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Abstract: As an important piece of equipment for hydrogen energy application, the hydrogen internal
combustion engine is helpful for the realization of zero carbon emissions, where the aluminum
connecting rod is one of the key core components. A semi-solid forging forming process for the
7075 aluminum alloy connecting rod is proposed in this work. The influence of process parameters,
such as the forging ratio, sustaining temperature, and duration time, on the microstructures of
the semi-solid blank is experimentally investigated. The macroscopic morphology, metallographic
structure, and physical properties of the connecting-rod parts are analyzed. Reasonable process
parameters for preparing the semi-solid blank are obtained from the experimental results. Under
the reasonable parameters, the average grain size is 41.48~42.57 um, and the average shape factor is
0.80~0.81. The yield strength and tensile strength improvement ratio of the connecting rod produced
by the proposed process are 47.07% and 20.89%, respectively.

Keywords: hydrogen energy; hydrogen internal combustion engine; aluminum alloy connecting rod;
semi-solid forging forming; microstructure; mechanical property

1. Introduction

Hydrogen has the characteristics of an extremely high energy density, wide production
method, and environmental friendliness, and it is suggested that it will replace fossil
energy [1]. Hydrogen can also be used as a long-term energy storage medium to offset the
disadvantages of randomness and volatility of solar energy, wind energy, and other green
energy sources [2,3]. Therefore, hydrogen fuel is regarded as an important energy carrier
in the future. In the vehicle-power field, fuel cells are the main application scenario for
hydrogen fuel, gaining a lot of technological progress in the last decades [4].

In recent years, the hydrogen internal combustion engine (HICE) has received re-
newed attention as one of the optional technologies for achieving a zero-carbon emission
society [5,6]. The HICE can capitalize on the existing industrial base for internal combustion
engines. Its application in automotive power helps to increase the hydrogen demand, thus
contributing to the hydrogen infrastructure’s development [7].

As shown in Figure 1, the HICE mainly includes a crankshaft, connecting rod, piston,
combustion chamber, intake port, and exhaust port [6-10]. During the operation of a
HICE, the connecting rod is subjected to complex loads, including bending and alternating
tension and pressure; thus, it is an important component of a HICE [11-13]. The material,
producing process, and manufacturing quality of connecting rods are significant to the
performance of the whole HICE. An example of the connecting rod with a specific shape
and dimensions for the HICE is shown in Figure 1.
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Figure 1. Shape and dimension of connecting rod for the HICE.

As one of the important force transmission parts for the internal combustion engine, the
connecting rod is often machined and manufactured with steel, cast iron, iron-based powder,
and other materials [14-17]. With the increasing demand for lightweight automotive
components in the market, high-strength aluminum alloy materials have attracted extensive
attention from many scholars and businessmen in the connecting-rod-manufacturing
field [18-20]. As a representative of high-strength aluminum alloy, the 7075 aluminum
alloy has numerous merits, such as low density, lightweight, and high strength. It is,
therefore, gradually applied to manufacturing various automobile parts and is regarded
as a promising manufacturing material for the connecting rod of a HICE. The mechanical
properties of connecting rods for HICEs not only depend on the material itself but are also
affected by the manufacturing process.

Traditional manufacturing processes for connecting rods include hot forging [21-23],
powder metallurgy [24], liquid-die forging [25], and die casting [26]. Although the above
methods can obtain connecting rods with high dimensional accuracy and qualified me-
chanical properties, these methods have some shortcomings as follows. The forging force
for the hot-forging process is large, requiring special large equipment and high equip-
ment costs [27]. The die-casting process is prone to shrinkage porosity, shrinkage cavity,
insufficient filling, and other defects within the connecting rod. The costs of molds and
samples for the powder metallurgy process in small-batch production are high. In terms of
liquid-die forging, it is risky to premature solidification at thin-walled and fine structures,
which affects the quality of the connecting rods. It is a challenge for the liquid-die forging
to produce the connecting rode with a reduced scrap rate. Therefore, there is an urgent
need to explore a new connecting-rod forming process for providing an improved solution
for the manufacturing of 7075 aluminum alloy connecting rod applications in the HICE.

Semi-solid forming of metal (SSFM) is an innovative metal-forming technique initially
introduced by Professor Flemings and his team at MIT [28]. This method has since been
extensively applied and explored by various researchers [29-31]. In the SSFM process,
semi-solid materials with fine and spherical grains are first produced. Subsequently,
components with refined microstructures and superior performance can be fabricated
through techniques such as extrusion, forging, rolling, or die casting [32,33]. The SSFM
process can also operate through stages, including the first cooling or solidifying the semi-
solid blank into a solid blank and then reheating and forming the solid blank with suitable
dimensions according to the production demands [34-36]. The SSFM process combines
the advantages of liquid casting forming and solid plastic forming, as it has excellent flow
mobility in the material and high physical properties in the product, which is regarded as
one of the most potential green forming technologies [37-39].

The SSFM process mainly contains procedures, which are the preparation of the semi-
solid blank and the formation of a part, which has received extensive attention in recent
years [40-43]. Jiang et al. [44] investigated the influences of treatment temperature and
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maintaining time on the microstructures of hot extruded 7075 aluminum alloy during the
isothermal heat treatment (IHT). They found that the microstructures, with an average grain
dimension (AGD) of about 65~85 um and average shape factor (ASF) of about 0.74~0.79,
can be obtained by the optimum process parameters, with the isothermal temperature
of 600~610 °C and the holding time of 10~15 min. Furthermore, Jiang et al. [45] used
the semi-solid material combing the extrusion forming process to successfully produce
the 7075 aluminum alloy deep-cavity cylinder with a tensile strength of 315.26 MPa. Fu
et al. [46] prepared semi-solid 7075 aluminum alloy blanks through a modified strain-
induced melt activation (SIMA) process, which includes equal-channel angular pressing
(ECAP) deformation and IHT. They reported that the AGD of the prepared blank enlarged
when the process temperature was elevated or with a decrease in the deformation pass.
Moreover, the tensile strength of the semi-solid samples was improved by increasing the
deformation pass of ECAP. Binesh et al. [47] applied repetitive upsetting extrusion (RUE)
in the recrystallization and partial remelting (RAP) process to obtain a semi-solid 7075 alu-
minum alloy blank. They found that the AGD can be reduced by increasing the RUE cycles
and, therefore, improve the grain spheroidization degree. The thixoextrusion process was
adopted by Liu et al. [48] to form a complex 7075 aluminum alloy elbow part. In their work,
the effect of the second phase on the performance of the part was analyzed. Meshkabadi
et al. [49] demonstrated that the parallel tubular channel angular pressing process can
produce a semi-solid 7075 aluminum tube with an excellent metallographic structure.
Though the SSFM process has received extensive attention from many researchers, the
7075 aluminum alloy connecting rod for the HICE formed by the semi-solid forging forming
(SSFF) process has not been reported. A novel SSFF process, including radial forging plastic
deformation (RFPD), isothermal heating treatment (IHT), and forging forming, is proposed
to produce the 7075 aluminum alloy connecting rod (AACR) for the HICE in this work in
order to solve the shortages of the existing connecting-rod manufacturing process. The
effect of process parameters, such as forging ratio (FR), sustaining temperature (ST), and
duration time (DT), on the microstructures of 7075 aluminum alloy is investigated. The
macroscopic morphology, metallographic structure, and physical properties of the AACR
formed by the SSFF and solid forging forming (SFF) processes were compared and analyzed.
This work can provide a feasible new process for manufacturing 7075 AACRs for HICE.

2. Materials and Methods
2.1. Semi-Solid Forging Forming Scheme for the Aluminum Alloy Connecting Rod

In this paper, the annealed 7075 wrought aluminum extruded blank is used as the
raw material, and it has a diameter of 90 mm and a length of 800 mm. The material
constituents and their content ratios are summarized in Table 1 and were determined by
the Xi’an Litong Electromechanical Equipment Manufacturing Co., LTD. The semi-solid
range of this material was determined by using the “NETZSCH STA 449F5 (NETZSCH
Corporation, Bavarian Asia, Germany)” equipment for the differential scanning calorimeter
(DSC) experiment, in which the samples were heated to 700 °C at a rate of 10 °C/min under
a nitrogen atmosphere. The solidus and liquidus temperatures of the material are 591 °C
and 656 °C, respectively, which are obtained by the DSC curve, as shown in Figure 2a.
Through integrating the DSC curve, the variation in the solid fraction with temperature
can be obtained as presented in Figure 2b. As shown in Figure 2b, when the temperature
is higher than 630 °C, the solid fraction of 7075 aluminum alloy decreases fast, indicating
that the liquid fraction increases rapidly. This might cause liquid segregation in the SSFF
process, resulting in a reduction in the quality of the formed parts. It was reported that
semi-solid materials with a solid fraction higher than 60% are suggested for the SSFF
process, where the AGD is less than 100 um and the ASF is more than 0.6 [50,51]. Therefore,
the temperature is set to less than or equal to 630 °C in the semi-solid isothermal treatment
(SSIT) process in this study.
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Table 1. Chemical composition of the 7075 aluminum alloy.
Element Si Fe Cu Mn Mg Cr Zn Ti Al
wt.% 0.08 0.19 1.47 0.02 2.25 0.21 5.22 0.04 Bal.
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Figure 2. DSC and solid fraction curve of 7075 aluminum alloy.

The SSEF process of the connecting rod can be divided into three stages, as shown in
Figure 3. The first stage is the RFPD of the aluminum alloy bar. The working principle of
the RFPD is presented in Figure 3a. The rotary metal blank is fed along the axial direction.
At the same time, a high-frequency reciprocating forging for the metal blank is carried out
by four hammer dies distributed along the radial direction of the metal blank. In this stage,
the relative forging ratio (FR) can be adjusted by changing the diameter of the RF-deformed
stepped bar. The second stage is the IHT process. The RF-deformed blanks with different
FRs are located in the resistance heating furnace for IHT to prepare a semi-solid blank (SSB).
In this stage, the quality of SSB is influenced by three process parameters, including FR, ST,
and DT. The third stage is the forging-forming process of the connecting rods. The SSB with
the ideal microstructure prepared in the second stage is placed into the die cavity shown in
Figure 3¢, and then, the connecting rod’s parts can be formed when the forging process
is finished.

(a) Radial forging plastic deformation (b) Isothermal treatment (¢) Forging forming

Manipulator Feeding
ol o

>

Feeding B

Metal blank
Feeding Semi-solid blank

RF-deformed blank Upper die

=

Lowerdie = Semi-solid blank

Hammer die

Figure 3. SSFF scheme for the aluminum alloy connecting rod.
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2.2. Experimental Procedure of the SSFF Process for the Connecting Rod

The experimental press machine and SSFF die for the connecting rod are shown in
Figure 4. Table 2 shows the process parameters used in the test process. First, to obtain the
reasonable process parameters for the ideal SSB, as shown in Group I, the RF-deformed
blanks with different FRs are treated at 630 °C with a time of 9 min to analyze the effects
of FR on the microstructures. In this group, the 7075 aluminum alloy with a diameter of
90 mm is radially forged to obtain an RF-deformed stepped bar with diameters of 75 mm,
68 mm, 62 mm, and 45 mm for the FR of 30.56%, 42.91%, 52.54%, and 75%, respectively. The
qualities of the semi-solid blanks with different FRs are analyzed to identify the reasonable
FR. Then the RF-deformed blanks with the reasonable FRs are heated at the ST of 610 °C,
620 °C, and 630 °C. At each ST, the blank is treated for three different DTs of 3 min, 6 min,
and 9 min. Therefore, the influence of ST and DT on the microstructures can be obtained
through experiments in Groups II, III, and IV. Based on the results from experiments in
Groups L 11, III, and IV, the optimal parameters for SSB can be identified. Then, in Group
V, the AACR is produced by the forging forming of the ideal SSB. In Group VI, the RF-
deformed blank under the reasonable FR is heated with the ST of 590 °C and DT of 10 min,
which provides the material for the AACR production by forging forming. In both Groups
V and VI, the die temperature is 250 °C, while the forging speed is 10 mm/s. Groups V and
VI are designed to form the AACR by both SSFF and SFF tests for the comparison of their
quality, which aims to verify the advancement of the SSFF process for manufacturing the
connecting rod.

Press machine

Figure 4. The experimental press machine and SSFF die for the connecting rod.

Table 2. Process parameters for the SSFF of connecting rod in this work.

Group No. Items Forging Ratio Sustaining Temperature (°C) Duration Time (min)
I 30.56%, 42.91%, 52.54% and 75% 630 9
I THT process Reasonable FR 610 3,6,9
il P Reasonable FR 620 3,6,9
v Reasonable FR 630 3,6,9

~
~
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Table 2. Cont.
Group No. Items Forging Ratio Sustaining Temperature (°C) Duration Time (min)
SSFF Forming material Die temperature (°C) Forging Speed (mm/s)
and SFF Semi-solid billet prepared by IHT
\Y% process process with reasonable process 250 10
parameters
VI Billet prepared by isothermal 250 10

treatment with the 590 °C and 10 min

The quality of the semi-solid billet and the AACR is presented by the microstructure
and tensile property analysis. To investigate the effect of process parameters, such as
forging ratio, sustaining temperature, and duration time, on the microstructures of the
semi-solid blank, the samples are cut from the RF-deformed blank with different FRs. To
study the microstructure and tensile property of the AACR, samples are obtained from
the positions as shown in Figure 5 for the microstructure and tensile analysis. The sample
dimensions for the strength testing are shown in Figure 5b. A universal material testing
machine (Instron-5982) is used for the strength testing, and the tensile rate of this machine
is 1.25 mm/min. The microstructure samples are ground, polished, and etched for 90 s
in the hydrofluoric acid solution. The optical microscope (NIKON ECLIPSE LV 150N)
is adopted in the study to analyze the metallographic structure. The AGD and ASF of
the metallographic structure can be calculated by Equations (1) and (2), respectively. The
tensile property of the forming connecting rod is obtained by a material testing machine.

N /

AGD = EN=1VA4/T N4A/ T (1)
N 2

ASF = M )

N

where A is the effective area of one solid grain, P is the perimeter of one solid grain, and N
is the grain number.
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Figure 5. Microstructure and tensile sample position of the forming connecting rod.
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3. Results and Discussion
3.1. Effect of FR on the 7075 Aluminum Alloy Blank

Figure 6 shows the macro-morphology of an aluminum alloy blank deformed by the
RF process under varied values of FRs. As shown in Figure 6a, the RE-deformed 7075 alu-
minum alloy blank had four different diameters, indicating the FRs of 30.56%, 42.91%,
52.54%, and 75%, respectively. The value of the FR increases with the decrease in the diam-
eter, which represents an elevation in the strain energy stored in the RF-deformed blank,
when the diameter decreases under the RFPD process [52]. As presented in Figure 6b—e,
the RF-deformed blanks with different FRs had smooth surfaces without any defects, such
as surface cracks or pits, which indicated that the 7075 aluminum alloy with a diameter of
90 mm used in this work can be successfully deformed by the RFPD process, with an FR up
to 75%. Moreover, some characteristic lines (marked with a red A) can be obviously seen in
Figure 6b—e, which can be attributed to the deformed process of RFPD in this work. During
the RFPD process [53-55], the rotary 7075 aluminum blank is fed along the axial direction.
Meanwhile, a high-frequency reciprocating forging for the 7075 aluminum blank is carried
out by four hammer dies distributed along the radial direction of this blank. Therefore,
the characteristic lines appeared on the outer surface of the RF-deformed 7075 aluminum
alloy blank.

(a) The RF-deformed blank with different FR

e o e o o o o o o e

Figure 6. Effect of FR on the macro-morphology of the aluminum alloy blank.
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Figure 7 shows the effect of FR on the metallographic structure of the aluminum
alloy blank. The longitudinal and transverse sections of the metallographic structure for
the 7075 aluminum alloy are shown in Figure 7a,b, respectively. The directionality was
more obvious in the longitudinal microstructure of the 7075 aluminum alloy bar along the
extrusion direction, while the microstructure of the transverse section was more uniform.
The above phenomenon was mainly determined by the initial state of the microstructure for
the 7075 aluminum alloy blank. The 7075 aluminum alloy blank used in this work was in the
extruded state, which was formed by the hot-extrusion process. Therefore, the longitudinal
section microstructure of this blank might be distributed along the extrusion direction.
It was also shown that, despite the subsequent annealing treatment being performed for
this extruded blank, it was not possible to completely eliminate the deformed fibrous
microstructures obtained by the extrusion process.

“Fhe extrusion diréction
3 y ¥ - "

A————-
The RFPD direction The RFPD direction

Figure 7. Effect of FR on the microstructure of the aluminum alloy blank.

According to the principle of the RFPD process [54,56], the main deformation mode
in the RFPD process is radial reduction rather than torsion deformation. Therefore, the
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longitudinal section microstructure of the RE-deformed blank is more important for us to
investigate the effect of FR on the microstructures of the RF-deformed 7075 aluminum alloy
blank in this work. The microstructures shown in Figure 7c—f are the experimental results
corresponding to the longitudinal section microstructure of the RF-deformed blank with
different FRs shown in Figure 6b—e, respectively. Comparing Figure 7a,c, it can be seen that,
after applying RFPD with an FR of 30.56% to 7075 aluminum alloy blank, its microstruc-
ture changed significantly, where the fibrous microstructure distributed along the RFPD
direction. The densification degree of the fibrous microstructure in Figure 7c increased
significantly compared to Figure 7a. As shown in Figure 7d, the densification degree of
the fibrous microstructure further increased when the FR was 42.91%, but the difference
in densification degree for the fibrous microstructure was not obvious as the FR further
increased to 52.54% or 75%. It showed that, after the RFPD process of 7075 aluminum
alloy blank, the densification degree of its fibrous microstructure gradually increased with
increasing the FR, but the deformation degree tended to be stable when its FR exceeded
52.54%.

3.2. Effect of the Isothermal Process on the RF-Deformed Blank

The longitudinal section microstructures of the RF-deformed blank after SSIHT at
620 °C for 9 min are shown in Figure 8, in which the FRs of the RF-deformed blank are
30.56%, 42.91%, 52.54%, and 75.00%. Comparing Figures 7 and 8, it reveals that, after
the RF-deformed blank with different FRs was treated at the temperature of 620 °C for
9 min, its microstructure transformed from a fibrous deformation microstructure to a semi-
solid microstructure, where a uniform distribution of a large number of solid grains was
observed in the liquid phase. This was mainly because a large amount of strain energy
was accumulated in the aluminum alloy blank after the RFPD process. However, in the
subsequent IHT process, this accumulated strain energy was released, which promoted
grain recrystallization and growth. At the same time, the above phenomena also indicated
that the RFSIMA process including RFPD, and the followed IHT can be successfully used
to produce 7075 aluminum alloy SSB with fine and spherical microstructures.

Seolid grains

ol

Liquidf phase

Figure 8. Microstructure of the RF-deformed blank after SSIHT at 620 °C for 9 min.
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As shown in Figure 8a, when the FR was 30.56%, more solid grains can be observed,
but most of them were bonded together. This was because, at a low FR, relatively low
energy was accumulated in the material, which resulted in less liquid phase generated
during the IHT process. As the FR increased to 42.91%, the AGS in the microstructure was
42.64 pm with an ASF of 0.78. Thin liquid films can be seen in the microstructure, as shown
in Figure 8b, which effectively separated the solid grains. As presented in Figure 8c,d, the
thickness of the liquid film increased, and the distribution of the solid grain was more
uniform when the FR increased to 52.54% or 75%. Their AGSs were found to be 41.92 and
42.57 um, with ASFs of 0.80 and 0.81, respectively. According to the analysis results, it
can be seen that, when the FR increased from 42.91% to 75%, the thickness of the liquid
film in the microstructure enlarged, where no significant change in the grain size was
observed. However, the spheroidizing feature in the microstructure was improved when
the FR increased to 75%. This increase in the thickness of the liquid film and the grain
spheroidizing effect would contribute to the flowability improvement of the SSB during
the SSFM process. Hence, the FR of 75% was a reasonable process parameter for preparing
the 7075 aluminum alloy SSB in this work.

The microstructures of the RF-deformed blank with 75% FR after SSIHT at 610 °C
to 630 °C with different duration times are shown in Figure 9. As shown in Figure 9a,
the microstructure after IHT with the ST of 610 °C and the DT of 3 min changed slightly
compared with the microstructure with 75% FR shown in Figure 7f. The directionality in the
whole microstructure along the RFPD direction was obvious, which was mainly attributed
to the fact that the DT was too short for the generation of blank recrystallization. When the
duration time was extended to 6 min, a small number of recrystallized grains appeared,
which can be seen in Figure 9b. As presented in Figure 9c, when the DT was further
extended to 9 min, a large number of fine solid grains appeared in the microstructure,
but these grains were bonded together due to the low liquid fraction caused by the low
ST. As depicted in Figure 9d—f, when the ST increased to 620 °C, a large number of fine
recrystallized grains bonded together can be seen when the DT is 3 min. When the DT
extended to 6 min at an ST of 620 °C, more obvious fine solid grains, as well as liquid
films, can be seen. When the DT further increased to 9 min, the thickness of the liquid film
enlarged, which can effectively separate the solid grains, where fine, uniformly distributed
semi-solid spherical grains were obtained.

As shown in Figure 9g, when the ST increased to 630 °C, relatively small semi-solid
spherical grains can be seen when the DT is 3 min. At this condition, the liquid film
thickness and the grain dimension were basically the same as the microstructures in
Figure 9¢, where the ST was 620 °C and the DT was 6 min. However, some of the grains
were still bonded together due to the low liquid fraction resulting from the short duration
of time. When the duration time was extended to 6 min, the liquid fraction increased, and
the liquid film uniformly distributed around the solid grains, as illustrated in Figure 9h.
Moreover, the AGS was 41.48 um, and the ASF was 0.8, which was suitable for the SSFF
process. However, when the DT extended to 9 min, a large number of as-cast dendritic
crystals appeared near the solid grains, which is shown in Figure 9i. This generation of
dendritic crystals was because of a rapid quench of the liquid phase that resulted from
the melting of some solid grains with the prolonging of the DT at higher temperatures.
In addition, the grain size became larger, and its spheroidization degree deteriorated.
Although a large number of the liquid phases was produced under the action of high
ST and long DT, the liquid-phase distribution was not uniform, resulting in the large
solid grains gradually formed by the coarse solid grains that contacted each other [35,57].
Namely, the merging and growth phenomenon of solid grains took place in this condition.

Based on the analysis of the metallographic structure shown in Figures 8 and 9, the
influence of process parameters, such as forging ratio, sustaining temperature, and duration
time, on the microstructures of the semi-solid blank from Figures 8b—d and 9c,e-i can be
summarized in Table 3. Because the microstructures shown in Figures 8a and 9a,b,d are
not clear, thus, the AGSs and SFs of solid grains shown in Figures 8a and 9a,b,d are not
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calculated in this work. It can be concluded that the semi-solid microstructures shown in
Figures 8d and 9fh are more qualified. Therefore, the reasonable values of the operating
parameters for preparing a 7075 aluminum alloy SSB are FR of 75%, ST of 620 °C, and DT
of 9 min, or FR of 75%, ST of 630 °C, and DT of 6 min. Under these reasonable operating
parameters, the 7075 aluminum alloy SSB can be prepared with an AGS of 41.48~42.57 um
and an ASF of 0.80~0.81.

Temperature

3 min

2
.g
= £
1:
4 \O
Selid gram
610 °C
Figure 9. Microstructure of the RF-deformed blank with 75% FR after SSIHT: (a) 610 °C, 3 min,
(b) 610 °C, 6 min, (c) 610 °C, 9 min, (d) 620 °C, 3 min, (e) 620 °C, 6 min, (f) 620 °C, 9 min, (g) 630 °C,
3 min, (h) 630 °C, 6 min, (i) 630 °C, 9 min.
Table 3. Influence of process parameters on the AGS and ASF of the SSB.
. . Sustaining Duration Time .

Forging Ratio Temperature (°C) (min) Figure AGS (um) ASF
42.91% 620 9 Figure 8b 42.46 0.78
52.54% 620 9 Figure 8¢ 41.92 0.80

75% 620 9 Figure 8d/Figure 9f 42.57 0.81
75% 610 9 Figure 9¢ 15.26 0.62
75% 620 6 Figure 9e 26.56 0.67
75% 630 3 Figure 9g 25.54 0.72
75% 630 6 Figure 9h 41.48 0.8
75% 630 9 Figure 9i 56.12 0.76

3.3. Experimental Investigation on the Forming Process of Connecting Rod

The macro-morphology of the connecting rod produced by SSFF and SFF processes is
shown in Figure 10, in which three connecting rods are produced by SSFF and SFF processes
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with the reasonable operating parameters, respectively. When the process parameters were
set as the FR of 75%, ST of 590 °C, and DT of 6 min in the SFF process, the rod shaft and the
small end of the connecting rod can be fully formed, as shown in Figure 10a,c. However,
the big end of the connecting rod was not fully filled, which can be seen in Figure 10b.
This was mainly because of the poor fluidity of the solid material during the SFF process
resulting from the low sustaining temperature. Moreover, the big end of the connecting rod
required a higher fluidity for the forming material in the SSF or SSFF processes compared
with the rod shaft and the small end of the connecting rod. As shown in Figure 10d—f, the
semi-solid connecting rod formed by the SSFF process with the RF of 75%, ST of 630 °C,
and DT of 6 min exhibited a better shape profile compared to that from the SSF process.
The smooth surface was obtained for the connecting rod from the SSFF process with no
obvious crack, shrinkage, or any other defect. This indicated that the forming process for
7075 AACR is reasonable under the above process parameters, which in turn, verifies the
feasibility and reliability of the SSFF process for AACRs in this work.

7 (a) The connecting rod formed by SFF (d) The connecting rod formed by
at 590 °C SSFF at 630 °C

Rod shaft

(b) The big end of connecting rod (e) The big end of connecting rod
formed by SFF at 590 °C formed by SSFF at 630 °C

(c) The small end of connecting rod () The small end of connecting rod
formed by SFF at 590 °C - formed by SSFF at 630 °C

T T

Figure 10. Macro-morphology of the connecting rod.
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Microstructures at different positions of the connecting rod produced by the SFF and
SSFF process are shown in Figure 11a,b, showing the longitudinal section microstructure of
the sample in the rod shaft and the cross-section microstructure of the sample in the small
end of the connecting rod formed by the SFF process, respectively. It was revealed that
elongated shapes were observed in the grains in the longitudinal section microstructure
at the center position of the connecting-rod shaft. However, uniform and fine grains were
found in the cross-section microstructure at the position of the small end. It indicated
that the grains of the connecting rod transformed into fibrous microstructures during the
forging deformation in the SFF process. The longitudinal section microstructure of the rod
shaft for the connecting rod formed by the SSFF process is provided in Figure 11c while that
of the cross-section microstructure of the sample in the small end is shown in Figure 11d.
It can be seen that the solid grain sizes in the longitudinal cross-section microstructure at
the center position of the connecting-rod shaft and in the cross-section microstructure at
the small end of the connecting rod were relatively uniform and spherical compared to
that in Figure 11a,b. Moreover, no thick liquid film was observed between the solid grains.
The AGS of the microstructure at the center of the connecting-rod shaft was obtained as
42.46 um, with a shape factor of 0.68. The AGS of the microstructure at the small end of the
connecting rod was found to be 43.59 um, with a shape factor of 0.72. A comparison of the
key indexes of the microstructures between the connecting rods prepared from SSB and
SSFF in this work is provided in Table 4, which shows that the difference in grain size is
not obvious, while the spheroidization degree of the solid grain was significantly reduced
after the SSFF process. It indicated that the solid grain with the action of forging pressure
produced localized plastic deformation during the SSFF process of connecting the rod. It
also revealed that the deformation degree in the position of the connecting-rod shaft was
larger than that in the position of the small end of the connecting rod.

| (a) Sample from the connecting rod i (b) Sample from the connecting rod small- 1

| shaft formed by SFF at 590 °C | end formed by SFF at 590 °C |

(c) Sample from the connecting rod

shaft formed by SSFF at 630 °C

Figure 11. Microstructure of samples from different locations of the connecting rod.
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Table 4. Microstructure analysis of the experimental result of the SSB and the connecting rod.

Experimental Result AGS (um) SF
Semi-solid 7075 aluminum alloy billet 41.48~42.57 0.80~0.81
Connecting rod produced by SSFF process 42.46~43.59 0.68~0.72

The mechanical properties of the connecting rod produced by the SFF and SSFF process
are summarized in Table 5, in which the operating parameters are different. In the SFF
process, the process parameters were set as the FR of 75%, ST of 590 °C, and DT of 6 min.
In the SSFF process, the process parameters were set as the FR of 75%, ST of 630 °C, and
DT of 6 min. As shown in Table 5, the yield strength of the connecting rod produced by
the SFF process was 229.95 MPa, while that from the SSFF process was 338.18 MPa. It
means that the yield strength was improved by the SSFF process, with an improvement
ratio of 47.07%. It was also found that the tensile strength of the connecting rod produced
by the SFF process was obtained as 347.75 MPa, which was elevated to 420.40 MPa in
the connecting rod produced by the SSFF process. Therefore, the tensile strength of the
connecting rod was improved by the SSFF process, achieving an improvement ratio of
20.89%. The improvement of both the yield and tensile strengths can be attributed to the
decreased dimension and spheroidized shape in the solid grain for the connecting rod
produced by the SSFF process.

Table 5. Mechanical property of the connecting rod formed by SFF and SSFF process.

Mechanical The Connecting Rod Formed The Connecting Rod Formed Improvement Ratio
Property by the SFF Process by the SSFF Process P
Yield strength (MPa) 229.95 338.18 47.07%
Tensile strength (MPa) 347.75 420.40 20.89%

4. Conclusions

This paper proposed the SSFF process for the production of the connecting rod for a
HICE. It experimentally investigated the effect of the operating parameters on the quality
of the produced connecting rod. The main conclusions are provided below.

(1) The 7075 aluminum alloy with a diameter of 90 mm used in this work can be suc-
cessfully deformed by the RFPD process, with an FR of up to 75%. The FR of 75% is
identified as a reasonable process parameter for the SSFF process proposed;

(2) In terms of the preparation of the 7075 aluminum alloy SSB, reasonable process
parameters are obtained as two sets. One set is an FR of 75%, ST of 620 °C, and DT of
9 min. Another set is an FR of 75%, ST of 630 °C, and DT of 6 min. With reasonable
working parameters, the 7075 aluminum alloy SSB can be prepared with the AGS of
41.48~42.57 um and the ASF of 0.80~0.81;

(3) When the connecting rod is produced with an FR of 75%, ST of 590 °C, and DT of
6 min in the SFF process, the big end of the connecting rod is not fully filled, although
the rod shaft and the small end of the connecting rod can be fully formed;

(4) An improved shape profile is obtained for the AACR formed by the SSFF process
compared to that from the SFF process. The improvement ratios of yield strength and
tensile strength by the SSFF process are 47.07% and 20.89%, respectively.
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Abbreviations Full Names

A the area of the solid grain ( pm?)
AGD average grain dimension of the solid grains (um)
ASF average shape factor of solid grains
N number of solid grains
P perimeter of the solid grain (um)
HICE hydrogen internal combustion engine
SSFM semi-solid forming of metal
IHT isothermal heat treatment
SIMA strain-induced melt activation
ECAP equal-channel angular pressing
RUE repetitive upsetting extrusion
AACR aluminum alloy connecting rod
DT duration time (min)
FR forging ratio
RFPD radial forging plastic deformation
RF radial forging
ST sustaining temperature (°C)
IHT isothermal heat treatment
SSB semi-solid blank
RAP recrystallization and partial remelting
SFF solid forging forming
SSIT semi-solid isothermal treatment
RFESIMA Strain-induced melt activation
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