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Abstract: The effect of aging time on the crushing performance of Al-0.5Mg-0.4Si alloy used for
safety components of automobile was investigated by tensile test and crush test. Moreover, the
microstructure of the alloy was investigated by transmission electron microscopy (TEM). The results
show that the localized deformation ductility index, AA;,, which is defined as the difference between
total elongation and uniform elongation, of Al-0.5Mg-0.45i alloy is 6.5%, 7.0% and 8.5%, respectively,
after being aged at 210 °C for 1, 3 and 6 h, and this tendency is the same as that of the crushing
performance. The spacing of grain boundary precipitates (GBPs) from TEM results are found to be
94.9,193.6 and 408.2 nm after being aged at 210 °C for 1, 3 and 6 h, respectively, and this tendency is
same to that of AA,,;. A mechanism about the relation between the spacing of GBPs and the ductility
index AA,s has been proposed based on localized deformation around GBPs. With the increase of
GBPs spacing, the AA, increases, and the crushing performance is improved.

Keywords: Al-Mg-Si alloy; aging time; crushing performance; grain boundary precipitate; local-
ized deformation

1. Introduction

With the development of automobile lightweight, more attention has been focused
on safety problems related to this. When a car is involved in a frontal collision in a traffic
accident, the bumper system, consisting of the bumper beam, energy absorbing box and
front rail, absorbs about 50% of the total kinetic energy [1,2]. The energy absorbing box
is an important component that connects the bumper beam to the front rail, and absorbs
energy through its deformation, accounting for about 15% of the total absorbed energy [1,2].
Al-Mg-Si alloy is widely used as automotive lightweight material due to its low density,
medium strength, corrosion resistance and good formability [3,4]. Meanwhile, it is widely
used in automotive energy absorbing box due to its greater mass-to-energy absorption
than steel [5].

The crushing performance is very important to the energy absorbing box, which is
used to evaluate the ability to absorb energy. In recent years, many studies have attempted
to enhance the safety of automobiles by improving the crushing performance of the energy
absorption box. Tang et al. [6] reported that the energy-absorption efficiency of a rectangular
tube is about 70% of that of a circular tube. Some specific corrugations in circular tubes,
such as sinusoidal corrugation [7], are used to reduce the deformation heterogeneity and
improve the energy-absorption performance [8]. However, there were various difficulties
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when assembling the circular components with the others in the automobile structures.
Kim et al. [9] suggested that the folding shape tends to become symmetric in a compressive
deformation, as the thickness/width ratio of a rectangular aluminum tube is large and
the energy absorption efficiency is accordingly improved. Zhang et al. [10] reported that a
multi-cell metal tube is more efficient than a single-cell tube. Wang et al. [11] found that
the second-order hybrid Koch absorbers outperform most of the multi-cell structures with
the same mass. Saharnaz et al. [12] found that the crushing performance of holed tube is
better than that of the normal and grooved tube for both steel and aluminum component.
Furthermore, the energy absorbed per kilogram of the aluminum tube was relatively higher
than that of the steel tube.

All of the aforementioned studies are about the effect of shape and structure of
the energy absorbing box tube on energy-absorbing performance, and there are also
some researches about the effect of materials. Bambach [13] and Han [14] found that
the energy-absorption capacity of metal/carbon-fiber-reinforced polymer (CFRP) tubes
was better than that of either metal or CFRP tubes. However, the anisotropy of composite
materials brings difficulties to the design and analysis of energy absorbers [15]. Meanwhile,
composite materials are difficult to recycle, and the manufacturing cost is relatively higher
than metals, which limits its use in the automotive [15]. Laura et al. [16] found that the
combination of strain hardening and local heat treatment can be used to improve the
crushing performance of the energy-absorbing box, compared to a globally heat-treated
one. Hitoshi et al. [17] suggested that the thickness of surface recrystallization layer should
be less than 500 nm, and the thickness of the fibrous structure should be more than 50%
of the entire thickness (1 to 5 mm) for the materials used in the frame structure of the
automobile. Maezoli et al. [18] suggested that an overaged temper such as T7 would be
appropriate for an aluminum alloy used for components requiring a high capacity for
absorbing kinetic energy by plastic deformation. Henn et al. [19,20] proposed some indices
from tensile test to evaluate the crushing performance. The reliability of the method based
on fracture surface measurement at tensile test was proved according to Parson [21].

Maezoli and Tundal et al. mentioned that the 210 °C T7 overaged temper would be
favorable to the crushing performance for the material used for an energy absorbing box;
however, they did not reveal the mechanism [18,22]. In the present study, the effect of aging
time on the ductility indices derived from the tensile test [19,20] and crushing performance
of Al-0.5Mg-0.4Si alloy used energy absorbing box was investigated. Optical microscopy
(OM) and transmission electron microscope (TEM) were used to investigate the effect of
aging time on grain size and precipitates, and to reveal corresponding mechanism about
the effect of microstructure on the crushing performance of the investigated alloy.

2. Experimental

The chemical composition of the Al-0.5Mg-0.4Si alloy is shown in Table 1. The as-cast
ingot was homogenized and extruded into a single-cell tube, according to the commercial
production process based on Saha P.K.’s research [23] of such an alloy. The tubes were
on-line water-quenched at 530 °C and were subsequent artificially aged at 210 °C, based on
previous researches [18,22], for 1, 3 and 6 h, selected from the age-hardening curve, which
is discussed subsequently.

Table 1. Chemical composition of the investigated Al-Mg-Si alloy (wt.%).

Elements Mg Si Fe Ti Mn Al
Content 0.52 0.42 0.14 0.01 0.01 Bal.

The specimens with dimension 20 mm x 20 mm X 2 mm used for age-hardening curve
were cut from the tubes and ground on the SiC-paper for hardness measurement. Hardness
was measured by using a Wilson VH1202 Vickers (ITW Test & Measurement, Shanghai,
China) hardness tester with a load of 4.9 N and indentation time of 10 s. Five hardness
indentations were performed to obtain an average value for each specimen.
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Figure 1 shows the age-hardening curve of the specimen aged at 210 °C. It can be seen
in the curve that the hardness of the specimen reached peak value rapidly within 1 h, and
then the hardness decreased slowly. When the aging time reached 3 h, the specimen was
overaged already. According to previous researches, T7 overaged temper is favorable to
the crushing performance [18,22]. To obtain specimens with some differences in crushing
performance, the artificially aging times of the specimens were selected as 1, 3 and 6 h, and
the specimens were named A1, A3 and A6, respectively.
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Figure 1. Evolution of hardness of the specimens artificially aged at 210 °C.

The crushing performance was carried out according to BMW Material Specification-
WS 02002 and was tested with MTS E64.106 electro-hydraulic servo universal test machine
(MTS SYSTEMS (CHINA) CO., LTD., Shenzhen, China, 1000 kN). The specimens were
compressed along the extrusion direction, from 300 to 100 mm, at a speed of 100 mm /min.
The cracks developed during crushing test were used to evaluate crushing performance,
and it can be accepted when the length of a crack is less than 10 mm, and even preferentially
less than 5 mm [24]. In order to investigate the crushing performance quantitatively, the
degree of crushing performance was assessed qualitatively, using a grading scale from 1 to
9, with a grade of 1 being the worst crushing performance and a grade of 9 representing
the best crushing performance. Table 2 summarizes a crushing performance rating system,
which is the modified version of the one proposed in research [21].

Table 2. Crushing performance rating system.

Grade Description

—_

Entire box fragmentation
Deep transverse cracks and fragmentation and severe corner cracking
Internal and external transverse cracks and severe corner cracking
Internal shallow transverse crack and multiple deep corner cracks
Multiple deep corner cracks on the folds
Few deeper corner cracks on the folds
Few small corner cracks on the folds
One small corner crack on the folds
No cracks on the surface

O 0 NI Ul Wi

The tensile test was carried out on the MTS810 computer-controlled test machine (MTS
Systems Corporation, Eden Prairie, USA) with a loading speed of 2 mm/min, at room
temperature, according to GB/T 228-2010. The “dog-bone” type tensile test specimens
with a gauge length of 25 mm and cross-section of 2.3 x 10 mm? were cut with stretching
direction along the extrusion direction. The tensile properties were the mean value of three
repeated specimens.
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The metallographic grain structure of the extruded tube was examined in a Leica
DM2700M optical microscope (Leica Microsystems Cms GmbH, Wetzlar, Germany) with
polarized light. The specimens used for optical microscopy (OM) examination were
mechanically ground with silicon carbide (SiC) papers up to grade 1500, polished with
2.5 pm diamond pastes and then anodized for 3045 s with a solution of 190 mL distilled
water and 10 mL HBFy, at a voltage of 25 V.

The precipitates of specimens were investigated by Titan G2 60-300 and JEM-2100F
(JEOL LTD., Akishima, Tokyo, Japan) operated at an acceleration voltage of 200 kV. Foils
for TEM observation were mechanically ground to a thickness of about 80 pm and punched
into discs with a diameter of 3 mm. The discs were further etched by twin-jet polishing
with 30% nitric acid in methanol, operating at temperature, between —30 and —20 °C, ata
voltage of 16 V.

3. Results
3.1. Crushing Test

The specimens after the crushing test are shown in Figure 2. Folding to various
degrees is found in three investigated specimens; nevertheless, the folds of the A3 and
A6 specimens are more symmetric than those of the Al specimen. There are some cracks
marked by red rectangles in the Al and A3 specimens, as shown in Figure 2. The statistical
data about cracks and the crushing performance grade of specimens are listed in Table 3.
For the A1l specimen, a penetrated crack exceeding 30 mm is found in the folds, and two
small cracks are found in the backside, resulting in a grade 6 crushing performance. For the
A3 specimen, however, only two small cracks, 10 and 10-20 mm, respectively, are found at
the corner of the fold, resulting in a grade 7 crushing performance. Compared with the
other two specimens, no visible cracks are found from A6 specimen after crushing test,
indicating a grade 9 crushing performance. This means that the crushing performance of
theA6 specimen is the best among the three specimens, followed by the A3 specimen, and
the worst one is the Al specimen.

Figure 2. Folds and cracks formed in specimens after crushing test: (a) A1, (b) A3 and (c) A6.

Table 3. Number of cracks in specimens after crushing test and grade of crushing performance.

) Number of Cracks Grade of Crushing
Specimens
Length <10 mm Length = 10-20 mm Length = 20-30 mm Length > 30 mm Performance
Al 0 0 1 6
A3 1 0 0 7
A6 0 0 0 9
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3.2. Tensile Test

The tensile-test results of three specimens are listed in Table 4. The yield strength (YS)
and ultimate tensile strength (UTS) of the specimen aged for 1 h are 202.4 and 226.1 MPa
respectively, and the total elongation is 13.8%; with the aging time increased to 3 h, the
YS and UTS decrease 16.1 and 12.0 MPa, respectively, and the total elongation increases
slightly; by further increasing the aging time to 6 h, the YS and UTS decrease 12.0 and
10.7 MPa, respectively, and the total elongation increases obviously to 15.0%. The above
results reveal that both the YS and UTS of the specimens decrease significantly with
increasing aging time, while the total elongation showed the opposite trend, increasing
with the increase of aging time.

Table 4. Mechanical properties of three specimens.

Specimens YS/MPa UTS/MPa Al% Agl%
Al 2024 £4.2 2261 £0.2 13.7 £ 0.4 72£0.1
A3 1863 £ 1.8 2141+1.3 139+ 14 69 +0.2
A6 1743+ 13 203.4 £0.8 15.0£0.3 6.5£0.1

YS, yield strength; UTS, ultimate tensile strength.

According to Henn et al. [20], conventional tensile-test-analysis results are limited
in investigating the crushing performance potential. Hence, based on tensile test data,
different ductility indices, i.e., AAgps, AAspez and TFS, were proposed to evaluate the
crushing performance potential.

AAgs = A—Ag 1
AA

AAspez = Tgbs (2)

TFS = In <S°> 3)
Sf

where A is the total elongation, A, is the uniform elongation (the elongation before necking),
So is the original cross-sectional area of the tensile test specimen and Sy is the minimum
cross-sectional area after fracture. Some of the parameters are listed in Table 4. According
to these ductility indices, the larger the values of the parameters obtained, the better the
crushing performance.

In the tensile test, the total elongation of the specimens increased with the increase
of aging time, especially when the aging time was increased to 6 h, as shown in Table 4.
While the change of the uniform elongation (Ag) is considerably small to be neglected,
the difference of total elongation is essentially the difference of AA,;s, which is defined as
the elongation after necking, i.e., the localized deformation ductility index, as shown in
Figure 3a. Concisely, Equations (1)—(3) can be used to calculate the AA s, AAspe; and TFS
of the specimens, respectively. It can be found from Figure 3b that the AA,, AAspe; and
TFS increase with the aging time. Specifically, the AA; of the Al, A3 and A6 specimens is
6.5%, 7.0% and 8.5%, respectively. The AAgp; of the A1, A3 and A6 specimens is 0.9, 1.0
and 1.3, respectively, and the TFS of the Al, A3 and A6 specimens is 0.78, 0.83 and 1.16,
respectively. The ductility indices AA s, AAspe; and TFS of the A6 specimen are the highest,
followed by the A3 specimen, and the Al specimen is the lowest one, which is consistent
with the results of the crushing test (i.e., crushing performance grade Al < A3 < A6). It
is worth noting that the evolution tendency of AA; is supposed to be the most suitable
one for the grade of crushing performance among the three parameters, as illustrated in
Figure 3b.
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Figure 3. Information about (a) stress—strain curve in tensile test and (b) relationship between crushing grade and

ductility indices.

3.3. Metallographic

The metallographic of three specimens is shown in Figure 4. Equiaxed grains could be
found in three specimens, so it is obvious that they are completely recrystallized. According
to statistics, the average grain size of the Al, A3 and A6 specimens is 104.9 + 9.7 um,
107.5 £ 9.6 um and 105.9 £ 9.0 um, respectively. The grain-size differences among the
three specimens are not significant, indicating that the effect of aging time on the grain size
can be neglected.

Figure 4. Three-dimensional metallographic of specimens: (a) A1, (b) A3 and (c) A6.

3.4. TEM Results

The TEM images and the selected area diffraction patterns (SADPs) of the three
specimens are shown in Figure 5. The TEM images were acquired along < 001 > 5} zone
axes. A large number of uniformly distributed dot-like and needle-like precipitates are
found within grains of the three specimens. The cross-shaped diffraction patterns near to
that of (110) o] were found in the SADPs, as marked in Figure 5. Based on the age-hardening
curve (Figure 1) and previous research [25], the cross-shaped diffraction patterns in the
specimens likely indicated that the precipitates were ' and p” phases for the Al specimen,
and as for the A3 and A6 specimens, the precipitates were B’ phase because the A3 and
A6 specimens were overaged. The average diameters of the precipitates in the Al, A3
and A6 specimens are 5.3 = 1.5 nm, 5.9 = 1.9 nm and 6.7 £ 2.1 nm, respectively; the
average lengths of the precipitates in the A1, A3 and A6 specimens are 41.3 & 34.4 nm,
116.4 £ 82.3 nm and 125.6 & 97.3 nm, respectively; and the average number densities of
the A1, A3, A6 specimens are 278.1 + 12.6 um~2, 88.2 - 3.2 um~2 and 80.1 + 3.0 um 2,
respectively, as shown in Table 5. In addition, the diameter and length distribution trends
of precipitates are displayed in Figure 6. It is obvious that, as the aging time increases, both
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the diameter and length of the precipitates increase. It is also worth noting that the change
of the average precipitates length and the number density from 3 to 6 h is much smaller
than that from 1 to 3 h.

Figure 5. Transmission electron microscopy (TEM) images of the three investigated specimens: (a) Al, (b) A3 and (c) A6.

Table 5. Average diameter, length and number density of the precipitates within the grains.

Specimens Average Diameter of the Average Length of the Average Number Density
P Precipitates (CI 1)/nm Precipitates (CI)/nm (CD/pm—2
Al 53+ 1.5 ([5.2, 54]) 41.3 & 34.4 ([39.7, 42.9]) 278.1 + 12.6 ([277.1, 279.1])
A3 5.9 +£1.9([5.8,6.0]) 116.4 £ 82.3 ([110.8, 122.0]) 88.2 & 3.2 ([88.0, 88.4])
A6 6.7 £2.1([6.5,6.9]) 125.6 £ 97.3 ([121.5, 129.7]) 80.1 £ 3.0 ([79.8, 80.4])

Frequency (%)

L CI: confidence intervals. The confidence level is 95%.

60

Frequency (%)

6 8 10 12 14 16 0 100 200 300 400 500
Diameter of precipitates (nm) Length of precipitates (nm)

Figure 6. The distribution of (a) diameter and (b) length of precipitates within grains of the investigated specimens.

Figure 7 is the TEM bright-field images around the grain boundaries of the three
investigated specimens. It can be seen from the figure that some irregular particles that
are much larger than the precipitates within grains are precipitated at the grain boundary,
i.e., large grain boundary precipitates (GBPs) are found at the grain boundary. STEM-EDS
results shown in Figure 8 reveal that the density of Si inside the GBP is obviously larger
than the matrix. Therefore, the GBPs are a type of Si-rich particle and are supposed to be
monatomic silicon. It can be found from Figure 7 that the spacing of such GBPs increases
with the aging time. The statistical results of such GBPs are listed in Table 6. The spacing of
GBPs in the A1 specimen that was aged for 1 his 94.9 & 60.4 nm; that of the A3 specimen
that was aged for 3 h is increased to 193.0 &= 125.0 nm, and that of the A6 specimen that
was aged for 6 h is further increased to 408.2 &= 201.4 nm. The average diameters of GBPs
in the A1, A3, and A6 specimens, i.e., 55.4 & 15.2 nm, 61.6 & 11.0 nm and 70.4 £ 14.3 nm,
respectively, increase slightly with the increasing of aging time. However, there exists no
specific regularity on precipitate-free zones (PFZs), and the width of PFZs in A1, A3 and
A6 specimens is 266.9 £ 39.2 nm, 259.2 & 38.7 nm and 310.5 £ 27.7 nm, respectively. All
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values about the precipitates within grains and GBPs were measured with Image-pro-plus
software, and at least three graphs were selected for each datum.

200 nm
—

*200.0m
—
_ — L

Figure 7. Transmission electron microscopy (TEM) images of grain-boundary precipitates in the three investigated speci-
mens: (a) Al, (b) A3 and (c) A6.

L 120nm L 120nm

Figure 8. STEM-EDS result of grain boundary precipitates (GBPs).

Table 6. Average spacing and diameter of GBPs.

Specimens Spacing of GBPs (CI 1)/nm Diameter of GBPs (CI)/nm
Al 94.9 £ 60.4 ([74.9, 114.9]) 55.4 £15.2 ([50.4, 60.4])
A3 193.0 £ 125.0 ([154.3, 231.7]) 61.6 & 11.0 ([58.2, 65.0])
Ab 408.2 £ 201.4 ([341.5, 474.9]) 70.4 £ 14.3 ([65.7, 75.1])

1 CI: confidence intervals. The confidence level is 95%.

4. Discussion

As shown in Table 4, both YS and UTS of the investigated alloy decrease with the in-
creasing aging time. Precipitation strengthening is likely a good explanation for the change
of YS and UTS. Precipitation strengthening and grain refinement strengthening are the
primary strengthening mechanisms of aluminum alloys. According to the metallographic
results shown in Section 3.3, the effect of aging time on grain size and grain shape is so
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small that it can be neglected. Thus, the differences of the strengthening among the three
specimens are primarily ascribed to the contribution of the precipitation strengthening.
According to Figure 1, both the A3 specimen and A6 specimen are overaged, and the
Orowan mechanism is supposed to be the main dislocation and precipitates interaction
mechanism. From Table 5, we see that both the diameter and length of the precipitates
increase with increasing aging time, while the number density decreases. The precipitates
of the Al specimen are smaller and denser than those of the A3 and A6 specimens; as for
the A3 specimen, the precipitates are smaller and denser than those of the A6 specimen,
leading to the highest YS and UTS of the Al specimen, followed by the A3 specimen; and
the A6 specimen is the lowest.

The above discussion is about the relation between microstructure and strength, but
the relation between microstructure and crushing performance has rarely been investigated.
According to Figure 3, the evolution tendency of the crushing performance is almost
consistent with that of the localized deformation ductility index, AA,;s. To some extent, the
AAgps could be used to evaluate the crushing performance of different specimens, which is
consistent with previous researches [19,20].

As is known, at the same aging temperature, the aging time mainly affects the pre-
cipitates in the grains and the GBPs. Therefore, in order to reveal which one of these two
factors (precipitates within the grains and GBPs) is the most important one affecting AA 45
and crushing performance, the evolutions of the AA,;, spacing and diameter of GBPs, as
well as of the length and number density of precipitates within grains during aging, are
plotted together in Figure 9. Figure 9a demonstrates that the spacing of GBPs shows a
similar tendency to that of AA;,;. On the other hand, however, the change of diameters is
not very obvious, thus implying that its effect on AA,, is insignificant. Furthermore, the
evolution of the length and density of precipitates within the grains differs from that of
the AA,s, as shown in Figure 9b. Hence, one can expect that the changes of precipitates
within the grains are not properly reflecting the changes in AA,,;. Consequently, we can
conclude that the spacing of GBPs is the most important factor affecting the AA;,; and
crushing performance of the investigated alloy.
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Figure 9. Evolution of ductility index, AA,,;, with (a) spacing and diameter of GBPs and (b) length and number density of

precipitates within grains.

Based on the above assumption, a microcrack-formation mechanism about the relation
between GBPs and AA, is proposed, as shown in Figure 10. As is known, the GBPs are
incoherent with the matrix, so the presence of the GBPs is equivalent to the formation of
voids at the grain boundaries. The voids will be elongated when the stress around the
voids is large enough. Such micro-scale localized deformation around these elongated
voids would quickly develop into macro-scale deformation localization, i.e., necking. The
microcracks will be generated on the grain boundary when the elongated voids make
contact with each other. Such microcracks would quickly develop into macrocracks, which
lead to a rapid decline of stress, i.e., failure. It is clear that the shorter the spacing between
the GBPs is, the easier the formation of microcracks is, i.e., the smaller average macro-scale
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localized deformation strain (AA,s) after necking is. It can be guessed that when there
are no GBPs, or the fraction of high angle grain boundaries in an alloy is very small, the
crushing performance will be improved. This is also in line with the research of Parson [21].
The crushing performance of alloys with more fiber grains is better than alloys with more
recrystallization. The incoherent interface between GBPs and the matrix and shorter
GBPs spacing would accelerate the localization of deformation and deteriorate AA,,; and
crushing grade. Therefore, the GBPs spacing of the Al-Mg-Si alloy with high fraction of
high-angle grain boundaries should be large enough to ensure a high crushing performance.

Precipitate i Crack
/

RIS
s

A%

Coalesce of elongated
voids to form cracks

Incoherent grain
boundary precipitate

Elongation of voids

Figure 10. Schematic diagram about the effect of GBPs on microcrack formation.

As shown in Figure 7 and Table 6, the GBPs spacing can be increased by increasing
aging time; hence, the AA,,; and crushing grade increase with aging time, as is shown in
Figure 3. However, the size of main strengthening precipitates within the grains would
also increase with the increase of aging time, and therefore a too-long aging time is not
suitable because of the decreased strength. It can be supposed that the increase of crushing
temperature would increase the AA,,; and crushing grade, as increasing temperature
would delay the deformation localization, but increasing the strain rate would accelerate
deformation localization.

5. Conclusions

1. The crushing performance of the Al-0.5Mg-0.4Si alloy is strongly related to the AA ;.
The AA s of the three specimens aged at 210 °C for 1, 3 and 6 h is 6.5%, 7.0% and 8.5%,
respectively, and the crushing performance increases with the increase of the AA ;.

2. The spacing of GBPs is the reason for the effect of aging treatment on the crushing
performance of the Al-0.5Mg-0.45i alloy. The spacing of GBPs increases with the
increase of aging time. The average spacing of GBPs in the specimens aged at 210 °C
for1,3 and 6 his 94.9, 193.6 and 408.2 nm, respectively.

3. A microstructure model for recrystallized Al-Mg-Si alloy with high crushing perfor-
mance is proposed based on nucleation of microcracks from GBPs. The increase of the
spacing of GBPs increases the resistance of microcrack formation and thus the AA 5
of the specimen, and further leads to an improvement of the crushing performance.
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