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EffEct of thE Grain Boundary MicrostructurE on scc rEsistancE  
of hiGh strEnGth al-Zn-Mg alloy ExtrudEd MatErials

it is known while al-Zn-mg alloys extruded materials have high strength, those materials are characteristically occurred to 
stress corrosion cracking (scc). our group have systematically controlled mg and Zn composition and clarified the relationship 
between strength and precipitates. The purpose of this study is to clarify the relationship between the mechanical properties and 
scc resistance and the microstructure. Therefore, our group controlled the mechanical properties and scc resistance by adjusting 
the chemical composition and the quenching conditions of our al-Zn-mg alloy extruded materials, and the following two findings 
were obtained by using SCC test, tensile test, and transmission electron microscope (TEM) observation. The number density of η' 
phase on al-Zn-mg alloy extruded materials affected the improvement of mechanical properties, and the precipitation free zone 
(PFZ), which is the grain boundary microstructure affected scc resistance.
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1. introduction

recently, the carbon neutral initiatives have been acceler-
ated, and the automotive industry is promoting the reduction 
of co2 emissions based on life cycle assessments by changing 
internal combustion engine vehicles to battery electric vehi-
cles, as typified by the “electric (e)” in case [1]. Therefore, 
it is necessary for automobiles to install heavier battery packs.

The weight reduction of automobile body parts should be 
accelerated, and the application of aluminum alloys, such as die-
casting aluminum alloys, rolled aluminum alloys, and extruded 
aluminum alloys, should be considered [2].

al-Zn-mg alloy extruded materials have high strength and 
high extrusion productivity [3,4]. Those are expected to adapt 
to bumper reinforcement, door beams and other applications 
materials. however, al-Zn-mg alloy extruded materials are 
more susceptible to stress corrosion cracking (scc) than other 
aluminum alloy extruded materials [5]. our research group has 
systematically controlled mg and Zn composition on  al-Zn-mg 
alloys and clarified the relationship between strength and 
precipitates [6,7]. This study focuses on scc in high-strength 
 al-Zn-mg alloy extruded materials and investigates the relation-

ship between scc resistance and grain boundary microstructure. 
by a combination of chemical composition of alloys, quenching 
method, and stating temperature for water quenching after solid 
solution treatment.

2. Experimental procedures

The chemical composition of investigated alloys and 
production methods are presented in TaBLes 1 and 2. Based 
on these, nine the samples with different characteristic were 
produced. The samples were melted and cast in the air and then 
homogenized at 748 k for 86.4 ks, and finally extruded to the 
plate shape. For all extruded the samples supersaturated solid 
solution treatment at 748 k for 3.6 ks was applied and quenched 
in water or specified conditions, and then aging treatment by tem-
pering. TaBLe 2 shows the quenching condition of all samples.

Tensile tests were performed at room temperature using 
instron 5985 tensile testing machine. The tensile test specimens 
had parallel sections of 6.0 mm width, 0.8 mm thickness, and 
17.5 mm length, or 12.5 mm width, 2 mm thickness, and 25 mm 
length.
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scc test specimens for 3-point bending were loaded by the 
stress of 180 mPa. Those specimens were immersed in a mixture 
of potassium dichromate, chromium oxide (iv), and sodium 
chloride for 28.8 ks at 363 to 373 k. 

scc effect was determined by observation with keyence 
vhX-6000 digital microscope. 

The microstructures by Tem were observed using Topcon 
em-002B, acceleration voltage at 120 kv. 

3. results and discussion

3.1. results of mechanical property measurements

Fig. 1 shows mechanical properties for all investigated 
samples.

comparing the samples 1 and 2, the Zn/mg ratio is dif-
ferent, but the proof stress was mostly the same 500 mPa. 
The Zn/mg ratio of the samples 3 and 4 is also different from 

each other, but their proof stress was mostly the same 650 mPa. 
in the case of samples 5-9, Zn/mg ratio is almost the same, the 
water quenching start temperature is different, then their proof 
stress was changed.

Proof stress was almost the same in water quenching start 
temperature from 773 k to 623 k.

whereas, in water quenching start temperature is from 
623 k to 523 k, that stress has trend to decreasing.

Fig. 2 shows Tem observation results performed inside 
a grain of the samples 1 and 2. Both samples have proof stress 
of 500 mPa and numerous precipitates inside the grain character-
ised by the different contrast than al-matrix. These precipitates 
are the most probably the η' phase, according to the analysis 
of the selected area electron diffraction (saed) patterns. The 
number density of these η' phase on both the samples was about 
15,000 µm–2. The samples 3-9 have different proof stress and 
numerous precipitates inside the grain as the same as the sample 
1 and 2. These precipitates are also probably η' phase by SAED 
pattern analysis.

Fig. 2. Tem observation results inside grain on sample 1 and sample 2

Fig. 3 shows the relationship between the number density 
of η' phase precipitates and proof stress. As the number density 
of η' phase precipitates increases, proof stress would have an 
increased trend.

Fig. 3. The relationship between number density of η’ phase precipitates 
inside grain and proof stressFig. 1. The results of the mechanical properties of investigated samples

TaBLe 1

The chemical composition of all samples

chemical composition (mass %)
si fe cu Mn Mg Zn Zr ti al

sample 1 0.05 0.17 0.25 0.25 1.71 6.75 0.18 0.02 bal.
sample 2 0.00 0.00 0.46 0.00 3.51 4.72 0.00 0.00 bal.
sample 3 0.00 0.00 0.00 0.00 3.42 9.21 0.18 0.02 bal.
sample 4 0.00 0.00 2.18 0.00 1.70 8.92 0.18 0.02 bal.

sample 5-9 0.03 0.15 0.20 0.19 1.92 7.04 0.14 0.03 bal.

TaBLe 2

The quenching condition of all samples

solid solution 
treatment 

temperature (K)

Water quenching
start 

temperature (K)
note

sample 1-4 773 — air quenching
sample 5 773 773 water quenching
sample 6 773 673
sample 7 773 623
sample 8 773 573
sample 9 773 523
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3.2. results of scc investigation

Fig. 4 shows scc test result of all samples. in the sample 1 
and in the samples 7-9, the scc is not present, therefore, these 
samples would have sufficient scc resistance.

whereas the sample 2, 3, 4, 5, and 6 occurred the scc 
effect. however, scc resistance of the sample 4 should be 
superior to the samples 2, 3, 5 and 6.

Fig. 5 shows the optical microscope results of the sam-
ple 1 and 2 microstructure observations. The sample 1 has 
fibre structure and no crack after scc test in observed. The 
sample 2 has typical recrystallized microstructure characterised 
by coarse equiaxed grains with cracks occurred after 7.2 ks scc 
test. The sample 2 must have inferior scc resistance to the 
sample 1, because scc occurs along coarse recrystallization 
grain boundaries.

Fig. 4. The results of scc test

Fig. 5. om observation of the sample 1 and the sample 2 after scc test

Fig. 6 shows the optical microscope results of the samples 3 
and 4 of microstructure observations. Both samples have fibre 
structure and occurred scc. samples 3 and 4 occurred scc 
after 7.2 ks and 21.6 ks during the scc test observed, respec-
tively. This means that the scc resistance of sample 4 should 
be superior to sample 3.

Fig. 7 shows Tem observation on the grain boundary of the 
sample 3 and 4 after scc test in observed. These samples have 
PFZ and coarse precipitates on the grain boundary. The width 
of PFZ in samples 3 and 4 have been measured and they have 
the mostly the same width of about 22 nm and about 25 nm, 
respectively. This means that Tem observations of those air-

quenching samples cannot provide an efficient understanding 
of the relationship between scc resistance and the width of 
PFZ. Therefore, PFZ on the grain boundary was performed for 
samples 5-9 which have different quenching conditions.

Fig. 8 shows optical microscope and Tem observation 
result of the sample 5 after scc test.

The sample 5 has fibre structure of crystal grains and oc-
curred scc after 7.2 ks scc test, and it is the width of PFZ 
was about 20 nm.

as a result of investigating the sample 6, 7, 8, and 9 by 
the same matter, PFZ of each sample are 6 nm, 27 nm, 16 nm, 
and 27 nm.

Fig. 6. om observation of the sample 3 and the sample 4 after scc test

Fig. 7. Tem observation of the sample 3 and the sample 4 after scc test

Fig. 8. om observation after scc test and Tem observation of the 
sample 5

Fig. 9 shows the relationship between PFZ and scc resist-
ance.

as PFZ increases, scc resistance shows an increased trend. 
in other word, the width of PFZ at grain boundary, which was 
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formed by the different starting temperatures to water-quenching 
and aging treatment, affect scc resistance.

it is known that scc in al-Zn-mg alloys occurs when grain 
boundary precipitates are preferentially dissolved causing the 
potential difference between grain boundary precipitates and 
PFZ [5]. in this study, as shown in Fig. 9, as PFZ increases, scc 
resistance would have increased trend, and it must be thought that 
the size and chemical composition of the dissolved grain bound-
ary precipitates changed due to the chemical composition and the 
quenching conditions of our al-Zn-mg alloy extruded materials, 
and it should be presumed that the scc property changed.

Fig. 9. The relationship between PFZ and scc occurrence time

4. conclusions

our study obtained the following findings for al-Zn-mg 
alloy extruded materials by inves-tigating mechanical proper-
ties, scc resistance and microstructure observation by Tem.
(1) comparing the samples 1 and 2, the Zn/mg ratio is dif-

ferent, but the proof stress was mostly the same 500 mPa. 
The Zn/mg ratio of the samples 3 and 4 is also different 
from each other, but their proof stress was mostly the same 
650 mPa. in the case of samples 5-9, Zn/mg ratio is almost 

the same, the water quenching start temperature is different, 
then their proof stress was changed.

(2) all samples have numerous precipitates inside the grain 
characterised by a different contrast than al-matrix. These 
precipitates are the most probably the η' phase, according 
to the analysis of the saed pattern.

(3) As the number density of η' phase precipitates increases, 
proof stress would have an increased trend in all of the 
conditions.

(4) as shown in sample 1 and in the samples 7-9, the scc is 
not present. Therefore, these samples would have sufficient 
scc resistance. whereas samples 2-6 affected the scc. 
however, the scc resistance of sample 4 was better than 
the other samples.

(5) as the width of PFZ increases, scc resistance would have 
an increased trend. PFZ formed by the different starting 
temperatures to water-quenching and aging treatment would 
affect scc resistance.
The results were presented during 14th Polish japanese 

joint seminar on 
micro and nano analysis (3-6.09.2024, Toyama, japan).
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