=27.58849_+27.71955'Aau9535‘ = #1
: #2
40 |- J=18.36092+10.16147 00 A #3 Sample JO.ZBL(12)
#4 2
. No. /kd-m
o 30 0.2mm;offsel line ™
E . . #1 23.37
- ] -
2 #2 34.18
- 20 | I
st #3 14.24
; oears2  J=7.31702+93.96674°Aa
10 L : J=21.52338+4.44619°Aa #4 23.19
o L 1 2 1 " 1 i 1 i 1 "
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Fig. 3. ]-Aa resistance curves of four A7N01S-T5 alloys.
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Table 3
Range analysis results.
Factor Level Rm Ro2 A Jo2BL(12)
/MPa /MPa 1% /kJ-m~?
A 1 408 371 14.24 28.78
2 428 394 12.51 18.71
B 1 426 392 13.10 18.80
2 410 373 13.65 28.69
C 1 417 380 12.90 23.28
2 419 384 13.85 24.21
Target component ~ A2B1C2 (#3) A2B1C2 (#3) A1B2C2 (#2) A1B2C2 (#2)
Influence degree A>B>C A>B>C A>C>B A>B>C

secondary AlsZr particles in pinning up the dislocation and preventing
the grain boundary migration under tensile condition, i.e. dislocation
movement would consume more energy when crossing the second
phases [3,14]. Moreover, other alloys had the same electron diffraction
image. Figs. 7e-h shows that the short rods or disk-like equilibrium
1n(MgZn,) precipitates with the size of 15-50 nm were distributed at
the grain boundary areas. Equilibrium ) precipitates in #1 alloy discon-
tinuously, and the precipitate free zones (PFZs) with the width of 80 £
15 nm were observed. For #2 alloy, 1 precipitates with narrowing PFZs
were small and the shape was close to spherical. For #3 alloy, equilibri-
um 7 precipitates distributed continuously, and PFZs were not clearly
seen in the grains. For #4 alloy, the grain boundary precipitate was con-
tinuous in one section but the others were discontinuous. The PFZs of
the former were not clear and those of the latter were distinct with
the width of 70 £ 5 nm.

4. Discussion
4.1. Effect of microstructure on the strength

The precipitation sequence of the second phases in Al-Zn-Mg alloy
can be given as follows: supersaturated solid solution (SSSa) — GP

zones — metastable 1’(MgZn2) — stable n(MgZn2) [26,27]. What is
more, the GP zones and 1)’ phase precipitates are the strengthening
phases. If the precipitates transformed gradually from the metastable
1) phase to the stable 1) phase, the strength will reduce in general [7].

Although the grain size of the alloys is a factor in the strength, the
difference in strength of Al-Zn-Mg alloy A7N01S-T5 is mainly associat-
ed with the size, distribution and volume fraction of the 1 phase [5,12,
19]. The m' phases distributed dispersion with a larger amount and
smaller size. The more significant the precipitation strength effect is,
the higher the strength of the alloy is. Fig. 7(c) shows that the 1’
phase distributed uniformly in the #3 alloy grains was in a large quan-
tity with small size. It can be concluded that the #3 alloy had the highest
strength. The quantity of i phase in #4 alloy was similar with that of #3
alloy, but they distributed unevenly, so the strength of #4 alloy was rel-
atively low. The quantity of v’ phase in #1 alloy (Fig. 7a) was less than
that of #4 alloy and the size was larger, but the dispersion degree was
higher, so the strength had no obvious change. The quantity of 1’
phase in #2 alloy (Fig. 7b) was small and the size was the largest,
resulting in the lowest strength.

4.2. Effect of microstructure on the fracture toughness

The 1 precipitates along grain boundaries grow, aggregate, coarsen
and accelerate the grain boundary precipitation during the aging pro-
cess. Finally, distinctly coarse and discrete grain boundary precipitates
1 are formed [12]. The fracture toughness of the alloys has a close rela-
tionship with the grain boundary precipitates [28].

There were two types of precipitates: one exists in the grain bound-
ary (continuous or rather discontinuous in this case) and the second
mesh distribution close to grain boundary, which are presented in
Fig. 7e-h. The m precipitate with the continuous mesh distribution is
the most unfavorable factor for fracture toughness of the alloys and 1)
precipitate with fine size and discontinuous distribution is beneficial
to the fracture toughness of the alloys [7,26]. The finer the precipitated
phase is and the greater the spacing is, the higher the fracture tough-
ness of the alloy is. One of the reasons of the #3 and #4 alloys show-
ing brittle fracture mechanism is that the n phase had continuous

Fig. 4. Microstructure of fracture surface of different samples: (a) #1 (b) #2 (c) #3 (d) #4.
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Fig. 5. Microstructures of A7N0O1S-T5 alloys at different compositions: (a) #1, (b) #2, (c) #3, (d) #4, SEM images (e) of #2 alloy and EDX results (f) of constituent particles.

mesh distribution (Fig. 7g and h). The PFZs are formed when the pre-
cipitation phases precipitate out in the grain boundary areas. This is
the reason that the solute atoms distribute around the grain bound-
aries and the oversaturated vacancies diffuse to the grain boundary
areas. When the thick precipitated phases formed in the grain
boundary areas, the precipitation phases will not deposit out in
both sides of the boundaries due to the dilution of solute atoms
and vacancies [12]. The precipitated phase in the grain boundary is
thicker and the PFZs are wider. Hence, the width of PFZs had a certain
effect on the fracture toughness of materials: the wider the PFZs are,
the poorer the fracture toughness of materials is.

Fig. 6 shows the different grain sizes of 4 alloys. We can see much
tiny grains distributed along the rolling direction X and fiber-like un-
recrystallized microstructure in #2 alloy (Fig. 5b). There is also a dis-
tributed fiber-like un-recrystallized microstructure with fine sub-
grains in #4 alloy (Fig. 5d). The #2 and #4 alloys had higher content
Mn and Cr elements, and the #2 alloy had higher Zr and Ti contents.
Zr and Cr can restrict the nucleation of recrystallization. X.M. Li's
work [19] evidenced that the recrystallized area fraction of Zr-
containing alloys is less than that of Cr-containing alloys, being at-
tributable to Zr reducing recrystallization more effectively than Cr.
So the #2 alloys and the #4 alloys had fiber-like un-recrystallized
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Fig. 6. Grain size distributions of A7N01S-T5 alloys at different compositions: (a) #1, (b) #2, (c) #3, (d) #4. (For interpretation of the references to color in this figure, the reader is referred

to the web version of this article.)

microstructure, and the fiber-like un-recrystallized microstructure
in #2 alloys distributed more than #4 alloy. The grain size is one of
the causes that affect the fracture toughness of materials. In the pro-
cess of crack propagation, the energy of plastic deformation is the
key factor. Smaller grain size results in larger grain boundary areas
(Fig. 8), therefore a higher fracture toughness.

The fracture toughness of 4 alloys was determined by both grain
boundary of m precipitates and the grain size. The #3 alloy had the
coarse and abnormally grown grains with continuous mesh distribution
of 1 phase, so the fracture toughness was the lowest. The #4 alloy had
the coarse grains, but 1 phase presented as the continuous and discon-
tinuous precipitations, resulting in improved fracture toughness. Thus,
the effect of grain boundary precipitation on the fracture toughness is
dominant. The #1 alloy only had a small number of coarse grains; m
phase presented discontinuous distribution, therefore possesses im-
proved fracture toughness. The #2 alloy had fine grains and fine precip-
itation phase with higher spheroidization degree of ) phase. This type of
microstructure can reduce the stress concentration at the tip of the pre-
cipitated phase, resulting in intergranular fracture, therefore avoiding
the premature crack nucleation in grain boundary areas with improved
fracture toughness.

From the above analysis, we can see that the 1 phase distributed in
the grain boundary areas played an important role on the fracture
toughness of materials, especially when they form a continuous mesh-
like structure. There may be two methods to control the formation
and distribution of these precipitated phases. The first one is reducing
the contents of Zn and Mg to as much as the required strength can be
met, which can reduce the volume fraction of precipitates r) in the

grain boundary areas. The second is to optimize the aging process
with lower temperature. The formation of a small amount of spherical
precipitates in the grain boundary areas is beneficial to the fracture
toughness of materials. This is because the intracrystalline atomic
diffusion velocity is low at a low aging temperature, resulting in less
precipitated phase formed in grain boundary areas. If we take the two
methods, the alloy may obtain enough strength and fracture toughness
[3,6,27].

4.3. The optimal level of composition

According to the results obtained from the orthogonal design
method in Table 3, the effect of different factors on the mechanical
properties and fracture toughness of alloy was complex. For the
targeted parameters R, and R, the composition which could ob-
tain the maximum ratio was the #3 alloy, but its plasticity was rela-
tively low, especially when it showed a brittle fracture failure.
Although #2 alloy had the maximum A and Jo g1 (12), its strength
was relatively low. Therefore the overall performance of #1 alloy is
the best among the tested four alloys, although its composition
may not reach the optimal level yet. More work on the composition
optimization is in progress.

5. Conclusion
The Al-Zn-Mg alloy (A7NO1S-T5) has been designed by using

orthogonal method targeted for high speed train applications.
The effects of compositions on the tensile strength and fracture
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[422] (c)

Fig. 7. TEM microstructures of A7NO1S-T5 alloys at different compositions: and (e) #1, (b) and (f) #2, (c) and (g) #3, (d) and (h) #4.

toughness were investigated. The microstructure and fracture sur-
face morphology were examined by various techniques. The follow-
ing conclusions can be drawn out:

(1) The Al-4.34Zn-1.43 Mg-0.27Mn-0.13Cr-0.12Zr-0.07Ti (#1
alloy) had the best combination of mechanical properties.
The tensile strength, yield strength and elongation rate of
the alloy were 415 MPa, 378 MPa and 13.49%, respectively.
Furthermore, this alloy showed the excellent ability to hin-
der the propagation of cracks with a value of Jo2pi(12) =
2337 k]-m™2

(2) The change of R;,, was in accordance with Ry, and the change

of A was in accordance with Jo 2g1(12). The contents of Zn and

Mg were the main factors that affect the strength and plastic-

ity of the alloys.

The fracture toughness of four alloys was determined by

both the grain size and m phase precipitation in the grain

—
w
—

boundaries. The grain boundary precipitation showed a
dominant effect on the fracture toughness of the alloys.
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