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Abstract: An artificial neural network model with high accuracy and good generation ability was developed to predict and optimize

the mechanical properties of Al-7Si alloys. The results show that Al-7Si alloys with tensile strength of 310~350 MPa, elongation of

3%~12%, and different microstructures are obtained by controlling the holding pressure (85~300 kPa) and cooling rate (1~10 k/s) of

the casting process. The quantitative correlation relationships of the mechanical properties with microstructures of the secondary

dendrite arm spacing (18.56~33.04 um), area of eutectic Si phase (6.37~13.37 pum?), area fraction of porosity defects (0%~0.363%),

and area fraction of maximum Fe-rich intermetallics (0%~0.06%) in the alloy were established. The individual and combined

influences of these microstructure characteristics on the mechanical properties were simulated. Both tensile strength and elongation

are inversely related to the above-mentioned structural characteristics, and the presence of defects and Fe-rich intermetallics have

great adverse effects on the properties of the alloy. Therefore, narrowing the dendrite spacing (<20 um), modifying the eutectic Si

phase (<12 um?), and controlling the porosity defects (<0.35%) and the morphology of the Fe-rich intermetallics are keys to prepare

high-performance aluminum alloys.
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Al-7Si aluminum alloy has been widely used in the
automotive field due to its excellent formability, high
corrosion resistance and good comprehensive mechanical
properties!. It is widely accepted that the mechanical
properties of Al-7Si cast alloy are controlled by the physical
metallurgy, such as the chemical composition, morphology
and size of a-Al primary phase, silicon particles, and defects
(porosities and Fe-rich intermetallics) **. During the actual
production process, due to the problems of raw materials and
casting processes, the alloy has porosity defects and many
harmful iron phases, which is urgent to be resolved”®. In
order to achieve the goal of lightweight in the automotive
field, it is of great significance to reduce automobile mass
with the improvement of alloy performance. Many efforts
have been made to explore the relationship between
mechanical properties and microstructures of aluminum
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711 However, all these experimental investigations

alloys!
reported the relationship of mechanical properties with
microstructures independently and qualitatively. In addition, it
is very difficult to design experiments to study their synthetic
functions on mechanical properties.

Artificial neural network (ANN) is a data-driven computing
method using computer technology to simulate the working
mode of the human brain”. Tt has achieved significant results
in the fields of speech recognition, autonomous driving, and
artificial intelligence!*'". In recent years, the artificial neural
networks to establish nonlinear relationship models in the
field of materials science has been successfully applied.
Haghdadi et al'” applied ANNs for prediction of the high
temperature rheological behavior of A356 aluminum alloy.
The compression deformation behavior of Al-Cu-Mg-Ag alloy
was also predicted and the ANN model was more accurate
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than the constitutive model"®. Canakci et al''” established an
ANN model with average absolute percentage error of about
2% to predict the effect of size and fraction of strengthened
particles on the mechanical properties of the composite. Lin et
al™ combined experiments and back-propagation (BP) ANN
to study the effect of heat treatment system on the tensile
properties of 2A97 Al-Li alloy. Liu™ and Wu®" et al estab-
lished the predictive model about the relationship between
mechanical properties with heat treatment techniques for Al-
Zn and Al-Si alloys, respectively. Emadi et al® compared
ANN and linear regression models and obtained a model with
less standard error and higher prediction accuracy. All these
researches suggest that ANN models can study the relation-
ship between complex influences and interactions qualita-
tively in the material research field. Therefore, this research
used ANN technique to investigate the quantitative expression
and the complicated
mechanical properties and microstructure of the Al-7Si cast
alloy.

nonlinear relationship between

In this study, Al-7Si alloys with different mechanical pro-
perties and microstructures were prepared through modifying
material processing techniques. The main purpose of this
study is to use ANN to establish the relationship model
between room temperature mechanical properties and micro-
structure characteristics, providing a new method for desi-
gning the alloy with targeted mechanical properties. Thus, an
accurate ANN model was constructed and the quantitative
relationships between the microstructures and mechanical
properties of Al-7Si alloys were established.

1 Experiment

The Al-7Si aluminum alloy was used as the base material
and its composition is presented in Table 1. In order to obtain
with  different
microstructures, the holding pressure (85~300 kPa) and
cooling rate (1~10 k/s) were controlled during the low
pressure die casting process. The tensile specimens were

the alloys mechanical properties and

machined with the gage length of 30 mm and cross section
diameter of 6 mm, as presented in Fig. 1. Tensile tests were
conducted according to the ASTM B557 standard using an
Instron 8801 universal electromechanical testing system and
the ramp rate of extension was 1 mm/min. The number of
tensile specimens was 51 and corresponding mechanical
properties were obtained. Optimal microscopy (OM),
scanning electron microscopy (SEM), and electron probe
microscopy analysis (EPMA) were employed to characterize
the microstructure of Al-7Si alloys. Finally, the Image-Pro
Plus software (IPP 6.0) was used to investigate the
characteristics of secondary dendrite arm spacing (SDAS),
eutectic Si particles, Fe-rich intermetallics, and porosity

defects.

Table 1 Composition of Al-7Si alloys (wt%)

Si Mg Ti Sr Fe Al
6.910 0.297 0.117 0.017 0.144 Bal.

R410.02
7 629.02
. I
D80.2
2 L 3040.5
[ 3620.5 ]
800.5

Fig.1 Schematic diagram of tensile specimen (unit: mm)

2 Results and Discussion

2.1 Characterization of microstructures and mechanical
properties

The inputs and outputs for the ANN model were micro-
structure characteristics and mechanical properties, respec-
tively. Representative microstructure characteristics of Al-7Si
aluminum alloys obtained by different test machines are
shown in Fig.2. The microstructure of Al-7Si aluminum alloy
mainly consists of primary a-Al solid solution, eutectic mix-
ture of aluminum and silicon, Fe-rich intermetallics, and
porosity defects. Therefore, the characterizations of micro-
structures were investigated by measuring the SDAS, size of
eutectic Si particles, Fe-rich intermetallics, and porosity
defects. And the variation range of morphology characteristics
are shown in Table 2. The range of mechanical properties are
310~350 MPa for ultimate tensile strength (UTS) and 2.46%-~
12.14% for elongation (EL). The statistical results of
mechanical properties, such as UTS, EL, and yield strength
(YS) with SDAS are presented in Fig. 3. According to the
results obtained from IPP 6.0 software, the SDAS is 18.56~
33.04 um, the area of eutectic Si phase is 6.37~13.37 um’, the
area fraction of porosity defects is 0%~0.363% and the area
fraction of maximum Fe-rich intermetallics is 0%~0.06%.

The index of relative importance (Z;) of microstructures on
mechanical properties of Al-7Si alloys can be calculated based
on Eq.(1) and the results are presented in Fig.4. The larger the
absolute value of [, the stronger the degree of relationship

between the input and output variables™*,
1

v AO
N Z/ = 1? (D
where N is the number of output data; AO and Al are the
percentage changes in output and input data, respectively.
The statistic results indicate that for the UTS and EL, the
order of I, of sensitive factors is SDAS>area fraction of

Iy =

maximum Fe-rich intermetallics>Si area>area fraction of
porosity defects.
2.2 ANN modeling

A multilayer ANN with a BP learning algorithm was
employed to simulate the relationship between the mechanical
properties and microstructure characteristics in this research
using the neural network toolbox available with Matlab
software. Different microstructure characteristics (SDAS, area
fraction of maximum Fe-rich intermetallics, Si area, and area
fraction of porosity defects) were considered as different
layers in the ANN modeling. All the layers were made up with
compute units and connected by transfer functions. The details
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Fig.2 Microstructure characteristics of Al-7Si alloys: (a) SDAS; (b) eutectic Si phase; (¢) Fe-rich intermetallics; (d) porosity defects (insets are

corresponding statistical results)

Table 2 Related parameters of microstructure and properties

Parameter Minimum Maximum
SDAS/um 18.56 33.04
. Area fraction of maximum Fe-rich intermetallics/% 0.003 0.055
nput
P Si area/pm? 6.37 13.37
Area fraction of porosity defects/% 0 0.363
UTS/MPa 310.8 350.8
Output
EL/% 2.46 12.14
360 20 Area fraction of
320 _* P :‘i :*8:51?: oy WK :”‘ L7 * porosity defect a
< 280 Fe wgq‘% ;Zo° ooooog%?boo ° -15%
S 2401 AL, N ° 2
= A A » =}
%2001 ‘ :‘A :,“ A . 'lo‘g Si area
A
Z160p & T OETEA A ua a2
A A A“ 2
120 4 N s 1=
A - B
80F * UTS o YS 4 EL 0
20 24 28 32 Area fraction of
SDAS, /um porosity defect

Fig.3 Relationship between mechanical properties and SDAS

of the neural network methodology and comprehensive
treatments based on ANN have been reported previously®. In
the current study, many neural networks with different
numbers of neurons in the hidden layer and different transfer
functions were trained to optimize the architecture. The
optimum transfer function connecting these four layers can be
expressed by Eq.(2)

Fig.4 Influence of input parameters on UTS (a) and EL (b)
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1+e> Inputs o

where 7 is a parameter determined by the mass matrix and 2@/ e @ 0"8“
threshold obtained by the ANN model. After training, it is _ _Siae @y % N
found that the optimum model with 4-11-11-2 type == Moo gV @ EJ
architecture is adequate. Table 3 presents the parameters used B Y VAN @)
in this ANN model. The ANN with the best correlations for intermetallics ' _
UTS and EL was established and the ANN model designed for tansig(n) ‘;an;ig(n'). ey
this study is presented in Fig.5.

2.3 Prediction of mechanical properties
2.3.1
The superior mechanical properties are related to the finer

microstructural features. The effect of a single factor among
microstructure characteristics on the mechanical properties is

Prediction of mechanical properties with single factor

Table 3 Related parameters of ANN model

Parameter Value

Input layer: 1, hidden layer: 2,
Number of layers
output layer: 1

Input neurons: 4; hidden neurons:
Number of neurons
11, 11; output neurons: 2

Initial mass and bias Randomly between -1~1

Tmprove technological parameters

Fig.5 Schematic diagram of designed ANN model

predicted in a reasonable range.

Fig. 6 and 7 show the variation of mechanical properties
with SDAS, Si area, area fraction of porosity defects, and area
fraction of maximum Fe-rich intermetallics. It can be seen
from Fig. 6 and 7 that the all four parameters have greater
influences on the mechanical properties. The UTS and EL
tend to decrease with increasing the size and fraction of these
microstructural parameters. Thus UTS and EL are negatively
correlated with these various factors, which is consistent with
the previous sensitivity analysis results. In addition, the
evolution trend of EL with microstructure characteristics is

Learning algorithm Traingdm ) T ) -
Learning rate 0.01 more obvious, indicating that EL is more sensitive to these
Activation function tansig four microstructure characteristics.
Number of interactions 654 2.3.2  Prediction of mechanical properties with multi-factors
Acceptable mean-squared error 0.001 The influence of microstructure characteristics on
Number of specimens 51 mechanical properties is complex and interdependent. It is of
360 340 5
350 330t
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320 . v 300
10 15 20 5 6 8 10 12 14 16
SDAS/pum Si Area/um?
335
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330
S 325
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Area Fraction of Fe-rich Intermetallics/%

Fig.6 Predicted UTS with single factor of microstructure characteristics: (a) SDAS; (b) Si area; (c) area fraction of porosity defects; (d) area

fraction of maximum Fe-rich intermetallics
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Fig.7 Predicted EL with single factor of microstructure characteristics: (a) SDAS; (b) Si area; (c) area fraction of porosity defects; (d) area

fraction of maximum Fe-rich intermetallics

great importance to examine the synthetic influence of these
microstructural parameters. Accordingly, the mechanical
properties were simulated as a function of synthetic effects of
microstructures and the 3D prediction results of the influence
of microstructures on UTS and EL are presented in Fig.8 and
9, respectively.

It can be seen that a proper value of SDAS and Si area
should be used to obtain the desired comprehensive
mechanical properties. The effect of SDAS and eutectic Si
phase area on UTS and EL is less obvious than that of area
fraction of maximum Fe-rich intermetallics and porosity
defects. The results indicate that controlling the impurity and
defects during the alloy melting and solidification process can
improve the alloy microstructure. In order to obtain Al-7Si
alloys with optimal mechanical properties, a reasonable range
of microstructure characteristics of the alloy was determined
by ANN model. The SDAS and the Si phase area should be
less than 20 pm and 12 um’, respectively, which is related to
the casting process and the content of refiner and modifier.
Besides, it is necessary to strictly control the content and
morphology of Fe impurities and porosity defects in
aluminum alloys. In summary, the comprehensive mechanical
properties can be obtained for the Al-7Si alloy with the SDAS
<20 pm, the area of eutectic Si particles <12 pm? the area
fraction of porosity defects <0.35%, and restricted morpho-
logy of Fe-rich intermetallics, when UTS and EL are more
than 350 MPa and 10%, respectively.

2.4 Quantitative relationship between mechanical proper-
ties and variables

The ANN model is a combination of a mathematical
function and associated mass among inputs, hidden units, and

330

340
325
%aj 330 320
% 320 315
-} 310 0 310
300O 0g S ®
0.1 02 03 0.4 0501 éji,?i\“-&g\ﬁ
Area Fraction of TSy
Porosity Defects/%, &

.

Fig.8 Predicted UTS with multi-factors of microstructure characte-
ristics: (a) SDAS and Si area; (b) area fraction of porosity

defects and maximum Fe-rich intermetallics

outputs™!. The quantitative relationships between mechanical
properties (UTS and EL) and microstructure characteristics
(SDAS, Si
intermetallics, and porosity defects) were established, and

area, area fraction of maximum Fe-rich
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Fig.9 Predicted EL with multi-factors of microstructure characteristics: (a) SDAS and Si area; (b) area fraction of porosity defects and maximum

Fe-rich intermetallics

equations of the mechanical properties with the second hidden where i (i=1, 2, 3---11) represents different neuron; 4, is the
layer are shown in Eq.(3~8). mass of each neuron shown in Table 4; H, is the output of each
2.4.1 Relationship between UTS and variables

The relationship between UTS and variables can be
expressed by Eq.(3) as follows:

neuron in the second hidden layer, which can be calculated by

the quantitative relationship between the first hidden layer and

2 the second hidden layer, as expressed by Eq.(4):
UTS = 1 S2(YAH +014)- 1 (3)
+ e e
— 2 4

I—]i 1 + e—Z(AJ,El + bEy) + c;Ey + dE, + ¢,Es + fiEg + gE; + WEg + i,Ey + jE\y + kE\ +1) - 1 ( )
where E, is the output of each neuron in the first layer, which can 2.4.2 Relationship between EL and varibles
be calculated by Eq.(5); the letters a~k; represent the mass; /; The relationship between EL and variables can be expre-
is the threshold. The related values are shown in Table 4. ssed by Eq.(6) as follows:

2 2

E; 1+ e-2<aiM| BMy My ML) ! ©) EL = 1+ e»Z(Zl,H, 1055) I (©)
where M ~M, are the input parameters, f; is the threshold, and The values of /4, for EL simulation are shown in Table 6. H,
the letters o~d, are mass shown in Table 5. for EL simulation can be calculated by the quantitative

Table 4 Coefficient of the second hidden layer and the first hidden parameters of quantitative equations for UTS simulation

i 1 2 3 4 5 6 7 8 9 10 11

a; 0.60 -0.57 -0.46 0.35 0.66 0.53 -0.41 -0.86 -0.14 0.85 0.18
b, -0.06 0.51 0.72 0.70 -0.94 0.73 0.85 0.16 0.53 -0.69 0.11
¢ -0.69 -0.37 0.54 0.62 0.11 0.26 -0.42 0.72 -0.69 0.38 -0.82
d, 0.53 -0.61 0.16 0.27 -0.70 -0.27 -0.46 0.34 -0.76 0.63 -0.21
e; -0.57 -0.41 -0.26 -0.71 -0.27 -0.22 0.15 -0.90 -0.62 -0.71 -0.17
fi -0.78 -0.76 -0.95 -0.40 -0.06 -0.83 -0.39 -0.17 -0.53 0.11 -0.29
g -0.42 0.45 0.11 0.72 0.10 0.58 0.18 0.08 0.85 -0.15 0.05
h; 0.83 -0.72 -0.41 0.64 0.92 -0.80 -0.01 0.28 0.34 0.55 0.93
i; 0.01 0.42 -0.88 0.12 -0.40 0.31 -0.58 0.75 -0.18 -0.59 0.31
Ji -0.03 -0.18 0.01 -0.36 0.21 -0.20 0.88 -0.17 0.06 -0.20 -0.42
k; 0.52 -0.64 0.08 0.48 0.01 0.54 -0.71 -0.44 0.49 0.17 -1.01
l; -1.72 1.35 1.16 -0.70 -0.35 -0.09 -0.31 -0.71 -0.99 1.35 1.74

A; -0.77 0.56 0.60 0.04 -0.16 0.82 0.57 -0.66 -0.72 0.71 0.18
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Table 5 Coefficient of the first hidden layer and the input parameters of quantitative equations for UTS simulation

i 1 2 3 4 5 6 7 8 9 10 11
a; 2.05 0.54 -0.53 0.73 -0.94 -0.18 -1.31 -1.5 -1.13 1.11 -0.46
; 0.47 -0.92 0.63 -0.04 0.09 0.19 -0.99 1.02 -1.72 -1.16 -1.08
¥ -0.79 1.95 1.23 1.01 0.68 -1.37 -0.77 -1.42 -0.69 -0.73 1.24
o; 0.17 -0.03 0.81 -1.46 1.98 -0.02 -0.31 -0.21 -0.40 1.33 -1.16
f -2.26 -1.87 1.44 -0.90 0.47 0.00 -0.69 -0.77 -1.15 1.87 -2.29

Table 6 Coefficient of the second hidden layer and the first layer parameters of quantitative equations for EL simulation

i 1 2 3 4 5 6 7 8 9 10 11

a; 0.39 0.42 0.40 -0.55 -0.54 -0.49 0.72 -0.15 1.00 -1.11 0.39
b, -1.11 0.24 0.42 -0.55 0.73 -0.13 0.48 0.16 0.72 0.10 -1.11
¢ 0.72 -0.19 0.87 0.67 0.20 0.63 -0.52 0.58 0.39 -0.35 0.72
d; -0.79 0.87 -0.40 -0.15 0.26 0.67 0.80 -0.75 0.88 0.05 -0.79
¢ 0.33 -0.03 0.84 0.18 -1.06 -0.78 0.04 -0.86 0.28 0.63 0.33
f 0.18 -0.60 0.49 -0.25 0.25 -0.29 0.60 0.65 0.32 -0.40 0.18
g 0.34 -0.54 0.77 0.47 -0.23 -0.28 0.83 0.45 -0.32 0.26 0.34
h; -0.37 -0.79 0.06 -0.79 0.64 -0.23 -0.11 0.41 0.55 0.22 -0.37
i; -0.29 -0.73 0.37 -0.81 -0.22 0.71 -0.22 0.80 0.18 0.61 -0.29
Ji 0.31 0.61 0.26 0.71 0.87 -0.91 -0.60 0.22 0.35 -0.56 0.31
k; -1.76 -1.31 -0.99 0.57 0.28 -0.24 0.58 -1.04 1.35 -1.75 -1.76
l; 0.22 -0.23 -1.52 -1.27 -0.07 1.82 1.22 0.08 0.75 -0.32 -0.80
A; -0.84 1.03 0.47 -0.32 0.54 0.58 0.05 0.87 -0.37 0.74 -0.47

Table 7 Coefficient of the first hidden layer and the input parameters of quantitative equations for EL simulation

i 1 2 3 4 5 6 7 8 9 10 11

o 0.36 1.04 1.56 0.17 0.84 -0.16 0.45 1.35 0.28 1.58 -1.2
B -0.79 1.14 -0.56 1.28 0.24 0.25 -0.89 -1.08 0.69 -0.21 0.18
V; 1.40 1.28 -0.44 -0.19 1.91 -1.28 1.09 0.80 1.64 -0.54 -0.71
0; -1.04 0.95 -1.24 1.48 0.38 -0.70 1.38 -0.97 0.04 0.75 -1.07
I -2.26 -1.87 1.44 -0.90 0.47 0.00 -0.69 -0.77 -1.15 1.84 -2.29

relationship between the first hidden layer and the second

2
H=

hidden layer, as expressed by Eq.(7):

1+

i 2B + B, + OBy 4 dEy + eBs 4 [Eg + giF; + WEy + iy +jEy + kEy + 1)

E, for EL simulation can be calculated by Eq. (8). The
related values are shown in Table 6.

2
E= -1 8
! 1+ e‘z(“,Ml FPMy My + M+ f) ( )

The values of letters a~0, for EL simulation are shown in
Table 7.

3 Conclusions

1) During the low casting process, the Al-7Si alloys with
different
characteristics are obtained by controlling the holding

mechanical  properties and  microstructure
pressure and cooling rate.

2) The microstructure characteristics have direct influence
on the mechanical properties of Al-7Si alloy. The influential
sensitivity sequence of the microstructures on the mechanical

properties is established. The porosity defects and area

-1 (7

fraction of maximum Fe-rich intermetallics are two important
parameters in deteriorating the mechanical properties.

3) Based on the predicted results of the artificial neural
network model, the Al-7Si alloy with the secondary dendrite
arm spacing <20 um, the area of eutectic Si particles <12 pm?,
the area fraction of porosity defects <0.35%, and controlled
morphology of Fe-rich intermetallics owns the comprehensive
mechanical properties. The ultimate tensile strength and
elongation is more than 350 MPa and 10%, respectively.
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