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Abstract

Effects of indirect squeeze casting process parameters on
the microstructure and mechanical properties of an A356.2
alloy engine hanger were studied. A 4-factor, 4-level
orthogonal test was used to study the effects of applied
pressure, punch velocity, pouring temperature and mold
preheating temperature. The pressure, punch speed,
pouring temperature and mold preheating temperature of
the optimum process parameters were determined by range
analysis (RA) as 100 MPa, 60 mm/s, 700 �C and 200 �C,
respectively. The analysis of variance (ANOVA) showed
that the only significant factor affecting the microstructure
and mechanical properties was pouring temperature, while
the other three factors were not significant. The specimens
demonstrated mechanical characteristics akin to forged
hangers, boasting a tensile strength of 297 MPa, 10.2%
post-fracture elongation, and 105 HBW hardness. After T6
heat treatment, except the eutectic silicon morphology

changed significantly, the microstructure basically main-
tained its as-cast characteristics. The samples’
microstructure were categorized into three regions: coarse
grain a-Al (A), eutectic structure (B), and fine grain
structure (C). It was found that elevated pouring temper-
ature could keep the pressure transmission channel open,
which was helpful to improve the feeding ability and form a
refined grain structure in zone C. However, with the
excessive increase in casting temperature, a-Al grains in
region A would be coarse, which would lead to the decline
of mechanical properties. Therefore, 700 �C was deter-
mined as the best pouring temperature.

Keywords: squeeze casting, orthogonal test, process
parameters, A356.2 alloy, microstructure, mechanical
properties

Introduction

Squeeze casting, also known as liquid die forging, is a

highly efficient and precise forming technology that com-

bines casting and intensification pressure processing char-

acteristics.1 It finds extensive applications in the

automotive, aerospace, and defense industries, producing

parts with high-quality and high-precision characteris-

tics.2–5 Squeeze casting can be categorized into direct and

indirect methods.6 There has been extensive research on

how direct squeeze casting process parameters affect the

microstructure and mechanical properties of castings,

aiming to achieve fine microstructures and enhanced

mechanical properties.

For instance, Li et al.7 compared gravity and squeeze casting

Al–xSi alloys, revealing that squeeze casting significantly

refines the microstructure, leading to increased mechanical

properties. Similarly, Karthik et al.8 investigated the effect of

process parameters on the density and hardness of AA2219

alloy in the squeeze casting process, identifying applied

pressure as the most influential factor. Senthil et al.9 studied

the effect of indirect squeeze casting process parameters on

the mechanical properties of AC2A aluminum alloy cast-

ings, where applied pressure, mold preheating temperature,

and dwell time were found to be significant influencing

factors. These studies have demonstrated the crucial role of

pressure in the direct squeeze casting process, as it promotes

rapid solidification and grain refinement, ultimately

enhancing mechanical properties.

In the context of indirect squeeze casting, Chang et al.10

highlighted the importance of gating speed during cavity
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filling, affecting the microstructure and properties of the

castings.Other studies byBin et al.11 and Zhao et al.12 further

explored the impact of pressure on the microstructure and

mechanical properties of Al-Si alloys, revealing varying

effects with increasing pressure. However, most studies have

focused on analyzing the influence of individual factors

without comprehensive consideration of their synergistic

effects.13–17 In order to study the influence of multiple pro-

cess parameters, a lot of experiments are often needed. Deng

et al.18 proposed a data-driven design method of squeeze

casting process parameters based on big data. This method

can reduce a lot of test costs. In addition, orthogonal exper-

iments are often used to reduce the number of experiments.

In this work, the effects of applied pressure, punch velocity,

pouring temperature andmold preheating temperature on the

structure and properties of aluminum alloy engine hanger

were studied by orthogonal test. The purpose of this work

was to provide a new theoretical basis for the optimization of

technological parameters of indirect squeeze casting.

Materials and Methods

Test Material

The raw material used in the squeeze casting process of this

studywasA356.2 aluminumalloy. In each part of the test, the

composition of A356.2 aluminum alloy used was shown in

Table 1. The material composition of the 6061 aluminum

alloy forged hanger used to compare the performance of the

hanger with squeeze casting was shown in Table 2.

Alloy Melting and Hanger Preparation

Before feeding, the 500 kilogram crucible electric resistance

furnace should be baked. When the temperature rose by

100 �C, the temperature should be kept for 1 h. When the

temperature rises to 800 �C, the temperature should be kept

for 1 h, and then the temperature should be lowered to 600 �C.
Then, 375 kg A356.2 aluminum ingots were prepared to be

fed, and the temperature will continue to be raised until all

aluminum ingots were completely melted. After melting,

degassingwas carried outwith graphite rotor and nitrogengas,

the temperature of aluminum liquid was controlled at 720 ±

10 �C, the speed was 300–400 r/min, the air pressure was

0.4–0.5 MPa, and the degassing time was 10–30 min.

The horizontal-die-clamping vertical-shot squeeze casting

machine (HVSC) is a machine with a horizontal clamping unit

to a vertical opening die and the shot tube is in the vertical

position. It is consistent with the filling method of Vertical-die-

clamping Vertical-shot Squeeze Casting machine (VSC)

squeeze casting machine. The HVSC-400PL squeeze casting

machine was used to prepare the hanger. The maximum

clamping force of the equipment was 4550 kN, the maximum

injection force was 639 kN, and the injection speedwas 20–350

mm/s. The photograph of the squeeze casting machine and the

schematic diagram of hanger filling were shown in Figure 1.

Utilizing the shot piston, the molten metal is directed upward

from the lower inlet port to fill the mold cavity. Once filled,

pressure ismaintaineduntil the casting solidifies, afterwhich it is

extracted. The gas was exhausted through the gap of the parting

surface of the mold. The mold was naturally cooled in the air.

Heat Treatment Process

Heat treatment was needed after welding the motor hanger

and the frame. The heat treatment process of 6061 alu-

minum alloy frame was used for the heat treatment of

A356.2 aluminum alloy motor hanger. The heat treatment

parameters were solid solution temperature 530±5 �C,
solid solution time 30 min with furnace temperature rise,

holding time 40 min and water quenching; aging temper-

ature 205 �C, aging time 1 h with furnace temperature rise,

holding time 1.5 h and air cooling to room temperature.

Mechanical Properties Test Methods

The Brinell hardness of hanger was tested by HBRVS-

187.5 hardness tester. Test each batch of control specimens

were tested under the same conditions 5 hardness points,

after removing the maximum and minimum of value, the

arithmetic mean of the remaining 3 points as the final

specimen hardness.

Table 1. A356.2 Aluminum Alloy Material Composition

Elements Al Si Fe Cu Mg Ti

Wt% Bal. 7.1 0.11 0.02 0.45 0.11

Table 2. Material Composition of Forging Hanger

Elements Al Mg Si Cu Cr Ti Fe Zn Mn

Wt% Bal. 0.9 0.62 0.20 0.08 0.02 0.27 0.02 0.07
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The tensile test equipment used WLN10020 microcom-

puter-controlled pulling and twisting static test machine,

the tensile rate was 2 mm/min, and the sampling position

was shown in Figure 2.

Metallographic Analysis Methods

The metallographic samples were taken from the clamping

part of the tensile specimens, and after rough and fine

grinding using 240#, 320#, 600#, 1000#, 2000#, 3000#,

5000# and 7000# sandpaper, polished with the aid of dia-

mond polish with a grain size of 1 lm, and etched for 30 s

using Keller’s reagent, the metallographic tissue was

observed using an Olympus GX53 inverted optical

microscope for metallographic observation.

The secondary dendrite arm spacing (SDAS) of the met-

allographic specimen was measured and counted using the

metallographic photo analysis software Image-Pro Plus.

The secondary dendrite arm spacing (SDAS) was calcu-

lated using Eqn. 1.

SDAS ¼ 1

m

Xm

j¼1

1

n

Xn

i¼1

Li
N � 1

" #

j

Eqn: 1

where Li was the length of the ith secondary dendrite arm,

lm;Nwas the number of secondary dendrite arms; nwas the
number of statistics; andmwas the number of fields of view.

Orthogonal Test

Factors and Levels

In this study, a four-factor, four-level orthogonal test

method was used to investigate the influence of process

parameters on the as-cast properties of squeeze casting

hangers. The influencing factors were applied pressure (A),

punch velocity (B), pouring temperature (C), and mold

preheating temperature (D). The four levels of applied

pressure were selected as 50 MPa, 80 MPa, 100 MPa and

125 MPa; the four levels of punch velocity were 30 mm/s,

40 mm/s, 50 mm/s, and 60 mm/s; the four levels of pouring

temperature were 660 �C, 680 �C, 700 �C and 720 �C; and
the four levels of mold preheating temperature were

150 �C, 200 �C, 250 �C and 300 �C, as shown in Table 3.

Orthogonal Test Protocol Design

The orthogonal table L16(45) was chosen for this test, and

Table 4 shows the scheme, number and parameters chosen

for the orthogonal test.

Figure 1. The photograph of the squeeze casting machine and the schematic diagram of hanger
filling. (a) The photograph of the squeeze casting machine; (b) the schematic diagram of hanger
filling.

Figure 2. Sampling position and size.
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Orthogonal Test Indicators

The hardness could reflect the comprehensive mechanical

properties of the material. The as-cast squeeze casting

hanger needs to be welded to the frame after CNC

machining, so the as-cast hardness was more concerned.

Therefore, the indicator in this test was the as-cast hardness

of the hanger. The as-cast hardness could reflect the

mechanical properties of the hanger.

Method of Analysis of Orthogonal Test Results

1. Range analysis

The advantage of the range analysis (RA) method was that

it was more intuitive to determine the optimal level of the

test and the primary and secondary relationship between

the factors of the test on the index. In this paper, the three

symbols Ki (i.e., the sum of the test results at any one level

i), Kavg i (the arithmetic mean of Ki, here Ki/4) and

R (extreme difference) were defined, where R = max

{K avg1, K avg2, K avg3, K avg4 } - min{K avg1, K avg2,

K avg3, K avg4}.

2. Analysis of variance

Although RA was simple and intuitive, it cannot determine

the significance of each factor on the test results because it

cannot estimate the test error. Therefore, further signifi-

cance analysis was required using analysis of variance

(ANOVA). Multi-factor ANOVA was performed on the

orthogonal test results using SPSS software, listing the

ANOVA table, comparing the calculated F value with the

critical value Fa(fA, fE), and then concluding whether it was
significant or not, which could be divided into the fol-

lowing two cases.

1. If F [ F0.05, the effect of the factor was

significant and was noted as ‘‘*’’.

2. If F B F0.05, the effect of the factor was not

significant and was recorded as ‘‘(O)’’.

Table 3. Factor Level Table

Level Factor

Applied pressure(A) (MPa) Punch velocity(B) (mm/s) Pouring temperature(C) (�C) Mold preheating temperature(D) (�C)

1 50 30 660 150

2 80 40 680 200

3 100 50 700 250

4 125 60 720 300

Table 4. Test Scheme and Parameters

Number Test
number

Applied
pressure(A) (MPa)

Punch
velocity(B) (mm/s)

Pouring
temperature(C) (�C)

Blank
column

Mold preheating
temperature(D) ( �C)

1 16# 50 30 660 – 150

2 11# 50 40 680 – 200

3 6# 50 50 700 – 250

4 1# 50 60 720 – 300

5 9# 80 30 680 – 300

6 14# 80 40 660 – 250

7 3# 80 50 720 – 200

8 8# 80 60 700 – 150

9 7# 100 30 700 – 200

10 4# 100 40 720 – 150

11 13# 100 50 660 – 300

12 10# 100 60 680 – 250

13 2# 125 30 720 – 250

14 5# 125 40 700 – 300

15 12# 125 50 680 – 150

16 15# 125 60 660 – 200
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Results and Analysis

Influence of Process Parameters
on Microstructure and As-cast Hardness
of the Motor Hangers

1. Effect of process parameters on as-cast hardness

Figure 3 shows the as-cast hardness of hanger parts num-

bered 1# to 16# obtained from the orthogonal test. The

hardness of 8# is the highest at 73.2 HBW, while 9# and

16# have the lowest hardness at 67.2 HBW. The hardness

value is closely related to machinability, indicating that

hanger 8#, with the superior hardness, offers the best

machinability. The technological parameters are as fol-

lows: applied pressure 80 MPa, punch velocity 60 mm/s,

pouring temperature 700 �C and mold preheating temper-

ature 150 �C. To delve deeper into the impact of squeeze

casting process parameters on the as-cast hardness of the

hanger, both RA and ANOVA were conducted on the

orthogonal test data.

(1) RA

Table 5 presents the results of the RA conducted in the

orthogonal experiment to assess the as-cast hardness. From

the table, it is evident that the factors affecting as-cast

hardness are ranked in the following order of significance:

pouring temperature[applied pressure[punch velocity[
mold preheating temperature.

(2) ANOVA

Table 6 displays the ANOVA results of the orthogonal test

for as-cast hardness. S2A, S
2
B, and S2D are all smaller than S2E,

leading to factors A, B, and D are treated as errors, and the

ANOVA table is recalculated accordingly.

The revised ANOVA results are shown in Table 7. The

F distribution table shows that F0.05(3, 12) = 3.49, FC(3,

12) = 9.475, FC(3, 12)[F0.05(3, 12). Therefore, factor C

(pouring temperature) has a significantly effect the as-cast

hardness value.

(3) Comprehensive analysis

The combination results from RA and ANOVA indicate

that the pouring temperature has a significant effect on the

as-cast hardness. In contrast, the applied pressure, punch

velocity, and mold preheating temperature have insignifi-

cant effects. Figure 4 shows the average as-cast hardness of

each factor at different levels. Based on Figure 4, it was

inferred that the optimum technological parameters of

squeeze casting for the applied pressure 100 MPa, punch

velocity 40–60 mm/s, pouring temperature 700–720 �C,
and mold preheating temperature 200 �C. Under the con-

dition of ensuring mechanical properties, the faster the

Figure 3. As-cast hardness under different experimen-
tal conditions.

Table 5. Range Analysis of As-cast Hardness Measurement Results by Orthogonal Test

Items Levels A B C D

K-value 1 279.1 277.7 272.8 280.7

2 282 281.9 276.4 282.9

3 283.6 281.8 286.9 280.8

4 278.6 281.9 287.2 278.9

K avg value 1 69.78 69.43 68.2 70.17

2 70.5 70.47 69.1 70.72

3 70.9 70.45 71.73 70.2

4 69.65 70.48 71.8 69.73

Optimum levels 3 4 4 2

R 1.25 1.05 3.6 1

Number of levels 4 4 4 4

Number of replicates per level 4 4 4 4

Rank of factors RC[RA[RB[RD
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filling speed, the easier it is to obtain a complete casting, so

the best filling speed should be determined as 60 mm/s.

2. Influence of pouring temperature on as-cast

microstructure

Based on the variance analysis, it is evident that the

pouring temperature is the only significant factor influ-

encing the mechanical properties of the sample, while the

other factors are not significant. Table 6 that S2A, S
2
B, and S

2
D

were all smaller than S2E, so it could be considered that the

influences of A, B and D were the experimental error.

Therefore, 16#, 11#, 6# and 1# samples were used to study

the differences at different pouring temperatures. Figure 5

showcases scanning electron microscope images and

energy spectrum surface scanning results of the as-cast

microstructure observed at a pouring temperature of

720 �C. The analysis results for energy spectrum points at

location 1 are detailed in Table 8. Based on the observa-

tions, the as-cast microstructure can be primarily seg-

mented into three zones: A, B, and C. Zone A consists of

coarse-grained a-Al. This began forming in the early

solidification stage, driven by supercooling, leading to

nucleation and growth, culminating in the creation of

coarse dendrites. Zone B represents the eutectic structure

formed during solidification. It predominantly comprises

the Al–Si binary eutectic structure with a minor presence of

the Al–Si–Mg ternary eutectic structure. The eutectic

products are primarily the Al–Si eutectic phase19 and

Mg2Si.20 Zone C is characterized by a fine-grained struc-

ture made up of delicate Al grains with a smattering of

eutectic silicon along its grain boundaries. This

microstructure likely forms in the solidification’s latter

stages, with the feeding liquid being forcibly replenished

into contraction vacancies due to pressure. Due to the late

solidification time and high solute concentration of the

feeding liquid, the molten metal solidifies under the dual

effects of pressure supercooling and constitutional super-

cooling, forming a fine solidification structure. Since alu-

minum grains nucleate more and grow faster, Si atoms

can’t leave the liquid phase, and the growth of eutectic Si is

hindered, which finally forms the morphology that eutectic

Si is sparsely distributed on aluminum grain boundaries.

From the results of the energy spectrum point analysis, it

can be found that there are still a few phases containing Si,

Mg, and Fe at the grain boundaries and eutectic clusters,

which may be Mg2Si,
21 Al5FeSi, and Al8FeMg3Si6.

22

Through the above variance analysis, it is found that the

only significant factor affecting the mechanical properties

of the sample was pouring temperature, and the other

factors are not significant. Of course, not being significant

did not mean that it has no impact. However, it could be

found from Table 6 that S2A, S
2
B, and S2D are all smaller than

S2E, so it could be considered that the influences of A, B and

D are the experimental error. Therefore, this paper selects

16#, 11#, 6# and 1# for comparative observation to study

the influence of pouring temperature on microstructure and

properties. Figure 6 displays the as-cast metallographic

microstructure photographs of four samples selected from

the orthogonal test group, each with different pouring

temperatures. Specifically, they are 16# (660 �C, 67.2

HBW), 11# (680 �C, 70.4 HBW), 6# (700 �C, 70.6 HBW),

and 1# (720 �C, 70.9 HBW).A comparison of these sam-

ples reveals that as the pouring temperature increases, the

as-cast hardness also tends to rise. This trend aligns with

the average values observed in the orthogonal test factors.

Figure 6a for the as-cast metallographic microstructure at

660 �C, the grains are mostly columnar dendritic crystals,

there are clear secondary dendritic arms but undeveloped,

and there are a large number of coarse eutectic clusters

distributed between the grains. The low pouring tempera-

ture leads to rapid blocking of the pressure transfer chan-

nels, resulting in limited pressure acting on later

solidification stages, and consequently, coarser grains are

formed.

However, due to the low pouring temperature and short

solidification time, it is too late to grow developed den-

dritic arms even with the lack of pressure subcooling, and

Table 6. ANOVA of As-cast Hardness Measurement
Results by Orthogonal Test

Differential source Q df S2 F Significant

A 4.252 3 1.417 0.565 (O)

B 3.257 3 1.086 0.432 (O)

C 40.382 3 13.461 5.361 –

D 2.007 3 0.669 0.266 (O)

Errors 7.532 3 2.511

Total 57.43 15

Table 7. ANOVA of As-cast Hardness Measured by
Recalculated Orthogonal Test

Differential source Q df S2 F Significant

C 40.382 3 13.461 9.475 *

Errors 17.047 12 1.421

Total 57.43 15
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the final morphology of columnar dendritic crystals is

presented. At 700 �C (Figure 6c), there’s a noticeable

reduction in grain size, with the appearance of a finer grain

microstructure compared to those at 660 �C and 680 �C.
This change can be attributed to the more effective opening

of pressure transfer channels and the enhanced pressure

effect due to the elevated temperature of the liquid

aluminum. Moreover, the eutectic cluster size at 680 �C is

notably smaller than that in the 660 �C sample. This

reduction is likely due to the pressure-induced decrease in

the Si diffusion rate and the faster solidification of a-Al,
which minimizes segregation. The phase diagram of

hypoeutectic Al–Si alloys solidifying under high pressure

shifts toward the Si phase side. This shift is influenced by

Figure 4. Mean value diagram of as-cast hardness at various levels.

Figure 5. SEM photographs and mapping image of as-cast microstructure at pouring temperature
of 720 �C: (a) 100 times morphology; (b) feeding microstructure; (c) eutectic microstructure and
morphology; (d) EDS analysis image of the feeding tissue; (e) EDS analysis image of eutectic
microstructure.
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the pressure’s effect on the diffusion coefficients of the

elements in the melt. The equation for this is:

D ¼ RT

dg0
exp �PV0

RT

� �
Eqn: 2

where D is the diffusion rate; R is a constant; T is the

temperature of the melt; d is the free travel length of the

atoms; g0 is the viscosity of the melt at atmospheric

pressure and the same temperature; P is the pressure; and

V0 is the original molar volume of the liquid phase.

It can be seen that the increase in pressure P leads to a

decrease in the diffusion rate D of each element in the

aluminum alloy, so that the solid solubility of Si in the Al

matrix increases, inhibiting the solute buildup along the

solid-liquid interface front, leading to a decrease in the

tendency to form dendrites of a-Al, and so it is more likely

to grow in the form of fine cytosol. In addition, by the

thermodynamic basic relationship Eq.

o DGvð Þ
oP

� �

T

¼ VL � VS ¼ DV Eqn: 3

where DGv is the free energy; P is the pressure; VL is the

linear molar volume of liquid phase; and VS is the linear

molar volume of solid phase.

According to Eqn. 2, it can be seen that at a certain tem-

perature, since DV[0 when Al solidifies and DV\0 when Si

solidifies, Al is easier to nucleate and Si is more difficult to

nucleate with the increase of pressure. Therefore, for the

solidification process of Al-Si eutectic microstructure, the

pressure will refine the Al grains and reduce the eutectic Si.

At 700 �C, as depicted in Figure 6c, there’s a noticeable

reduction in grain size, with the appearance of a finer grain

microstructure compared to those at 660 �C and 680 �C.
This change is attributed to the more effective opening of

pressure transfer channels and the enhanced pressure effect

due to the elevated temperature of the liquid aluminum.

However, at 720 �C (Figure 6d), the solidification struc-

ture during filling becomes coarser compared to 700 �C,
even though the fine grain structure appears finer. The

slower solidification rate during filling results in coarser

grains. Meanwhile, the higher solute concentration in the

compensatory shrinkage solution leads to increased

Table 8. Results of Energy Spectrum Point Analysis for
1 Point

Elements Mg Al Si Fe

wt% 1.74 70.00 27.02 1.22

Figure 6. As-cast metallographic microstructure at different pouring temperatures in magnification
of 2003: (a) 16#(660 �C); (b) 11#(680 �C); (c) 6#(700 �C); (d) 1#(720 �C).
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compositional subcooling, resulting in a finer solidification

structure during the compensatory shrinkage stage.

It can be found that the synergistic effect of pouring tem-

perature and applied pressure has a significant impact on

the microstructure of the casting, with the applied pressure

affecting the microstructure and hence the performance of

the hanger through the degree of openness of the pressure

transfer channels. Notably, at 700 �C, the pressure transfer
channels are fully open and the effect of pressure is most

pronounced, resulting in the finest grains in the C zone (fine

grain structure). This is an interesting finding on which this

study further investigates the microstructure and properties

of the hangers after heat treatment.

Effect of Pouring Temperature
on Microstructure and Mechanical Properties
of Hangers in T6 Heat Treatment Condition

The orthogonal test method pinpointed the pouring tem-

perature as the primary factor influencing the as-cast

hardness of the hangers. In contrast, the effects of punch

velocity and mold preheating temperature on the as-cast

hanger hardness were deemed insignificant. Similarly, the

influence of process parameters on the properties of the

hangers in the T6 heat treatment condition appears to be

indirect, following the observed trends in the as-cast con-

dition. Based on this understanding, it can be inferred that

punch velocity, applied pressure, and mold preheating

temperature also do not significantly affect the properties

of the hangers in the T6 condition.

To investigate the impact of pouring temperature on the

performance of hangers post T6 heat treatment, four sam-

ple groups (1#, 6#, 11#, and 16#) were selected for the T6

heat treatment. These samples were cast at respective

pouring temperatures of 720 �C, 700 �C, 680 �C, and

660 �C, all under an applied pressure of 50 MPa. Since the

orthogonal test analysis revealed that punch velocity and

mold preheating temperature have minimal effects on the

as-cast properties, strict control of these parameters was not

required.

Effect of Pouring Temperature on the Hardness of T6
Heat Treatment Condition Hangers

Figure 7 shows the hardness of samples 16#(660 �C),
11#(680 �C), 6#(700 �C), 1#(720 �C) after T6 heat treat-

ment. The bar charts show that the hardness initially

increases with rising pouring temperature and then stabi-

lizes. The 660�C group exhibits the lowest hardness at 94.2

HBW, while the 700�C group registers the highest at 99.1

HBW.

Effect of Pouring Temperature on the Tensile Strength
of T6 Heat-Treated Condition Hangers

Figure 8 shows the tensile strength of samples

16#(660 �C), 11#(680 �C), 6#(700 �C), 1#(720 �C) after

T6 heat treatment. It is evident from the graph that as the

pouring temperature increases, the tensile strength first

rises and then plateaus. The lowest strength is recorded in

the 660 �C group, with a tensile strength value of 261 MPa,

while the highest strength is observed in the 700 �C and

720 �C groups, both having a tensile strength value of 274

MPa. The tensile strength and hardness exhibit similar

trends in response to varying pouring temperatures.

Effect of Pouring Temperature on the Percentage
Elongation After Fracture of T6 Heat-Treated Condition
Hangers

The percentage elongation after fracture of T6 hangers

after heat treatment at different pouring temperatures is

shown in Figure 9. As the pouring temperature rises, the

percentage elongation after fracture initially remains

stable, then increases, and subsequently decreases. The

700 �C group achieves the highest percentage elongation

after fracture at 9.8%, while the 720 �C group records the

lowest at 6.1%. To explain the changing trend caused by

pouring temperature, the microstructure of the T6 hanger is

observed.

Effect of Pouring Temperature on the Microstructure
of Hanger T6 Heat Treatment Condition

Figure 10 presents the optical microscope images of the

eutectic structure in the T6 state before and after heat

Figure 7. Hardness of T6 heat treatment at different
pouring temperatures.
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treatment at a pouring temperature of 720 �C. The eutectic
Si exhibits a coarse needle-like and reticulated shape in the

as-cast condition. During heat treatment, eutectic Si

undergoes dissolution and granulation stages,23,24 leading

to a transformation into spherical or coral-shaped struc-

tures. The eutectic Si after heat treatment is gradually

spheroidized, mostly spherical or coral, so the properties of

the squeeze casting parts are improved. Except that the

morphology of eutectic silicon has changed to a certain

extent, the other microstructures inherit the as-cast

characteristics.

Photographs of the microstructure of the T6 state at a

pouring temperature of 720 �C observed under the scan-

ning electron microscope and the results of the energy

spectrum surface scanning are shown in Figure 11. Con-

sistent with the as-cast microstructure, coarse crystalline a-
Al (zone A), eutectic microstructure (zone B) and fine Al

grains (zone C) are observed in the figure. From the map

scanning results, it can be seen that the concentration of Si

element is higher at point 2, which can be presumed to be

primary crystalline Si.1

Figure 12 shows the metallographic photographs of four

groups of specimens, 16# (660 �C), 11# (680 �C), 6#

(700 �C), and 1# (720 �C), after T6 heat treatment, and

Figure 13 shows the SDAS values of their corresponding

grains. By comparing Figures 12 and 6, it can be found

that the morphology of the structures at different pouring

temperatures after heat treatment still maintains the mor-

phology of the as-cast state at the corresponding pouring

temperatures, i.e., the pouring temperature does not

directly affect the morphology of the T6 heat-treated

structures but rather influences the as-cast structure and

thus the T6 heat-treated structures further.

Furthermore, from Figure 13, it can be observed that the

SDAS of the grains decreases initially and then basically

stabilizes as the pouring temperature increases, which is

consistent with the results of the previous intuitive analysis

on the grain size of the as-cast microstructure. Notably, the

change in grain size is the reason why its initial increase

and subsequent stabilization of tensile strength and hard-

ness after T6 heat treatment.

Figure 14 shows the photographs of the tensile fracture of

T6 after heat treatment at different pouring temperatures

observed under the scanning electron microscope.

As can be seen from the figure, a large number of tough

dimples are visible in the fracture of the specimens at the

four pouring temperatures, so it can be judged that the

fracture forms at the four temperatures are all toughness

fractures. However, some cleavage steps are also found in

the four figures, which may be the fracture traces of some

of the brittle phases (e.g., eutectic silicon and Fe-contain-

ing phases). Figure 14c has the smallest tough dimples and

fewer cleavage steps, which explains the highest elongation

after fracture in the 700 �C group. In Figure 14d, although

there are a large number of fine tough nests, there are also

many brittle phases which, in combination with Figures 5

and 11, are directly responsible for the lowest plasticity in

the 720 �C group.

Based on the above microstructure and mechanical prop-

erties, compared with the pouring temperature of 720 �C,
the pouring temperature of 700 �C was better.

Figure 8. Tensile strength of samples prepared at
different pouring temperatures after T6 heat treatment.

Figure 9. Percentage elongation after fracture at differ-
ent pouring temperatures.
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Properties Test of Squeeze Casting Hanger
Under Optimum Process Parameters

Figure 15a presents the squeeze casting hanger produced

based on the optimal process parameters determined in the

previous analysis, which included an applied pressure of

100 MPa, a punch velocity of 60 mm/s, a pouring tem-

perature of 700 �C, and a mold preheating temperature of

200 �C. Figure 15b is a hanger produced by forging pro-

cess. The mechanical properties of the squeeze casting

hanger after T6 heat treatment were tested and compared

with those of the forged hanger, as shown in Figure 16.

Figure 10. Eutectic microstructure before and after heat treatment at pouring temperature of 720 �C
in magnification of 5003: (a) Microstructure before heat treatment; (b) Microstructure after heat
treatment.

Figure 11. SEM photographs and mapping image of microstructure after T6 heat treatment at
pouring temperature of 720 �C: (a) 100 times morphology; (b) feeding microstructure; (c) eutectic
microstructure and morphology; (d) EDS analysis image of the feeding tissue; (e) EDS analysis
image of eutectic microstructure.
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The tensile strength of the hanger produced by squeeze

casting was 297 MPa, the percentage elongation after

fracture was 10.2%, the hardness was 105 HBW. The

mechanical properties were close to those of the hanger

produced by forging. The tensile strength, percentage

elongation after fracture, and Brinell hardness of the hanger

produced by forging are 304 MPa, 17%, and 103 HBW,

respectively, as shown in Figure 16.

Conclusions

In this study, the influence of indirect squeeze casting

parameters on the microstructure and mechanical proper-

ties of motor hangers is investigated and the following

conclusions are obtained:

(1) Orthogonal testing underscores the pouring

temperature as a pivotal determinant of as-cast

hardness, whereas applied pressure, punch

velocity, and mold preheating temperature exert

insignificant influence. Of the 16 orthogonal

sets, set 8# manifests the apex as-cast hardness

at 73.2 HBW, characterized by 80 MPa pressure,

60 mm/s punch velocity, 700 �C pouring tem-

perature, and 150 �C mold preheat. In conjunc-

tion with RA, the conjectured optimal

parameters for peak as-cast hardness encompass

100 MPa pressure, 60 mm/s punch speed,

700 �C pouring temperature, and 200 �C mold

preheat.

(2) The study examines the influence of pouring

temperature on the microstructure and properties

of the hanger in both cast and T6 states. It was

observed that the hardness of the hanger in the

T6 state initially rose with increasing pouring

Figure 12. Metallographic microstructure of T6 heat treatment at different pouring temperatures in
magnification of 1003: (a) 16#(660 �C); (b) 11#(680 �C); (c) 6#(700 �C); (d) 1#(720 �C).

Figure 13. SDAS of microstructure after T6 heat treat-
ment at different pouring temperatures.
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temperature, then plateaued. This trend mirrored

the effects on as-cast hardness and T6 tensile

strength. The microstructure in both states can

be categorized into three domains: coarse-

grained a-Al (A region), eutectic structure (B

region), and fine-grained structure (C region).

Elevated pouring temperatures enhance pressure

transmission channels, facilitating the flow of

shrinkage liquid into vacancies, refining the

grain structure in the C region and bolstering

mechanical properties. However, excessive

pouring temperatures enlarge a-Al grains in

the A region, detrimentally impacting the

properties.

(3) It is found that the process parameters do not

have a direct effect on the properties of the

squeeze-cast hangers after heat treatment, and

the as-cast features are retained after T6 heat

treatment except that the morphology of eutectic

silicon becomes short and rounded. Therefore,

the process parameters are indirectly affecting

the properties after heat treatment by affecting

the as-cast structure. Consequently, for heat-

treatable reinforced aluminum alloys, the as-cast

microstructure serves as a direct metric to

evaluate the efficacy of the squeeze casting

process.

(4) Under the optimal process parameters, the

tensile strength of the hanger is 297 MPa, the

percentage elongation after fracture is 10.2%,

the hardness is 105 HBW.

Figure 14. SEM photographs of tensile fracture of samples prepared at different pouring
temperatures after T6 heat treatment: (a) 16#(660 �C); (b) 11#(680 �C); (c) 6#(700 �C); (d) 1#(720 �C).

Figure 15. Photograph of motor hanger product. (a)
Made by squeeze casting process; (b) made by forging
process.
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