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Herein, Al-Si-Cu aluminum alloy was prepared and the effect of forging on the microstructure and
mechanical properties of novel Al-9Si-5Cu-0.2Zr-0.1Sr-0.16Ti-0.1Ce cast aluminum alloy was investigated.
The microstructure analyses show that after forging, the casting defects disappeared, and the irregular Si-
eutectic was spheroidized and randomly distributed. The coarse intermetallic compounds (IMCs) gradually
dissolved during the solution treatment, and the increased supersaturation of the matrix promoted pre-
cipitation Kkinetics, leading to the coexistence of dense fine 6 and 0’ strengthening phases. Moreover, the
dislocation strengthening effect for the forged alloy was enhanced. The mechanical tests show that com-
pared to the as-cast alloy, the mechanical properties of the forged alloy including the hardness, yield
strength, tensile strength, and plasticity were improved by optimizing the microstructure.

Keywords Al-Si-Cu cast aluminum alloy, forging, mechanical
properties, microstructure, plasticity

1. Introduction

The light-weight approach of automobile bodies is not only
an effective way to conserve energy but also to improve the
controllability and comfort level of automobiles. Hence, with
the increasing demand for light-weight automobile bodies, the
performance requirements for aluminum alloy parts have
gradually enhanced (Ref 1-3). Traditionally, to satisfy the
required mechanical properties during service, the deformed
aluminum alloy (such as 6000 series) or cast aluminum alloy
(like A356) has been widely used to tailor the chassis and
structure parts. However, the production of 6000 series
aluminum alloy in general involves a complicated process
and high cost. The current mainstream Al-Si-Cu cast aluminum
alloys, such as ADC10 and A380, have unsatisfactory mechan-
ical properties because of the mutually exclusive relationship
between strength and ductility. Therefore, it is challenging to
develop advanced cast aluminum alloys with substantial
simultaneous improvement of strength and ductility.

Due to their excellent thermal stability and casting ability,
Al-Si-Cu series cast aluminum alloys have been commonly
adopted in industries. The microstructure of binary Al-Si alloy
constitutes primary phases of Al and Si and their eutectic
phases (Ref 4), wherein the volume fraction of eutectic-Si
accounts for more than 50%. The addition of Cu in the alloy
may lead to formation of some intermetallic compounds
(IMCs). When the Cu content in Al-Si-Cu alloy is 4.5-5.5%,
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a high-density of Al,Cu phases precipitates within the Al
matrix and disperses during the aging process, resulting in the
strengthening effect (Ref 5). However, after casting, acicular
IMCs, coarse primary crystal phases, and lath-like eutectic Si
structures are distributed in the AI-Si-Cu alloy, leading to
significant softening and deterioration of the mechanical
properties. Moreover, casting defects, such as pores (caused
by air retention), coarse dendrites, and inhomogeneous
microstructure are easily introduced in the conventional casting
process, leading to uneven mechanical properties of the cast
alloy.

The forging process can eliminate casting defects, which
optimizes the microstructure and improves its structure and
mechanical properties. Moreover, the forged products have
excellent mechanical properties, good surface quality, tight
geometric tolerance, and closeness to the final product shape
(Ref 6). Kang et al. (Ref 7, 8) reported that the semi-solid
forging parts have higher ultimate tensile strength than that of
the casting ones. Wu et al. (Ref 9) claimed that the grain size of
the original Si for Al-Si alloy can be reduced by amplifying the
pressure of liquid forging.

Herein, Al-Si-Cu aluminum alloy was developed and the
effects of forging on the microstructure and mechanical
properties are studied in detail. This novel Al-Si-Cu aluminum
alloy displayed > 380 MPa tensile strength, > 10% elonga-
tion, and excellent casting properties, and the alloy is termed as
Al-9Si-5Cu-0.1S51r-0.2Zr-0.16Ti-0.1Ce alloy.

2. Experimental

The cast ingot employed in this experiment was Al-9Si-
5Cu-0.1S1-0.2Zr-0.16Ti-0.1Ce aluminum alloy. Before casting,
the aluminum ingot was first placed in a well-type furnace and
melted to clean the furnace. Afterwards, materials including Al-
Cu (50.12 wt.% Cu) alloy, Al-Si (16.03 wt.% Cu) alloy, Al-Ti-
B (5.01wt.% Ti) alloy, Al-Zr (4.11 wt.% Zr) alloy, Al-Ce (10.04
wt.% Ce) alloy, and pure Al (99.97 wt.%) were placed in the
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Fig. 1 (a) Diagram of sample for microstructure and strength test
and (b) the schematic diagram of tensile test sample (unit: mm)

melting stove. The melting temperature was set at 850 °C for
120 min, and stirring was performed during this period. When
the temperature dropped to 750 °C, hexachloroethane was
inserted for degassing. After standing for 15 min, hex-
achloroethane was added again for secondary degassing. Next,
the molten alloy was deslagged and poured into a metal mold
(® 40 mm x 150 mm) to prepared ingot.

A RX3-30-13 resistance furnace was used for homogeniza-
tion annealing (250 °C x 6 h+350 °C x 6 h+450 °C x 6 h
+ 480 °C x 20 h). After annealing, the cut aluminum alloy
ingots (® 40 mm x 44 mm) were directly placed into the pre-
heated mold with an inner diameter of ®50 mm x 50 mm and
forged at 450 °C using a hydraulic press at the stamping speed
of 10 mm/s. The specimens were forged into a cylinder of size
® 50 mm x 22 mm under the pressure of 100t with 50%
deformation (see Fig. la). The subsequent heat treatment
started with solution treatment (450 °C x 2h +460 °C x 2h+
470 °C x 2 h), followed by water quenching and aging
(120 °C x 24 h). The undeformed and forged alloys were
named 1# and 2# alloys, respectively.

JEOL-JSM-IT300 scanning electron microscope (SEM) was
used to observe 1# and 2# alloy samples. FEI Talos F200X
transmission electron microscope (TEM) was also used to
analyze the microstructure of the alloys. TEM samples were
prepared by mechanical thinning and ion thinning successively
(Gatan 691). The phases of alloy were examined using an AXS-
D8 ADVANCE type x-ray diffractometer (XRD) (4 = 0.15406
nm, scanning speed 5°min). The surface hardness was tested
on an INNOVATEST-FALCON 500 Vickers hardness tester (25
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g working load and 15 s load time) with an average of at least
five readings for each value. The tensile experiments were
conducted on a WDW-200g type testing machine using 20 kN
force at the room temperature. The tensile test samples were
acquired from the center of the cylindrical alloy (perpendicular
to the extrusion direction) (see Fig. 1a). Figure 1(b) displays the
geometry of the tensile test sample.

3. Results

3.1 Mechanical Properties

The mechanical properties of Al-9Si-5Cu-0.2Zr-0.1Sr-
0.16Ti-0.1Ce aluminum alloys after aging are presented in
Fig. 2. As shown in Fig. 2(a), the hardness, yield strength, and
tensile strength of 1# alloy reached 138 HV, 133 MPa, and 372
MPa, respectively. After forging, these three values of 2# alloy
were improved to 145 HV, 188 MPa and 397 MPa, respec-
tively. According to the stress-strain curve displayed in
Fig. 2(b), the elongation after fracture for 1# alloy was 6%,
while the elongation for forged alloy significantly increased to
14%, which is almost twice that for 1# alloy.

Figure 3 displays the SEM images of surface fracture
morphologies of 1# and 2# alloys. The fracture morphologies
mainly demonstrated ductile fracture. For 1# alloy, the
shrinkage holes and the coarse tearing edges were found in
Fig. 3(a), which is the manifestation of brittleness. These results
correspond to 6% elongation in the tensile tests. However, 2#
alloy exhibited different fracture morphology; i.e., the fracture
surface was relatively flat, and the coarse tearing edge and hole
basically disappeared. Small and shallow dimples were evenly
distributed on the surface. These phenomena signify that the
ductility of 2# alloy was significantly better than that of alloy
1# (Fig. 3b).

3.2 Microstructure Gharacterization

Figure 4 presents the microstructure of (a-c) as-cast and (d-f)
forged Al-9Si-5Cu-0.1Sr-0.2Zr-0.16Ti-0.1Ce alloy. As per
Fig. 4(a), two main features were found in the cast Al-Si-Cu
alloy, namely the dark gray Si-containing particles and white
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Fig. 2 Mechanical properties of 1 # and 2 # alloys: (a) hardness, yield strength, and tensile strength and (b) stress-strain curves
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Fig. 3 SEM images of tensile fracture morphologies: (a) 1# and (b) 2# alloys

irregular non-equilibrium phases. Using Si-mapping to charac- image in Fig. 4(c) shows that there were several white lumps
terize the morphology and distribution of Si particles (Fig. 4b), and fine needles in the alloy. EDS analysis revealed that white
the Si-phases presented rough polyhedrons and irregular slats undissolved phases such as spot al and a2 within the

with a size of about 3-25 um. The backscattered electron (BSE) figure were Cu and Zr rich IMCs (see Table 1).

Si-mapping

Fig. 4 SEM morphology of Al-Si-Cu alloys: (a-c) as-cast alloy and (d-f) forged alloys
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Table 1 EDS analyses of particles shown in Fig. 2(c) in
At.%

EDS points Al Si Cu Ti Zr Sr Ce Fe

al 7430 522 1246 120 411 ... .. 351
a2 71.82 158 1542 .. 461 ... ... 657

In comparison, the forged alloy has uniform distribution of
Si-containing phases (Fig. 4d, e), while the irregular slats
disappeared and almost spheroidized. As per the BSE image
shown in Fig. 4(f), after forging, the number of Cu and Zr rich
IMCs was significantly reduced, while some IMCs were
shattered. In other words, those coarse IMCs were broken into
granules under forging and gradually dissolved in the matrix
during subsequent solution treatment.

3.3 XRD Analysis

Figure 5 demonstrates the XRD patterns of pure aluminum
(JCPDS No. 04-0787) and 1# and 2# alloys. Compared with
pure aluminum and 1# alloy, the (200) peak intensity of 2#
alloy was low. The diffraction pattern of 1# alloy was similar to
that of pure Al, signifying that both the crystal orientation and
texture of the alloy were affected by forging.

The method proposed by Williamson and Hall was used to
further process the XRD data to obtain the dislocation density
of aluminum alloy. The formula for the same is presented below
(Ref 10, 11):

2v/3(e2)'?

@xb) (Eq 1)

where p is the dislocation density, (¢°) is the lattice strain, d is
the size of the XRD coherent diffraction zone, and b is the
Burgers vector of aluminum (0.286 nm) (Ref 12). The
unknown terms (¢”) and d in formula (1) can be obtained by
formula (2) (Ref 13):
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Fig. 5 XRD spectrums of pure Al, 1# and 2# alloys
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where 020, 0, and A are the full width at half maxima
(FWHM), andle position of main diffraction peak, and
wavelength, respectively. In this test, the 4 value was
0.15406 nm. By loading XRD data into Jade 6.5 software,
the 20 and half peak width data for each diffraction peak were
obtained (Fig. 6a, b) for 1# and 2# alloy, respectively). Using
the obtained 20 data into formula (2), the relationship between

b20/(tan90sm00) and (529)2/(tan00)2 are plotted in Fig. 6(c) and
(d) for 1# and 2# alloy, respectively. The effect of dislocations
on strength (o,) and dislocation density (p) is given by (Ref
10):

o, = MaGbp'/? (Eq 3)

where M is the Taylor factor = 3.06, « is the numerical factor
value of 0.24, and G is the shear modulus of 26 GPa. The
calculated data of dislocation density are listed in Table 2.
Compared with 1# alloy, the dislocation density and its
strengthening effect of the forged alloy were significantly
increased. This can be attributed to the introduction of more
dislocations via deformation. The movement of dislocations in
the alloy may have been hindered by the dislocation entangle-
ment, resulting in dislocation strengthening.

3.4 TEM Analysis

Figure 7 presents the TEM image of 1# alloy. As observed
from Fig. 7(a), numerous spherical Si-phases with sizes of
about 100-200 nm were uniformly distributed in the alloy
matrix. Also, as per high-magnification image (Fig. 7(b)), other
than eutectic Si, striped and rod-like structures appeared, which
are inferred as the precipitated 0 phase in view of the size and
morphology of the precipitate (Ref 14, 15).

For 2# alloy, the morphology and distribution of the
precipitated phase are presented in Fig. 7(c). Numerous second
phases were dispersed in the Al matrix, displaying needle-like
and rod-like morphologies. These dispersed acicular precipi-
tates were deduced as the metastable 0’ and stable 0 phases
(Fig. 7d) (Ref 14-16).

The size parameters of precipitates significantly influence
the mechanical properties of aluminum alloy. Therefore, the
average size and volume fraction of precipitates in Fig. 7(b) and
(d) were calculated by the Image-Pro Plus (IPP) software,
wherein the average size of precipitates was measured at 2
degree intervals passing through centroid. All parameters were
measured five times and then averaged. The average size and
volume fraction of precipitates in Fig. 7(b) are 119.09 nm and
0.068, and the same size parameters for precipitates in Fig. 7(d)
are 39.745 nm and 0.09, respectively.

4. Discussions

The crystallization range of aluminum alloy is relatively
wide; hence, coarse o-Al dendrites are first formed during
solidification. The dendrites hinder the flow of eutectic liquid
phase, resulting in a sharp decline of the fluidity of the semi-
solidified alloy, which causes defects, including cracks and
shrinkage holes (Fig. 3a), inside the casting under poor feeding
conditions (Ref 17). These defects preferentially act as the
source of cracks under tension, and cause premature generation
of cracks.
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2# alloys

Table 2 Dislocation enhancement and related parameters

Samples d/nm <> Y310 p/(10"m?) 6,/MPa
1# 27.65888689 1.20167 0.52623 39.61492093
2# 29.28897338 3.03371 1.25457 61.1673047
Cracks usually propagate along the interface of different s
phases (Ref 18). The eutectic Si particles and IMCs in the alloy 2Ey /
. o . ~ O'f = \|\— (Eq 4)
play a bridging role to facilitate the spread of micro-cracks or L

cracks (Ref 19). Eutectic Si particles occupy a large volume
fraction in the Al-Si alloys, and their shape and size have a
significant impact on the plasticity of the alloy. When the size is
large, especially the irregular shape, stress concentration is
likely to occur during the stress process, leading to the
formation of micro-cracks. The effects of residual coarse IMCs
on the mechanical properties of alloys are similar to that of the
eutectic Si particles. Due to their poor deformability, the IMCs
suppress the deformation of the surrounding matrix, resulting in
stress concentration in the IMCs, which further leads to
separation between the IMCs and matrix (i.e., a precursor to the
cracks). Several cracks propagate rapidly and connect to each
other inside the alloy, causing the alloy to fracture (Ref 18).
According to the Griffith equation (Ref 20-22), the intrinsic
fracture stress ¢ can be defined as per Eq. (4):

Journal of Materials Engineering and Performance

where Lis the length of the internal defect, £ is the Young’s
modulus of the crystal, and y is the fracture surface energy. For
1# alloy, the above factors corresponded to a significantly
increased L value and a lower inherent fracture stress (oy). In
other words, 1# alloy is more prone to fracture, so the tensile
elongation of the 1# alloy is only 6%.

In contrast, in the case of forged Al-Si-Cu alloy, casting
defects were not observed in the fracture morphology, and a
significant ductile fracture was demonstrated. This result
indicates that the compactness and mechanical properties of
the alloy were improved after forging, and the casting defects,
such as porosity and shrinkage holes, were effectively elimi-
nated. The IMCs in 2# alloy were dramatically reduced under
forging at 450 °C (Fig. 4). Han and Sj6lander et al. (Ref 23, 24)
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Fig. 7 TEM images of Al-Si-Cu alloys: (a) low-magnification image of 1#, (b) high-magnification image of 1#, (c) low-magnification image of

2#, and (d) high-magnification image of 2#
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Fig. 8 Dissolution model of Al,Cu particles: (a) eutectic Al,Cu
and (b) blocky Al,Cu (Ref 24)

studied the dissolution of eutectic Al,Cu phase during solution
treatment. According to the specified dissolution model
(Fig. 8), the blocky Al,Cu was more difficult to dissolve than
eutectic Al,Cu phase, because the former needs to dissolve via
slow diffusion. The eutectic Al,Cu is dissolved by breaking
into small pieces, which then spheroidizes into small particles,
and finally, dissolve by the radial diffusion of Cu to the
surrounding matrix. Forging breaks the IMCs, accelerates the
diffusion and dissolution in the surrounding matrix at high
temperature, and increases the supersaturation of the matrix.
Also, forging process introduces a high density of dislocations
and vacancies in the alloys, and 2# alloy receives dislocation
strengthening effect from the entangled dislocations (Ref 25).
As less activation energy is required, these crystal defects also

110—Volume 31(1) January 2022

promote the heterogeneous nucleation of GP zones (Ref 26,
27). During this process, if the GP zones reach the critical
radius (depending on supersaturation), they can further form
metastable precipitates 0’ that are semi-coherent with the
matrix; otherwise, they become unstable and re-dissolve. Lower
supersaturation and/or higher temperatures usually require a
larger critical radius (Ref 24). In the forged alloy, a high density
of fine 0 and 0’ precipitates coexist (Fig. 7c, d), and the forging
process further promote the precipitation kinetics of the alloy in
subsequent aging.

The mechanisms of sliding dislocations and precipitation are
shearing or by-passing. In general, small and low-hardness
precipitates (GP zone and 0°) are sheared by sliding disloca-
tions, and the strengthening effect of the precipitates rises as
their size increases (Ref 28). Due to the incoherence between
the 0 and Al matrix, it is difficult for the dislocations to shear 0
phase only via bypassing mechanism. For the dislocation
bypass mechanism, the contribution of the yield strength can be
described as (Ref 29, 30):

obypass = c2f%r’1 (Eq 5)

where ¢, is a constant, f is the volume fraction of the
precipitate, and » is the radius of the precipitate.

3\?
2 =ub|l —
2= (5

where p = 42.5 GPa is the shear modulus mismatch between
the matrix and precipitates, and b is the Burgers vector = 0.286
nm (Ref 31, 32). Therefore, equation (5) can be expressed as
(Ref 30):

(Eq 6)

obypass = 834072 . (Eq 7)
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As per quantitative volume fractions and average sizes, the
yield strength contribution values of 1# and 2# alloy were
calculated as 18.26 MPa and 62.95 MPa, respectively, with a
difference of 44.69 MPa. This calculated result is roughly
consistent with the yield strength difference between 1# and 2#
alloy (yield strength of 1# and 2# alloy were 133.34 MPa and
187.57 MPa, respectively). It also indicated that the yield
strength improves with the increased volume fraction of the
precipitates and is inversely proportional to the radius of the
precipitates. With size coarsening and decrease in quantity of
the precipitates, the strengthening effect gradually reduces (Ref
33-35). Therefore, dense 0’ and 0 precipitates are vital for the
enhanced strength of 2# alloy, while the coarsening of
stable precipitations led to strength reduction for 1# alloy.

Kyuhong Lee et al. (Ref 19) concluded that in the as-cast
and forged A356 alloy, the eutectic Si particles are spher-
oidized, and the modified eutectic Si particles tend to be
rearranged uniformly. A similar phenomenon was also ob-
served in Fig. 4(d) and (e). The spheroidized and rearranged
eutectic Si can greatly inhibit the premature generation and
propagation of cracks and further improve the elongation and
fracture toughness of the forged alloy.

5. Conclusions

Herein, the AI-9Si-5Cu-0.2Zr-0.1Sr-0.16Ti-0.1Ce alu-
minum alloy was developed and the effect of forging on the
microstructure and mechanical properties of the alloy was
investigated. The following conclusions can be drawn.

The microstructure of cast Al-9Si-5Cu alloy was primarily
composed of irregular Si-eutectic and IMCs. After aging, the
cast alloy precipitated sparse 0 phases. The casting defects and
irregular Si-eutectic and IMCs led to premature initiation and
accelerating of crack propagation, and the elongation of cast
alloy was only 6%.

In contrast, in the case of forged alloy, the casting defects
were effectively eliminated and the irregular Si-eutectic were
spheroidized. The coarse IMCs were broken by the forging
process and gradually dissolved in the Al matrix during
subsequent solution treatment. High temperature forging further
promoted precipitation kinetics of the alloy in subsequent
aging, so that dense fine 0 and 0’ strengthening phases
coexisted and distributed uniformly. Moreover, the dislocation
strengthening effect for the forged alloy was enhanced. Owing
to the precipitation and dislocation strengthening mechanisms,
the mechanical properties including the yield strength, tensile
strength and hardness were improved. By optimizing the
microstructure of the alloy, forging inhibited the premature
initiation and propagation of cracks, and the elongation and
fracture toughness of the forged Al-9Si-5Cu alloy significantly
increased to 14%.
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