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Abstract. The forging processes of two typical complex parts were redesigned by using a strongly process-
correlated index (SPCI) to achieve better quality and high productivity. This approach involves extracting the
cross-sectional area of three-dimensional complex parts, characterizing the variation in this geometric feature
using fractal dimension analysis, and computing the volume ratio between the minimum circumscribing
cylindrical envelope of the forged part and the forged part itself. Six crankshaft variants were designed to further
demonstrate the effectiveness of the SPCI, the larger the SPCI value the poorer the forgeability. To decrease the
risk of crack defects on steering arm in T shape generated during the initial process, the forging process with
smaller SPCI is redesigned. As expected, a more uniform velocity distribution can be found in critical areas from
simulation results, and this will benefit to solve the problem of crack. For the four-cylinder crankshaft part, the
SPCI is relatively large because of the quite different shape of the counterbalances. A redesign of combined two
parts in one with a smaller SPCI was proposed and the forging process was double checked with simulation from
the aspects of forging defects and the capability of forging press. The redesigned crankshaft forging was forged
and two qualified crankshafts with required mechanical properties and dimensional accuracy were obtained in

one shot.

Keywords: Strongly process-correlated index / forged
process redesign

1 Introduction

The forging process, known for its advantages in enhancing
material ductility, reducing waste, improving product
performance, and increasing production efficiency, is now a
widely utilized and efficient metal-forming technique
within the manufacturing industry [1]. To promote the
green development of forging technology, efficient process
redesign or process optimization technology is needed to
improve the forging process, thereby reducing forging
defects and improving forging production efficiency.
Various factors such as tool temperature, slug geome-
try, press settings, process speed, lubrication, transporta-
tion time, and contact friction directly impact the forging
process [2]. Consequently, considerable efforts have been
devoted to optimizing process design to decrease forging
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parts / deformation degree / fractal dimension /

loads and minimize the risk of tool failure [3,4]. Since a trial-
and-error approach is unsuitable for developing high-
precision forging products due to significant development
costs and time incurred, numerical models including the
direct differentiation method [5], upper-bound methods
[6,7], slab method [8], and slip-line field method [9] have
been employed to analyze the forging process and design
parameters. However, simplified mathematical models
struggle to accurately depict the deformation process of
complex parts. Therefore, finite element (FE) analysis was
used to assist in the forging process design and parameter
determination of complex parts in current days. The hot
forging process of a spur bevel gear in magnesium alloy was
investigated by FE simulations combined with experiment
works [10]. With the aid of FE simulations, the forging
process of a high-pressure common rail in 304 stainless steel
was designed and introduced into mass production [11]. An
innovative tool concept for forming small to medium
batches of cost-competitive crankshafts was designed, and
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validated with test cases obtained from FE modeling and
experimentation [12]. The effect of variations in different
input parameters on the multi-stage hot forging process of a
shackle was studied in details by modeling of the entire
process with FE method [13,14].

What’s more, when combined with different algo-
rithms, the forging process was optimally designed based
on the FE method. During an optimization procedure,
which depends on the quality and cost requirements of the
part, a suitable objective function is selected. The goal is to
minimize the deformation energy [15], the number of
forming stages [16], the difference between the desired
shape and the final realized forged shape [17], the cost
[18,19], the unfilled area of the die [20], the variation in
hardness distribution [21], and the maximum strain rate to
avoid folding defect [22]. These simulations provide
detailed insights into material behavior under various
conditions of stress, temperature, and deformation,
thereby enabling the optimization of the forging process
[23]. However, the optimal design of the process depends
entirely on the accuracy of FE simulations, which are
influenced by the availability of sufficient data for different
boundary conditions.

Given the complexity of the forging process and the
multitude of influencing factors, it is essential to establish a
method for evaluating the complexity of a forging part
prior to process design. Kinzle and Spies initially proposed
a shape complexity factor based on the mass ratio of the
forged part to that of a simple prismatic or cylindrical
circumscribed shape [24], which allows for classifying most
forged parts into three categories. Teterin et al. further
advanced the concept by introducing a more practical and
calculable complexity factor, which incorporates the
perimeter and area of the forging’s axial cross-section,
the circumscribing cylinder’s radius, and the distance from
the symmetry axis to the center of gravity [25]. This factor
was used to inform preform design, where contacting nodes
on the preform are controlled based on results from
backward deformation simulations [26].

For axisymmetric parts, four dimensionless parameters
were introduced to evaluate the complexity of determining
the optimal number of preform stages [27]. Tomov,
focusing on rotationally symmetrical parts, evaluated
complexity by comparing the work required during forging
with that needed to forge an equivalent volume pancake,
but with a different height determined by maintaining
equal transformed volumes [28]. The need for a preform
stage can also be estimated by comparing the relative
deformation volumes of complex forgings to the logarith-
mic height strain observed during simple upsetting [29].
This approach was later expanded to non-rotational parts
[30]. However, in such cases, the complexity factor could
not be directly calculated.

In our previous work [31], the strongly process-
correlated index can well evaluate the difficulty of the
forging process and it was proved with several typical
experimental and industrial case studies in axisymmetric
forging parts. To extend the application, non-axisymmetric
forgings with complex three-dimensional shapes are
investigated in this work. The calculation method
for the SPCI of three-dimensional complex parts was

illustrated using crankshafts as an example, and the SPCI
was further discussed based on the forging simulation
results of crankshaft variants. The SPCI was used to
support the process redesign of two complex components.
For the T-shaped steering arm, the improved redesign
process could benefit to reduce the risk of cracking defects
in the initial forging process. For the forging of the
crankshaft, a two-part combined design with a smaller
SPCI was proposed to facilitate easier forming. The forging
process was then validated through both simulation and
physical testing. As a result, the manufacturing process for
these two complex forgings has become greener.

2 SPCI calculation for complex
three-dimensional parts

The SPCI integrates two critical dimensions for evaluating
forging complexity. First, adopting Kinzle and Spies’
volumetric approach [24], SPCI calculates the ratio of
circumscribing cylinder volume to forging volume. This
ratio directly quantifies deformation severity: higher values
indicate greater geometric complexity and more extensive
material deformation during forming. Second, SPCI
incorporates longitudinal cross-sectional area variation,
which characterizes volume distribution and reflects
required material transfer during forging — a parameter
intrinsically linked to work done in deformation processes
[28]. Increased fluctuation in this distribution corresponds
to heightened shape complexity, quantified through fractal
dimension analysis. The complete SPCI calculation follows
the structured workflow in Figure 1.

The volume occupancy ratio, V/ Vywas calculated for
the complex parts. Here, Vp represents the volume of the
forged part, and Vo denotes the volume of its minimum
circumscribing cylindrical envelope. The distribution curve
of the cross-sectional area along the longitudinal axis can
depict variation of geometry for a complex forged part like
crankshafts. By plotting the distribution curve of the cross-
sectional area along the diameter of the forging, the
geometric variations of the forging were effectively
illustrated. To quantify the degree of volatility in these
curves, the fractal dimension, a concept introduced by
Mandelbrot et al., was employed [32]. The differential box-
counting method, a straightforward mathematical tech-
nique, was used to calculate the fractal dimensions [33].

The fractal dimension of the distribution curve of the
circumferential cross-sectional area was calculated by the
differential box-counting method, noted as V.. The larger
the value of Vg, the greater the fluctuation in the
distribution curve, which implies that the shape of
the forging is more complex. The formula for calculating
the fractal dimension of the tested curve is as follows [34]:

(1)

Where V., is the fractal dimension of the cross-sectional
area distribution curve of the forged part, ¢ is the box size,
and N (¢) is the number of boxes at that size required to
fully cover the analyzed curve.
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Fig. 1. Procedure for strongly process-correlated index calculation.
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Fig. 2. Schematic diagram of counterbalances and crankshaft variants.

Under these conditions, the SPCI of three-dimensional
complex parts was defined as follows:

Ve

SPCT =V o v~ (2)

The crankshaft, a representative example of complex
parts, exhibits complexity in shape notably influenced by
the size of its counterbalance. Six crankshaft variants with
four counterbalances shown in the right of Figure 2 were
designed to further demonstrate the effectiveness of the
SPCI. For the specific dimension of the counterbalance, the
small one Type A is defined with a height of 34.1 mm and a
width of 39.6 mm, while the large one Type B is designed

with 47.3 mm in height and 49.6 mm in width, as detailed in
Figure 1. Four counterbalances with same thickness of
5mm were randomly positioned along a main bearing
(20mm in diameter and 150 mm in length).

As a result, the SPCI values of these six crankshaft
variants are obtained as 3.57, 5.28, 5.09, 5.04, 5.23, and
5.02, respectively. Therefore, the order of complexity
among the crankshaft variants can be determined as
follows: Vt1 < Vt6 < Vt4 < Vt3 < Vtb < Vt2.

To further evaluating the complexity, the forging
processes of the six crankshaft variants are simulated,
and the filling conditions, effective strain distribution,
and forging load are analyzed. In FE model, the material
TL1438 steel is selected from the material library, and the
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forging and die temperatures are set as 1150°C and
200°C, and the heat transfer coefficient and friction
factor at the die-workpiece interface is defined as
15kW/m?* K and 0.3, respectively [35,36]. To make it
comparable, a uniform flash with a thickness of 2 mm of
all the variants is set. The crankshaft variant was forged
directly form a cylindrical billet, and the simulation
results are presented in Figure 3.

The filling status of the forging die can be used as an
indicator of the difficulty of forging. The complex parts
are always difficult to be fully filled. As shown in
Figure 3a, the underfilling can be found on the Vt2
crankshaft variant, and the others were all well-formed.
The strain distribution can fully illustrate the deforma-
tion degree of forging parts. As depicted in Figure 3b, a
quite non-uniform strain distribution can be observed
because of the complex geometry of the crankshaft
variants. The strain distributed on the Vt1 is significantly
smaller than all the others, while the strain on Vt2 is
slightly larger than the other four variants. This also
shows that the SPCI can effectively capture the influence
of deformation degree. To further analyze the differences
between Vt3 to Vt6, the forging load-stroke curves are
extracted in Figure 3c. The forging load reaches
maximum in the end of the forging process. The

maximum of forging load of Vt3 to Vt6 are 11100,
10500, 13200, and 10200 kN, ranking as Vt6 < Vt4 < Vt3
< Vt5, consistently aligning with the order of the SPCI.

3 Process redesign of a T-shaped part

The steering knuckle arm is a key part for steering control
in vehicles [37], and it is always designed in a T-shape. In
mass production, on a typical T-shaped steering arm there
is cracking defects. To solve this problem, the initial forging
process need to be redesigned.

3.1 Defects of initial forging process

The specific shape and dimensions of the T-shaped steering
arm are depicted in Figure 4a. The cross-sectional area
along the longitudinal axis is present on Figure 4b, and the
maximum and minimum sectional areas of the T-shaped
arm are 7290 mm? at the straight hole end and 1577 mm? at
the conical hole end, respectively. The ratio of cross-
sectional area reaches 4.62, and this significant difference
will inevitably cause substantial volume transfer and non-
uniform material flow during the forging process. In the
initial forging process, a rod workpiece of 42CrMo steel
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forging.

with a diameter of 65.0 mm and a length of 412.0 mm was
heated to 1180 °C and forged under a 2500 T forging press.
Unfortunately, cracks appeared in the region identified in
Figure 4d after final heat treatment. After forging,
ultrasonic flaw detection revealed a defect rate exceeding
3.4%. When exacerbated during trimming, these minor
defects could serve as precursors to cracks during
subsequent heat treatments, potentially resulting in larger
cracks and rendering the forging products unusable.

3.2 Process redesign of the T-shaped part

The drop of the T-shaped steering arm is 65.25 mm,
which often leads to misalignment of the forging at the
flash line. A horizontal force caused by die misalignment
will be generated during the forging process, resulting in
an increasement of the eccentric die load and the non-
uniform material flow. Therefore, the processes with two
tryouts according to the concept of two pieces in one die
are redesigned, the opposite arrangement of tow forgings
can reduce the misalignment force, and the correspond-
ing forging dies involving with pre-forging and final
forging are shown in Figures 5b and 5c. In the redesigned
process I, the distance between the two pieces is 20 mm
and the fork feature is prolonged to connect the two
pieces in one forging, and there is a V-shaped splitting
structure in the middle of the pre-forging die. In the
redesigned process II, the distance between the two
pieces is 40 mm and the area in between is set as a flash
gutter.

According to the distribution curves of the cross-
sectional area shown in Figures 4b, 5d, and 5e, the SPCI of
the three different processes is determined to be 4.65, 4.35
and 5.05. Therefore, the redesigned process I can be
selected as an improved forging scheme of the T-shaped
steering arm.

3.3 Further analysis of improved redesign process

The forging processes of the redesigned and initial processes
were simulated. As shown in Figure 6a, there is no
underfilling and folding defects during the redesigned
forging process, and the pre-forging and final forging loads
were recorded as 2474 T and 3172 T, respectively. As
reported in previous work [38], a non-uniform velocity
distribution took place in the crack area, and the large
velocity difference led to the generation of additional
tensile stresses, and then resulted in crack formation.
Similarly, five representative points at 10mm intervals
across the cross-section of the critical area were selected.
The initial process exhibited an average velocity of
943.2mm/s and a significant velocity difference of
1104.7mm/s between points P1 and P5(See Fig. 6¢). This
velocity disparity was the primary cause of crack defects in
the fork area (See Fig. 4d). However, in the redesigned
process an average velocity of 340.6 mm/s and a smaller
velocity difference of 304.6mm/s can be found (See
Fig. 6b), and this more uniform material flow in the
critical area could benefit to reduce the risk of cracks in the
T-shaped forgings.
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of the redesigned process II.

In this case, the forging process for the T-shaped
steering arm was redesigned using the SPCI. The
redesigned process successfully addressed the crack
defects present in the initial process, increasing the
qualification rate of the forging parts. Additionally,
the material utilization rate improved from 79.4% to
84.1%, achieving resource savings and enhancing energy
efficiency.

4 Process design of complex crankshaft

Crankshafts are among the most critically loaded compo-
nents in internal combustion engines, requiring superior
mechanical properties [39]. Currently, the production of
crankshafts predominantly employs open-die forging
[40-42]. In this section, the SPCI for a four-cylinder
crankshaft was found to be relatively high due to the distinct
shape of its counterbalances. A two-part combined design
with a smaller SPCI was then proposed, and the forging
process was validated through simulation to check for
potential forging defects and to assess the press capacity
requirements.

4.1 Forging design considering the SPCI

As shown in Figure 7a, the key dimensions of the
crankshaft in the three directions of length, width and
height are 407.7 mm, 138.3 mm and 153.8 mm, respectively.
Its cross-sectional area varies from 2291 mm?® to

10978 mm?, a difference of 4.8 times. The main chemical
composition of its material is: C-0.40, Si-0.62, Mn-1.42,
Cr-0.20, V-0.12, S-0.055, P-0.015, Al-0.017, N-0.015, the
balance Fe (wt.%).

A large value of its SPCI is determined as 7.05 because
of the quite different shape of the counterbalances.
A redesign of combined two parts in one with a smaller
SPCI of 6.62 is carried out. Additionally, damping grooves
were added on the side of the die to prevent material
overflow [38], as illustrated in Figure 7b. A flash thickness
of 4 mm was set empirically. The forging process is double
checked with simulation from the aspects of forging defects
and the capability of forging press. To analyze this forging
process, a simulation involving a round bar billet with a
diameter of 95.5mm and a length of 820.0mm was
conducted. The billet was heated to 1230°C, and the
forging dies were preheated to 250°C. The heat transfer
coefficient and friction factor at the die-workpiece interface
were defined as 15 kW/m”K and 0.3, respectively.

4.2 Forging process analysis with simulation

As shown in Figure 8a, the temperature of the main body of
the crankshaft part ranges from 1000 °C to 1150 °C after final
forging, this relatively higher temperature distribution at
this moment provides good temperature conditions for
subsequent control cooling using the residual heat. As
illustrated in Figure 8b, the large strain distributes at the
flash area as expected because the main deformation already



M. Cao et al.: Manufacturing Rev. 12, 21 (2025)

35000 Velocity - ‘L'otal vel (mm/ser)
. — Preforging 000 "
I (d) Final forging (b)
30000 | 06,
&
25000 333
Z 0.00 I
=4 20000 0.783 Min
- 2690 Mux
g
] 15[)00 - Yelocity - Total vel {mm/scc)
(C) 0 l
10000 - -~
™
5000 1000
0 1 0.00 l
0 50 100 150 200 e
Stroke /mm

Fig. 6. (a) Stroke-load curve of improved process, (b) velocity distribution at the cross-section of improved process, and (c¢) velocity

distribution at the cross-section of initial process.

£REL
i

(b)

| "

Upper die T&

W

L
Damping oo

Fig. 7. (a) Structure diagram, and (b) two pieces in one die of the crankshaft.

occurs in the pre-forging stage, and the maximum strain
reaches 3.6. What’s more, the non-uniform metal flow results
in folding at the flash edges indicated by the red circle on
Figure 8b. However, these folding defects can be trimmed
with the flash subsequently. With the help of damping
grooves, the forging part of the crankshaft is fully filled as
observed with the die contact status in Figure 8c. The
predicted forging loads for the pre-forging and final forging
were 4580 T and 5220 T, respectively, indicating that
production can be carried out using the existing equipment.

The forging dies were designed, manufactured, and
installed on a set of die bases, and the same-sized billet used
in the finite element simulation was employed. The billet
was heated up to 1230 °C by a medium frequency induction
furnace, and the forging dies were pre-heated to 250 °C with
an embedded die-heating system. The forging process was
carried out on a 6300-ton crank press using a water-based

graphite lubricating system, and the forging loads of the
pre-forging and final forging were recorded as 4800 T and
5500 T from the sensor integrated in the forging press,
respectively. The forged part depicted in Figure 8d without
forging defects like folding and underfilling is formed,
demonstrating the effectiveness of the process design. After
forging, the flash trimming process was performed a next
press with a capability of 800 T.

4.3 Forging performance testing as required

After flash trimming, the crankshaft forgings were
vertically suspended for air cooling due to the character-
istics of non-quenched and tempered steel [43]. After
control cooling, the crankshaft forgings were cut into two
pieces, and then were sent to shot blasting to remove
surface oxide scale. To control the quality of the forgings,
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magnetic particle inspection was performed. The testing
results showed that there were no surface defects on the
forged parts, as depicted in Figure 9a. The dimensions of
the crankshaft part were assessed using a measuring tool
depicted in Figure 9b for a quick check. No underfilling was
observed, and crankshaft forgings with qualified dimen-
sional accuracy were obtained.

Furthermore, mechanical properties and micro-grain
characteristics were evaluated according to experimental
specifications. Specimens for tensile testing and micro-
structure analysis were extracted from multiple crankshaft
forging zones, as documented in Figure 9c. Microstructural
examination employed optical microscopy on mirror-
polished specimens etched with 4% nitric acid, with grain
size quantified through digital image processing. Tensile
tests utilized an Instron 6800 series universal testing
system at room temperature under constant 5mm/min
crosshead displacement control, with corresponding stress-
strain curves presented in Figure 10.

The technical requirements for crankshaft include a
yield strength higher than 580 MPa, a tensile strength
higher than 850 MPa, an elongation greater than 12%, and
a reduction of area greater than 25%. The average yield
strength of the five samples was 615 MPa, the tensile
strength was 915 MPa, and the elongation was 15%, with a
reduction of area of 34%. The microstructure after control
cooling was pearlite and ferrite, as depicted in Figure 11.
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Fig. 10. Tensile stress-strain curves for the five specimens.

The microstructure indicated that the grain size grades of
the core and surface area were all between grade 4.0 and
grade 5.0, and no mixed crystal or coarse grains were
observed.
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In summary, to reduce the forging difficulty of a four-
cylinder crankshaft, a two-part combined design was
proposed by decreasing the SPCI from 7.05 to 6.62. The
proposed process was carried out and qualified forgings with
required dimension accuracy, mechanical properties in
macro side and grain grade in microstructure were achieved.
As for complex crankshafts, the forging design with smaller
value of SPCI could benefit the successfully forging in
practice. Additionally, the two-part combined design
improved material utilization and production efficiency.

From the two industrial cases discussed above, the SPCI
provides a quantitative quick tool to support the design
selection for the forging process improvement or optimiza-
tion. This rapid judge tool improves the efficiency of the
forging process, especially for the complex three-dimensional
components. In the next step, the application of SPCI to
optimize of forging processes will be further investigated,
potentially reducing or even replacing finite element
simulations, thereby advancing intelligent manufacturing
technologies for green forging of complex components.

5 Conclusions

— To evaluate the difficult of complex forging parts, the
SPCI (strongly process-correlated index) was calculated
following the definition in previous work. Different from
axisymmetric forgings, the volume ratio is used to
substitute the area ratio, and the cross-sectional area
along the longitudinal axis is replaced by that along the
diameter. Six crankshaft variants were designed to
further demonstrate the effectiveness of the SPCI.
A larger SPCI value corresponds to poorer forgeability.

— To address the crack defects observed in the T-shaped
steering arm during the initial forging process, a
redesigned forging process with a smaller SPCI was
implemented. Comparative simulation results indicate
that the redesign reduces the risk of cracks by promoting
a more uniform velocity distribution in critical areas.

— For the four-cylinder crankshaft, a high SPCI value of
7.05 was determined due to the distinct shape of the
counterbalances. A two-part combined design with a

lower SPCI of 6.62 was subsequently developed, and the
forging process was verified through simulations to assess
potential forging defects and the capability of the press.
The redesigned crankshaft was ultimately forged on a
6300-ton crank press, yielding two crankshafts in a single
step that met the required mechanical properties and
dimensional accuracy.

— From the perspective of application, two aspects of this
study warrant careful consideration in the future:
additional industrial case studies are necessary to
validate the effectiveness of the SPCI, given the
complexities of real-world forging processes. An optimi-
zation approach or tool utilizing the SPCI, which may
also incorporate additional optimization objectives, will
be developed to facilitate the rapid optimization of
forging processes.
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