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Abstract: To get a full understanding of hot extrusion, solid solution treatment and aging process on the Al-0.56Mg—
0.63Si alloy, the microstructure and mechanical properties of a U-shaped profile were studied through optical
microscopy, scanning electrical microscopy, transmission electrical microscopy, hardness, and tensile tests. The coarse
equiaxed grains existed near the profile edge as a result of the dynamic recrystallization nucleation and exceeding
growth during hot extrusion. The fibrous deformed and sub-structured grains located between the two coarse grain
layers, due to the occurrence of work-hardening and dynamic recovery. Perpendicular needle " precipitates were
distributed inside the grain, and obvious precipitates-free zone appeared after aging treatment. The tensile strength,
yield strength and elongation of the aged Al-Mg—Si alloy U-shaped profile were no less than 279.4 MPa, 258.6 MPa,
and 21.6%, respectively. The fracture morphology showed dimple rupture characteristics. The precipitates and grain
boundaries played key role in the strengthening contribution.

Key words: Al-Mg—Si alloy; U-shaped profile; hot extrusion; microstructure; mechanical properties; precipitates

Al-Mg—Si alloys have moderate strength,
good processing formability and fine anti-
corrosion [5,6]. However, they face a great
challenge in the design and manufacture of
differently shaped extrusion profiles since different

1 Introduction

Similar to the automotive industry, steel and
aluminum alloys are predominant materials

applied in the structural formation of rail trains,
including metros, high-speed trains and electric
locomotives [1]. Compared with steel, aluminum
alloys offer substantial benefits like relative
lightness, good manufacturing performance and
corrosion resistance. The 5xxx and 6xxx series
aluminum alloys are commonly used in sideboards,
roof, floor panels and cant rails and the 7xxx series
are used for high strength requirements. For
example, 5083 and 7NO1 aluminum alloys are used
in Japan’s Shinkansen trains, and 5005 sheets,
6061, 6063 and 6005 extruded profiles are applied
in German high-speed rail [2—4].

parts may suffer unequal force, temperature rise and
other processing variations [7,8]. A comprehensive
understanding of the relationship between
mechanical properties and microstructure is
essential to ensure the endurance and safety of the
extruded profiles. The deformation behaviors in
neat-shaped  Al-Mg—Si  alloy have been
systematically studied in the past decade. In the
benefit of these simulation tests, most typical
deformation characteristics, including dynamic
recovery (DRV), dynamic recrystallization (DRX),
void formation and cracking, can be determined.
SUN et al [9] constructed 3D processing maps to
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study the hot deformation of 6A02 aluminum alloy
and determined that the optimum hot working
domains were (450—470°C, 0.1-1s™") and (430-
450 °C, 0.01-0.1 s™"). LIU et al [10] studied the hot
deformation behaviors of AI-Mg—Si—Mn—Cr alloy
through constitutive models and found that lattice
diffusion was the dominate mechanism. However,
the realistic extrusion of complex shaped profiles in
the industry is quite different by considering the
fraction and lubrication, the shape and structure of
modules [11]. The inhomogeneous deformation and
low recrystallization temperature result in the
generation of coarse grains, which is not beneficial
for the mechanical properties of extrudates [12—14].
For better utilization of these profiles, the
mechanical properties
complex extruded profiles should be studied.

Heat treatments are efficient ways to improve
the mechanical properties of AlI-Mg—Si alloys. The
generally accepted precipitation sequence during
the aging process can be expressed as [15—19]:
supersaturated solid solution (SSSS) — clusters —
GP zone — p" precipitates — S7U,/U,/B’
precipitates — S precipitates. The SSSS formed
after solid solution treatment and water quenching.
The clusters containing numerous Mg and Si atoms
would form in the early stage of aging treatment.
The needle-shaped " precipitates (MgsSig) and
rod-shaped f’ precipitates (MgoSis) appeared with
the prolongation of aging time. Other metastable
precipitates like 5', U, (ALMgS1,), U, (Al4Mg4Siy),
and B’ (AlzMgySi;) could also be detected before
the equilibrium S phase formation [20]. However,
the characteristics of the precipitates and their
effects on the mechanical properties have not been
determined.

The objective of this study is to have a full
understanding of thermal and mechanical processes
on an Al—-0.56Mg—0.63Si alloy U-shaped profile.
The chemical compositions of different parts were
determined by inductively coupled plasma
atomic emission spectrometry (ICP-AES). The
mechanical properties were determined through
hardness tests and room temperature tensile tests.
The microstructures were observed by optical
microscopy (OM), scanning electron microscopy
(SEM) with energy-dispersive spectroscopy (EDS)
and electron backscattered diffraction (EBSD), and
transmission electron microscopy (TEM). The
microstructure evolution during extrusion and the

and microstructure of

strengthening mechanisms were discussed.
2 Experimental

The chemical composition of the alloy is listed
in Table 1, which can be classified as 6005A
aluminum alloy [21]. Pure aluminum, magnesium
ingots, and Al-Mn, Al-Cr, Al—Cu, Al-Si master
alloys were melted in the resistance furnace at about
1023 K. The ingots were cast through semi-
continuous casting method. After homogenization
at 570 °C for 10 h, the Al-Mg—Si alloy U-shaped
profiles were extruded with 4 m/min in temperature
range of 460—490 °C, and quenched by water
online. The solid solution treatment is (550 °C, 1 h),
followed by water quenching to room temperature
(25 °C) and the typical aging regime is (175 °C,
10 h). The schematic diagram of the entire extrusion
and heat treatment process is shown in Fig. 1.

Table 1 Chemical composition of Al-Mg-Si alloy
U-shaped profile (wt.%)

Si Mg Fe Cu Zn Cr Mn Al
0.628 0.561 0.181 0.022 0.027 0.168 0.232 Bal.

Homogenization (570 °C, 10 h)

g Extrusion (460-490 °C, 4 m/min)
<
2. Solid solution treatment
g (550 °C, 1 h)
F
Water  Aging treatment
cooling  (175°C, 10 h)
Water
cooling . .
Air cooling
Time

Fig. 1 Schematic diagram of entire extrusion and heat
treatment

The microstructures were observed by using
an OLYMPUS BX51M (OM), Zeiss M10A (SEM),
and TECNAI G°20 (TEM). The OM specimens
were mechanically polished and etched with a
caustic containing 1% HF, 1.5% HCI and 3% HNO;.
The SEM observation was operated at 20 kV. The
statistics of recrystallization fraction was achieved
by the recrystallized fraction function in HKL
channel 5 software. The filter type is circle, which
can distinguish the original large angle grain
boundary (>15°) and recrystallized grain boundary
(>15°). The deformed and sub-structured grains
were low angle grain boundaries, which were lower
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than 15°, of which the sub-structured grains were sectioned along the longitudinal direction of the
defined as 2°-15° and the deformed grain was extruded profile, and the dimensions are shown in
below 2°. The TEM samples were sectioned from Fig. 2. The typical sampling positions are shown as
the middle part of the U-shaped profile, and the A and B in Fig. 3.

TEM observations were carried out at 200 kV. The

hardness tests were carried out on the surface of the 3 Results

profile cross- section with loading at 980 N for 15 s

and the interval distance of each point was about 5 3.1 Microstructure

mm. The room temperature (25 °C) tensile tests Figure 3 shows the schematic illustration
were carried out at 2 mm/min. The samples were and OM microstructures at different parts of the
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Fig. 2 Dimensions of tensile sample (unit: mm)
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Al-Mg—Si alloy U-shaped profile. It presents the
multi-layer structure, and the overall thickness is
12 mm. Most grains are in fibrous structure,
whereas some coarse equiaxed-grains locate near
the profile edge. The thickness of these coarse
equiaxed-grains layer at the inner edge is similar to
that of the outer edge in Part A4, which is
50—110 um. For Part B, the thickness is more than
200 pm, which is thicker than that of Part A. The
grains in both edges contacting with the die
experienced complete recrystallization.

Besides, the grain size of those coarse
equiaxed grains at the inner edge is smaller than
that of the outer edge. The friction between the
billet and die induces a great portion of the heat,
resulting in the temperature rise in this part.
Consequently, it will drive the grain nucleation. The
growth and coarsening of nucleated grains lead to
the formation of a coarse-grains zone. Generally,
the coarse-grains layer is affected by the shape and
quantity of the extrusion die hole. For unequal wall
profiles, the coarse-grains layer of the thickened

section is often deeper than thinner section. In the
equal wall profile, the coarse-grain layer may have
a similar thickness. The refined grains with
recrystallization texture at the edge may have
secondary recrystallization, and the grains grow
unevenly and rapidly to form coarse grains during
subsequent heat treatment. However, those in the
middle part are compressed and elongated. Hence,
it might consist of deformed and sub-structure
grains as a result of deformation and that of DRV.

Figure 4 presents the OM microstructures at
the corners (marked by the arrow) of the U-shaped
profile. The coarse equiaxed-grains can be observed
at the six right-angles and the biggest thickness is
about 500 pm. In contrast, the grains of the two
R-angles inside the U-shaped profile show a
streamlined structure.

The typical SEM images in the given zones of
the U-shaped profile are shown in Fig. 5. The
corresponding chemical compositions of the
relative second phases are listed in Table 2.
Generally, numerous secondary particles displayed

Fig. 4 OM microstructures of AlI-Mg—Si alloy U-shaped profile
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Fig. 5 SEM microstructures in different parts of AI-Mg—Si alloy U-shaped profile

Table 2 Chemical compositions of second phases in
marked zones (at.%)

Point Si Cr Mn Fe Al

1) 7.47 1.41 2.73 8.13 80.27
2) 9.16 2.38 4.35 7.10 77.01
3) 7.37 0.86 2.87 8.91 79.99
©) 8.01 1.12 2.87 10.06  77.94
®) 7.81 1.00 2.62 7.92 80.66
6) 7.76 1.04 3.13 10.51  77.57

different shapes, including rod, spot or bulk. The
sizes of these particles were in the range of
5-15 pm. The white secondary particles contained
Mn, Cr, Fe, Si and Al, which might exist as
Al(FeCrMn)Si. The low melting point metal, i.e.,
magnesium, dissolved into the Al matrix and the
high melting point metals such as Mn, Cr, Fe, could
not diffuse into the matrix during solid solution
treatment.

The EBSD images in Parts 4 and B of the
U-shaped profile in Fig. 3 are displayed in Figs. 6
and 7, respectively. The microstructure presents
different characteristics in different zones, classified
as the recrystallized, sub-structured and deformed
grains. Detailed fractions of the recrystallized, sub-
structured and deformed grains are listed in Table 3.
For Part A (Fig. 6), the recrystallized grains occupy
the majority, and the number of deformed grains is
the least near the outer edge. The recrystallized
grains have obvious abnormal grain growth near the
edge. However, the main microstructure is the
sub-structured grains in the interior. The amount of
deformed grains is the least for both edge and
interior zones. For Part B (Fig. 7), the grain size in
the interior is smaller than that of the outer edge.
The main microstructures are recrystallized and
sub-structured grains near the edge and in the
interior, respectively. This phenomenon indicates no
obvious difference between Parts 4 and B in this
U-shape profile.
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Fig. 6 EBSD images of alloy profile at Part 4 in Fig. 3: (a) IPF microstructure near edge; (b) Recrystallization image
near edge; (c) IPF microstructure of interior; (d) Recrystallization image of interior

[

oy e P N RGN SN
e S S Ko7 g

.
e
g

Fig. 7 EBSD images of alloy profile at Part B in Fig. 3: (a) IPF microstructure near edge; (b) Recrystallization image
near edge; (c) IPF microstructure of interior; (d) Recrystallization image of interior

Figure 8 shows the TEM images along [100]; boundary and the width of which is 210 nm, as
axis of this Al-Mg—Si alloy  profile. The shown in Fig. 8(a). Large amounts of mutually
precipitate-free zone (PFZ) locates along the grain perpendicular precipitates distribute inside the
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Table 3 Percentage of recrystallized, sub-structured and
deformed grains

Position Microstructure Near Inside
edge/%  interior/%

Recrystallized 52.77 26.34

Part 4 Sub-structured 40.10 67.29

Deformed 07.13 04.37

Recrystallized 78.45 33.13

Part B Sub-structured 16.87 60.87

Deformed 04.68 06.00

grain, which display needle shape (Fig. 8(b)). The
maximum length of the precipitates is around
80 nm. It has been proved by the TEM bright-field
images that the transformation of GP zones is
completed. Combined with the mechanical
properties, the corresponding weak streaks in SAED

pattern (red arrows) indicated that the precipitates
of the alloy were S"”. Moreover, some circular
precipitates are present in the “intercept” way. The
TEM microstructures show similar characteristics
in Part B (Figs. 8(c, d)). The width of the PFZ is
about 280 nm. The mutually perpendicular needle
precipitates and circular precipitates exist inside the
grain, as shown in Fig. 8(d). The maximum length
of the needle precipitates is 100 nm, which is longer
than that of Part 4.

3.2 Mechanical properties

The hardness points of the U-shaped profile
are marked with numbers 1-51 in Fig. 9, and the
corresponding hardness values are shown in Fig. 10.
The distance between each point is 5 mm. The
overall hardness values vary from HBW 88.1 to
HBW 101.3, with the average at HBW 93.7. The

Fig. 8 TEM microstructure and SAED pattern along [100]4; axis of AI-Mg—Si alloy U-shape profile: (a) Grain
boundary in Part 4; (b) Grain interior in Part 4; (c) Grain boundary in Part B; (d) Grain interior and SAED pattern in

Part B
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Fig. 9 Hardness points of Al-Mg—Si alloy U-shaped
profile
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Fig. 10 Hardness values at different points of AI-Mg—Si
alloy U-shaped profile

mean hardness value at Part B is HBW 93.6 while
HBW 94.3 for Part 4. The mean hardness at the
R-angles between Part 4 and Part B is HBW 96.8.
The ultimate tensile strength, yield strength
and elongation of the U-shaped profile are listed in
Table 4. The tensile strength, yield strength and
elongation are 283.0 MPa, 262.6 MPa and 21.6% at
Part A, and 279.4 MPa, 258.6 MPa and 22.3% at
Part B, respectively. The strength of Part A is
slightly higher, whereas the elongation is lower than
Part B. The fracture image presents similar
characteristics in both parts. The typical fracture
morphologies of various zones in the U-shaped

Table 4 Mechanical properties of different parts in
Al-Mg-Si alloy U-shaped profile

Position  Ry/MPa R, ,/MPa Elongation/%
Part 4 283.0 262.6 21.6
Part B 279.4 258.6 22.3

profile are shown in Fig. 11. The fracture images
present typical dimple rupture characteristics in
different zones.

4 Discussion

The mechanical properties, including hardness
and strength are representatives of microstructure
variation in grain size, dislocation, precipitate, and
precipitate-free zones (PFZs) of the Al-Mg—Si
alloy U-shaped profile, as a consequence of hot
extrusion, solid solution and aging treatments.
Especially in the process of hot extrusion, various
metallurgical phenomena occur, dislocation
generation, motion, and annihilation, grain
deformation, DRV and DRX. The multi-layer
microstructure is composed of coarse equiaxed-
grains in the outer edge and inner edge, which are
mainly caused by DRX. Large white Al(FeCrMn)Si
particles were mainly distributed along the grain
boundaries, and perpendicular needle-precipitates
existed inside grains. The width of PFZs between
two neighbor grains is more than 200 pm. In the
interior of the profile, fibrous grains formed by
deformation.

ZHANG et al [22] proposed a model to
estimate the grain size evolution by combing DRX
kinetic model, DRX grain size model and deformed
grain size model. The formula of the average grain
thickness (d, )and length (d;) can be expressed as

{dt = dDRXXDRX + ddt (I- XDRX)

(D
dy = dppx Xprx +d g (1= Xpry)

where Xprx stands for the fraction of DRX grains,
and the expression is represented as

&,

SS

Xprx =1—exp _k[g—gcj )

where ¢, is the critical strain for the onset of DRX,
& 18 the saturated strain, and &k and m are materials
constants, respectively. The mean recrystallized
grain size can be represented as

dopx = L(T)Iné+M(T)Iné + N(T) 3)

where L(T), M(T) and N(T) are functions of
deformation temperature, respectively. Besides, the
deformed grain size is determined by combining the
experimental observation and numerical simulation.
The results showed high consistency in the
predicted and realistic grain size.
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Fig. 11 Typical fracture morphologies of various zones in Al-Mg—Si U-shape profile: (a) Overview; (b) Zone b;

(c) Zone c; (d) Zone d; (e) Zone e; (f) Zone f

In light of this model, the complete vision can
be reasonably drawn that the grains between two
coarse equiaxed layers of the profile are relatively
small. The edge of extrudate originates from the
intensive shear zone, and the material of the dead
metal zone stays in the die cavity. The velocity of
the inner edge and outer edge, including the six
right-angles during extrusion, can be treated as
almost. The flow rate of two right-angles contacting
with the die is low, whereas the strain is high. The
middle part in the billet has relatively low strains
and comparable velocity to ram speed [23]. The
obvious decrease in grain size from the profile edge
to the middle part can be attributed to different
metallurgical mechanisms. As the strain is induced

to the billet, the energy accumulates. As a
consequence, the motion of dislocations activates.
The mobile dislocations tend to interact with other
dislocations in the cells or dislocation walls. When
large amounts of dislocations pile up, the sub-grain
will form. The well-developed DRV process occurs
as a result of high stacking fault energy for
aluminum alloy. When the stored energy reaches
the maximum, and the dissipation rate decreases to
the critical value, the DRX will occur. The
temperature rise induced by deformation in the
middle part can only trigger partial DRX nucleation.
However, the profile edge has a sufficient compact
with the die. The temperature increment induced by
deformation and fraction leads to the continuous
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nucleation of DRX.

The dispersoids and precipitates are also
influenced by these thermal and mechanical
processes. The Al(MnCrFe)Si dispersoids existed
after extrusion and heat treatment, which were
usually incoherent with the Al matrix and acted as
the heterogeneous nucleation sites for quench-
induced precipitates [24,25]. The quench-induced
precipitates nucleated preferentially on the
Al(MnCrFe)Si dispersoids and grew quickly, the
size of which could reach 100 nm. The nucleation,
growth and coarsening of these quench-induced
precipitates consumed solutes nearby, resulting in
the shortage of solutes for Mg,Si precipitates.
Consequently, the PFZ formed in the following
aging treatment. However, the Al(MnCrFe)Si
dispersoids and the quench-induced precipitates
might have a limited strengthening effect. A large
amount of the coarse quench-induced precipitates
lead to a weak strengthening effect after artificial
aging. Besides, Al(MnCrFe)Si dispersoids, grain
boundaries and dislocations are preferential
nucleation sites for heterogeneous precipitation.
The precipitates at grain boundaries might lead
to a decrease in the effect of boundary
strengthening [26,27]. Meanwhile, the grain
boundary precipitates (GBPs) play an essential role
in the corrosion behaviors of the profile due to the
potential difference between the matrix and the
precipitates. The solute migration also contributes
to the formation of PFZ during aging treatment. The
dislocations are generated and multiplied as a
consequence of induced strain during hot extrusion
and are still retained in the profile after solid-
solution treatment though the quantity decrease.
Dislocations are thermodynamically unstable and
can be treated as an effective nucleation sites for
heterogeneous precipitates of the new phase. After
the quench-induced precipitates nucleate around,
the missing part of the dislocations releases the
corresponding distortion energy, which increases
the driving force for nucleation. Meanwhile, solute
atoms are often segregated on dislocations, and the
dislocations can act as a diffusion channel for solute
atom precipitates, which satisfies the requirement of
new phase formation [28].

The mechanical properties (tensile strength,
yield strength and hardness) are influenced by the
microstructures. The effects of coarse equiaxed-
grains on tensile properties can be ignored in this

U-shaped profile, praised for two reasons. First of
all, from the size of the tensile sample, it can be
seen that 12 mm is the whole width of the section.
The samples must contain coarse equiaxed-grains.
However, the width of the coarse equiaxed-grains
layer is around 2x200 pum (0.4 mm) in Parts 4 and
B, as shown in Fig. 3(a). Compared with the total
width (12 mm), the effects of coarse equiaxed-
grains are negligible. Secondly, coarse equiaxed-
grains are located at the edge, and reduced by the
grinding process before testing, which can further
weaken their influence on tensile properties. The
overall strength or hardness is the combination of
the Al matrix, dislocations, grain boundaries, solute
atoms, dispersoids and precipitates, among
which the effects of precipitates and grain
boundaries should be more remarkable. The
contribution of the solid solution might be low due
to the limited solute quantity in the matrix and
continuous  precipitation during aging. The
dislocations would recombine and annihilate during
heat treatment processes, and thus, the effect of
dislocation strengthening was not counted as the
primary factor. The precipitation strengthening
and grain boundary strengthening could be
interpreted by the Orowan strengthening
mechanism and the Hall-Petch effect [29],
respectively. The yield strength contributed by
precipitates is 112 MPa after solid-solution
treatment and aging at 180 °C in an Al-2.08Mg—
1.98Si—0.3Mn—0.15Zr—0.1Cr—0.15Ti alloy [30]. For
this alloy, precipitation strengthening and grain
boundary strengthening might play key roles in the
contribution of yield strength.

5 Conclusions

(1) The typical multi-layer structure is shown
in the cross-section of the U-shaped profile. The
coarse equiaxed-grains existed near the profile edge
with a thickness of more than 200 pm. The fibrous
deformed and sub-structured grains were present
between the two coarse grain layers.

(2) The tensile strength, yield strength and
elongation of the profile are no less than
279.4 MPa, 258.6 MPa and 21.6%, respectively.
The fracture morphology shows the dimple rupture
characteristics.

(3) The strengthening mechanisms were
assessed and determined. The f" precipitates and
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grain boundary played key role in the strengthening
contribution.
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