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Abstract: In this study, we propose a systematic process design method using a convolutional
neural network (CNN) for the uniform strain distribution of a Ti-6242 impeller during forging. A
convolutional neural network (CNN) is a machine learning algorithm optimized for processing
grid-like data, such as images, by identifying patterns within the data. To achieve the design goal
with a simple process, we propose a methodological process in which the initial billet passes through
three steps: upsetting, preform forging, and target impeller forging. We used the CNN model in
the upsetting and preforming steps to enable our proposed design method to be applied to various
impeller shapes. We trained a CNN model with two different types of datasets: one to derive the
preform shape suitable for the target impeller forging and another to determine the shape of the
initial billet that was upset for impeller preform forging. The proposed forging process resulted
in a reduction in the mean strain, strain standard deviation, and maximum strain by up to 38.6%,
52.5%, and 59.7%, respectively, compared with the impeller forging processes proposed in previous
studies. Consequently, the strain of the forged product was been homogenized, thereby reducing the
possibility of defects. This process design method can be used in fields such as aerospace that require
high-quality forging.

Keywords: Ti-6242; impeller forging; convolutional neural network (CNN); uniform strain distribution;
preform design; hot deformation

1. Introduction

Ti-6242 is known to have excellent mechanical strength, stability, and creep resistance
at high temperatures [1,2]. Because of this, Ti-6242 is widely used in various fields, such as
aerospace, medical equipment, nuclear power plants, and automobile structures. Ti-6242 is
widely used as a material for parts that require high strength and durability [3]. Complex-
shaped parts, such as impellers, have mechanical properties, such as high strength, that
make it difficult to process the parts, leading to problems such as uneven blade thickness
and narrow spaces between blades [4].

Several studies have been conducted to overcome the irregularity of Ti-6242 in the
forging process and achieve a high final quality. Hu and Dean [5] investigated the hot die
forging of 6Al-4V Ti alloys and demonstrated several boundary conditions to achieve blade
forging. Zhou and Zeng [6] presented a new beta forging process and confirmed that when
a titanium alloy was heated at about 15 ◦C under beta transus, its composite properties
could be improved. Prasad [7] proposed a new method to model the material behavior of
titanium alloys during thermal deformation. Since the above studies have concentrated on
specific conditions and shapes, there is a limitation that these results are difficult to apply
when Ti-6242 is forged into various shapes.

To overcome these limitations, several studies have been performed on forging a
wider range of shapes by designing preform shapes during the forging process. Previ-
ous preform design processes have generally been performed directly by engineers after
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trial and error with experimental data [8]. Therefore, the design variables of the preform
have had the disadvantage of being derived from the engineers’ previous experience. To
address this, Yu and Dean [9] considered the die charging problem addressed in previ-
ous work, the derived preform design equation, and the automated design process in
axisymmetric forging. Bruchanov and Rebleski [10] designed experimental, data-based
equations for designing axisymmetric forging, especially the height and corner radius of
the preform. In addition, a method for designing a preform for target geometry through
simulation-based sensitivity analysis (SA) has been proposed [11–13]. In addition, some
knowledge-based systems [14,15], professional systems [16,17], and backward tracking
approaches (BTAs) [18–20] have been proposed to automate the preform design process
in axisymmetric forging. However, the proposed methods are still limited in application
because they are limited to shapes that can be analyzed via design variables.

Evolutionary structural optimization (ESO) was introduced to eliminate components
that did not satisfy the forging process design criteria during pre-design, to address the
limitations of shapes available for preform design [21–23]. However, ESO is user-dependent;
a method of using an artificial neural network (ANN) to address user dependence and
improve efficiency has been introduced in some studies. Roy et al. [24] used an ANN to
automatically derive the preform design by connecting the forged product and the preform.
Nevertheless, ANN was unable to create an appropriate preform shape due to the definition
of weights defined as one-to-one connections. Therefore, a preform shape deduction using
a convolutional neural network (CNN) has been presented to address the limitations of
weights over one-to-one connections [25,26]. CNNs construct several kernels and weight
arrays and perform convolutional operations by searching for geometric features in the
input array [27].

In previous studies, two methods have been used to forge the impeller; these are
forging the billet directly into the target impeller [28,29] and processing the billet in two
steps: the process of preform forging and forging the impeller to improve the quality
of the forging. The method of forging the impeller in two steps involves designing the
preform shape on the basis of the repeated finite element method [30,31], experience [28], or
methods like upsetting [32] and then forging the impeller. Since these methods concentrate
on a specific shape, the consumption of material and time occurs. To address this issue,
other approaches [33], including utilizing a CNN, can be employed [25]. However, this
method focuses only on the design of the preform shape for the target impeller and does
not provide a method for processing the billet for preforming. This method was studied
using AISI 1060 material and may result in reduced product durability and defects due to
concentrated strain in the forging of other complex shapes using materials that are difficult
to form, such as Ti-6242 [34].

We designed an initial billet that underwent three steps—upsetting, preform forging,
and target impeller forging—aiming to achieve uniform strain distribution in the forged
product. To systematically design this process, we utilized a CNN to train the model on the
basis of the strain distribution after each forging step, thereby enabling the derivation of an
appropriate preform shape that could homogenize the strain distribution throughout the
forging process. Three different impeller shapes, which had not been previously trained
in the CNN model, were employed to validate the effectiveness of the proposed method.
The efficacy of our proposed forging process design was evaluated by comparing both
the strain distribution during the process and in the final product with those observed in
existing studies.

2. Theoretical Background for Designing New Forging Process

Conventional design approaches to impeller forging of titanium alloys include direct
forging of the billet into an impeller [28,29] or designing a preform prior to impeller forging
to develop the quality of the forged product. The conventional preform design approach
for impeller forging typically involves an iterative process based on finite element analysis
or experimentation for a specific impeller. In the conventional forging process, a preform is
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first designed, followed by the sequential steps of billet preform forging and target impeller
forging [30,32,35]. This method is defined as Method I in this study. However, in the case
of Method I, material and time consumption may occur due to the iterative process, and to
overcome this, a design method based on CNN can be used to design preforms [25]. This
method is defined as Method II in this study. Method II has been studied for materials
such as AISI 1060, which is relatively easier to process than Ti-6242, and shapes that are
easier than an impeller to process, such as h-shapes. To assess the effects of Method I
and Method II on various impeller shapes based on Ti-6242, the results of forging were
compared in terms of maximum strain, average strain, and strain standard deviation, using
three different target impeller shapes, denoted as Figure 1a–c, respectively, as investigated
in [30,32,35]. In this study, we defined the three target impeller geometries shown in
Figure 1a–c as Target Impeller I, Target Impeller II, and Target Impeller III, respectively.
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Figure 1. Target impeller shapes studied by: (a) Prabhu [32]; (b) Lee et al. [30]; (c) Gunasekera [35].
From left to right, the shapes were defined as Target Impeller I, Target Impeller II, and Target Impeller
III, respectively.

The results of applying Method I and Method II to each shape are shown in Figure 2.
For all three shapes, both the maximum strain and the average strain were lower for
Method II, indicating that the concentration of strain in the regions where the CNN was
applied was reduced, resulting in overall lower strain. However, the standard deviation
was higher for Target Impeller I [32] and Target Impeller II [30] when using Method II,
suggesting that Method I could achieve better results in terms of strain uniformity. Both
methods show results where the maximum strain is always greater than 3, which can act as
a factor causing cracks in Ti-6242 material [36]. The concentration of strain can increase
internal stress, leading to reduced fatigue life due to stress concentration [37]. In particular,
components exposed to situations with high strain and stress concentration, such as gas
turbine impellers, may result in defects caused by microcrack formation [38]. The results
of applying each method to the impeller shapes are shown in Figure 2d in terms of strain
range (∆ε). Strain range is observed to be greater than 1.2 for all impeller designs, which
could lead to the occurrence of low cycle fatigue in Ti-6242 material [39,40].

Therefore, in this study, a three-step forging process of upsetting preform forging—
target impeller forging was designed to reduce the possibility of defect in the impeller by
decreasing the maximum strain and homogenizing the strain, although the process cost
increases. For efficient design of impeller shapes in each step, CNN-based shape learning
was conducted to reduce the design time via trial-and-error. The detailed CNN training
procedure is described in Section 3.2.
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3. Improved Forging Process Design Method
3.1. Overall Process Design

In this study, an additional upsetting process was introduced to the initial billet before
the preforming step. CNN model with a structure similar to Figure 3 was utilized to derive
appropriate upsetting stroke for the preform shape. The CNN model was applied based
on previous studies on preform design [41–43] for impeller-forging process. The model is
based on the U-net structure [44] and comprises three input images: the final forged shape
(x1), the preform shape obtained through preforming (x2), and the strain distribution after
forging (x3). The output image is the preform shape (y) for the beginning of the forging
process. When predicting the preform shape for a specific forging product, the shapes of
x1 and x2 are inputted the same to prevent underfill defects. Additionally, a zero tensor is
inputted to x3 to aim for uniform strain distribution [25].

The overall design process of the forging process is shown in Figure 4. The entire
forging process consists of three steps: upsetting, preform forging, and target impeller
forging. Two CNN models based on the structure of Figure 3 were used in this study. One
was defined as Model I, which was trained to learn the shape of the upsetting billets as
output given the preform shape as input. The other, Model II, was trained to learn the
shape of the preform as output given the target impeller shape as input. Using the trained
data, Model II can deduce the appropriate preform shape when the target impeller shape
is given as input. Subsequently, Model I can deduce the appropriate upset shape when
the deduced preform is given as input. Since the upset shape is typically different from
the shape obtained by simply upsetting the billet, we proposed upsetting stroke design
guidelines to determine the appropriate upsetting stroke. The details of the upsetting stroke
design guidelines are described in Section 3.3. After determining the upsetting stroke,
the initial billet is upset and forged into a preform. Finally, the target impeller forging is
performed, completing the forging process.
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Figure 4. Schematic of impeller-forging process design. In this research, two separate CNN models
are utilized to predict the preform shape of the workpiece before the forging process, as per the
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3.2. CNN Training Method

Finite Element Method (FEM) simulation was performed to construct training data for
the CNN models in Figure 4. For the simulation, the commercial FEM software, DEFORM
2D version 11.0 from SFTC (Scientific Forming Technologies Corporation, Columbus, OH,
USA), was utilized.

The workpiece initial temperature was set to 900 ◦C for the Ti-6242 material, and the
material properties were based on the DEFORM database. The two dies were considered
as rigid bodies, with the top die speed maintained at 250 mm/s and a temperature of
250 ◦C. The initial temperature of the workpiece was set to 900 ◦C, and a constant Coulomb
friction coefficient of 0.35 [45] was implemented for the friction between the dies. The
learning influence due to friction and temperature is described in Section 4.4. Von Mises
yield criterion and isotropic hardening were applied to the material during deformation.
A heat transfer coefficient of 3000 W/

(
m2·K

)
[46] was applied for heat transfer between

the workpiece and dies during forging simulation. Three axisymmetric impeller shapes, as
shown in Figure 5, were designed for CNN training to provide sufficient training data. All
fillet radii were fixed at 5 mm, and the inclination angle was set to 3◦.
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Figure 5. Impeller design used for CNN model training: (a) Impeller design I; (b) Impeller design II;
(c) Impeller design III. We used 3 different designs for constructing training data.

To construct Model I and Model II, training data for the preform shape should be
prepared first. To this end, we conducted upsetting on billets with a volume error of 5% or
less, as summarized in Table 1 for each impeller design in Figure 5, with a 5 mm interval.
Then, using the impeller design as an input image and the upset billet shape as an output
image, we trained the model shown in Figure 3. Subsequently, we obtained five preform
shapes for each impeller design in Figure 5 by inputting impeller designs as test inputs, as
shown in Figure 6.

Table 1. Billet size and upsetting stroke of each impeller design.

Radius [mm] Height [mm] Upsetting Stroke [mm]

Impeller design I 98.55 295.65 0–115
Impeller design II 83.70 251.10 0–100
Impeller design III 106.30 318.90 0–110
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Figure 6. Preform obtained for each impeller designs: (a) Impeller design I; (b) Impeller design II;
(c) Impeller design III. Five preform shapes were obtained for each of the impeller designs.

In order to design the forging process in Figure 4, the training data were organized
as shown in Table 2. There are three types of training data: upset billets, preforms, and
impellers, which are organized for each impeller design in Figure 5. In this study, we
defined the three sets of training data created for each impeller design as a single training
set, and we organized Training set I, Training set II, and Training set III for each of the
three impeller designs, respectively.

Table 2. The number of input and output image for each training set.

Input Number of
Input Image Output Number of

Output Image

Model I
Training set I

Preform
5

Upset billet
24

Training set II 5 21
Training set III 5 23

Model II
Training set I

Impeller
1

Preform
5

Training set II 1 5
Training set III 1 5

3.3. Upsetting Stroke Design Guideline

Through deduction using the training sets constructed as shown in Table 2, the upset
shape for preform forging is derived. However, the derived shape is generally different
from the shape of the billet after upsetting. Therefore, we proposed an upsetting stroke
design guideline that can determine the upsetting stroke. First, the maximum diameter (L1)
of the upset shape obtained through the deduction process shown in Figure 4 is measured.
Next, the maximum diameter (L2) of the shape obtained by upsetting the initial billet
with the upsetting stroke x is measured. If L1 and L2 are equal, x is determined as the
appropriate upsetting stroke, and the initial billet is upset by the determined stroke x in the
forging process.

4. Result and Discussion
4.1. Preform Designs from Deduction

Using the proposed process design method, preform shape and upset shape were
deduced as shown in Figure 4 prior to confirming the final forging results. We performed
deductions for Target impellers I, II, and III depicted in Figure 1, and the results are shown
in Figure 7. We used NSM former v1.0, which is preform deduction GUI, for deducing
preform for target impellers.
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Figure 7. Preform and upset shape after deduction for (a) Target impeller I; (b) Target impeller II;
(c) Target impeller III.

After applying the deduction to all three shapes, the preform shape was found to
closely resemble the shape of each target impeller, while the upset shape was predicted to
resemble the geometry caused by barreling effect that appeared after the billet was upset.
This difference is particularly noticeable in Figure 7b, where the preform shape exhibits
a protrusion that is similar to the lower part of the target impeller, while the upset shape
exhibits a shape that is relatively similar to the barrel shape in the middle section rather
than the lower section. Additionally, the maximum height H decreases when impeller
is deduced, but increases when the preform is deduced. This can be interpreted as the
height increasing to compensate for the decrease in volume due to the diminish of the
maximum diameter L, which is predicted to approximate the shape of the billet after it is
upset. Moreover, it can be observed that the angle at which the slope occurs in the upset
shape, which resembles a cylinder with barreling, tends to decrease compared to that in the
preform shape. Based on the upset shape obtained through deduction, the upsetting stroke
design guideline presented in Section 3.3 is applied.

4.2. Validation of Upsetting Stroke Design Guideline

To validate the proposed upsetting stroke design guideline, we applied the guideline
to the upset shapes in Figure 7. Applying the guideline to Target impeller I yielded an ap-
propriate upsetting stroke of 120 mm, and the results of the stroke-by-stroke comparison are
shown in Figure 8a. For Target impeller II, an appropriate upsetting stroke of 100 mm was
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determined, and the results of the stroke-by-stroke comparison, as described in Section 3.2,
are shown in Figure 8b. Finally, for Target impeller III, an appropriate upsetting stroke of
90 mm was determined, and the results of the stroke-by-stroke comparison are shown in
Figure 8c.
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Figure 8. Variation of effective strain average and standard deviation for case of impeller shapes
studied in: (a) Target impeller I; (b) Target impeller II; (c) Target impeller III. In all three cases, forging
using the upsetting stroke suggested by the design guideline yielded in the lowest average strain and
standard deviation.

The forging results of all three target impellers showed that when upsetting was
performed with the stroke determined by the upsetting stroke design guideline, the average
strain and standard deviation of the strain were lower than those of other strokes without
the guideline. This confirmed that applying the design guideline for the upsetting stroke is
effective in achieving uniform distribution of strain in the forged product.

4.3. Validation of Improved Forging Process Design Method

To verify the effectiveness of the suggested method, a comparison was made with
Method I and II. Firstly, the comparison was conducted using Target impeller I geometry.
The initial billet was upset using the appropriate upsetting stroke derived from Section 3.2,
followed by preform forging and final forging to obtain the target impeller as demonstrated
in Figure 9a. The two-step forging results using Method I and Method II are shown in
Figure 8b,c, respectively. It was found that the proposed method produced a more uniform
strain distribution in the target impeller, as evidenced by a 17.5% reduction in mean strain,
a 46.4% reduction in strain standard deviation, and a 59.7% reduction in maximum strain
compared to Method I. Compared to Method II, the proposed method showed a 0.8%
reduction in mean strain, a 52.5% reduction in strain standard deviation, and a 54.9%
reduction in maximum strain.

Subsequently, the forging results were compared using Target impeller II geometry.
When the appropriate upsetting stroke of 100 mm was used to derive the forging results,
the forging of the target impeller using the method proposed in this study is shown in
Figure 10a. The results of the two-step forging are shown in Figure 10b when Method I
was used, and Figure 10c when Method II was used. When the proposed method was used
for forging, it was confirmed that the average strain rate of the target impeller decreased by
15.2% and the standard deviation of strain rate decreased by 45.7% compared to Method I.
In addition, the maximum strain rate was also confirmed to have decreased by 40.7%. When
the proposed method was compared with Method II, the average strain rate decreased by
18.4%, the standard deviation of the strain rate decreased by 44.1%, and the maximum
strain rate decreased by 27.6%.
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Finally, the forging results were compared using the geometry of Target impeller III.
When using the same method as in the previous cases, the forging results after 90 mm
upsetting using the proposed method in this study for the target impeller are shown in
Figure 11a. The forging results are shown in two steps in Figure 11b when using Method I
and Figure 11c when using Method II. When the proposed method was used for forging,
it was found that the mean strain decreased by 38.6% and the strain’s standard deviation
decreased by 48.9% compared to Method I. It was also confirmed that the maximum strain
decreased by 45.7%. When the proposed method was compared with Method II, the mean
strain decreased by 29.5%, the strain’s standard deviation decreased by 48.9%, and the
maximum strain decreased by 35.3%.

In all three impeller designs, it was observed that the proposed design method in this
study reduced the maximum strain, mean strain, and strain standard deviation, thereby
alleviating strain concentration. As shown in Figure 12, the proposed forging process also
reduced the strain range compared to Method I and II. However, the strain range still
did not meet the required level of 1.2, as stipulated in previous studies [39,40]. Therefore,
to meet this requirement, it is necessary to reduce the maximum strain by decreasing it
below the minimum strain value that does not result in significant changes in strain values
for each method. Consequently, future model modifications should focus not only on
achieving uniform strain distribution but also on reducing the maximum strain.
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Figure 12. Strain range of applying Method I, II, and proposed method to Impeller I, II, and III. While
the proposed forging process reduced the strain range for each impeller design, a model modification
that reduces the maximum strain is necessary to meet the level required for defect prevention.

4.4. Discussion for Friction and Initial Temperature Effect

In Section 3.2, the initial temperature was fixed at 900 ◦C and the value of 0.35 was
assigned to the friction coefficient when creating the training data. However, since the
temperature and friction during forging can affect the shape of the preform, which is an
important factor in determining the strain result of the CNN model, simulations were
conducted to examine how temperature and friction effects on the strain results. The
temperature and friction were tested in the range of 850–1000 ◦C and 0.1–0.3 friction
coefficient, respectively [47]. The effect of temperature was investigated by fixing the
friction coefficient to 0.3, and the effect of friction was investigated by fixing the temperature
at 900 ◦C. Training set II in Table 2 was reorganized and given different temperature and
friction conditions than the training data, and a comparison was made for Impeller design
II in Figure 5.

Reorganized Training set II was trained and the upset shape for Impeller design II
was deduced using the process in Figure 4. The results are presented in Figures 13 and 14.
Figure 13 shows the results after setting the friction coefficient to 0.3 and changing the
initial temperature to 850 ◦C, 900 ◦C, and 1000 ◦C, while Figure 14 shows the results after
fixing the initial temperature at 900 ◦C and changing the friction coefficients to 0.1, 0.2,
and 0.3.
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Figure 13. Upset shapes of Impeller design II after deduction according to temperature changes, with
friction coefficients set to 0.3; (a) T = 850 ◦C; (b) T = 900 ◦C; (c) T = 1000 ◦C. As the initial temperature
increases, the angle θ2 tends to decrease, but the maximum height H, angle θ1 and the maximum
radial distance L do not show consistent increases or decreases with increasing initial temperature.
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Figure 14. Upset shapes of Impeller design II after deduction according to friction coefficient changes,
with temperatures set to 900 ◦C; (a) µ = 0.1; (b) µ = 0.2; (c) µ = 0.3. As the friction coefficient increases,
the slope angles, θ1 and θ2, tend to decrease, but the maximum height H and the maximum radial
distance L do not consistently show an increase or decrease with an increase in the friction coefficient.

When the initial temperature was varied as shown in Figure 13, the maximum height
H did not change when the initial temperature was increased from 850 ◦C to 900 ◦C, but
decreased by 3% when it was increased to 1000 ◦C. The maximum radial distance L did not
change when the initial temperature was increased from 850 ◦C to 900 ◦C, but increased
by 3% when it was increased to 1000 ◦C. Additionally, the maximum angles, θ1 and θ2,
decreased by 49% and 8%, respectively, when the temperature was changed from 850 ◦C to
900 ◦C, but showed an increasing trend of 69% and a decreasing trend of 11%, respectively,
when the temperature was changed from 900 ◦C to 1000 ◦C. Consequently, an inverse
correlation was observed between the temperature and the maximum height H, as well
as angle θ2, which means that the increase in temperature resulted in a decrease in both
the maximum height H and angle θ2. However, no consistent trend was observed for the
maximum height H, maximum radial distance L, and angle θ2 with respect to changes
in temperature.

As shown in Figure 14, when modifying the friction coefficient, the maximum height H
increased by 2% when the friction coefficient was increased from 0.1 to 0.2, but it decreased
again by 2% when the friction coefficient was increased from 0.2 to 0.3. The maximum
radial distance L decreased by 1% when the friction coefficient was increased from 0.1 to
0.2, but increased by 2% when the friction coefficient was increased from 0.2 to 0.3. The
maximum slope angles θ1 and θ2 decreased by 32% and 5%, respectively, when the friction
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coefficient was increased from 0.1 to 0.2, and by 30% and 7%, respectively, when the friction
coefficient was increased from 0.2 to 0.3. Overall, when the friction coefficient was changed,
the slope angles θ1 and θ2 decreased as the friction coefficient increased. However, in
for H and L, we could not see a consistent increasing or decreasing trend as the friction
coefficient increased.

Based on the shape derived from Figures 13 and 14, when the upsetting stroke was
derived using the upsetting stroke design guidelines in Section 3.3, the result was as shown
in Figure 15. In Figure 15a, when the initial temperature was changed, the upsetting stroke
remained the same, at 77 mm, when the temperature was changed from 850 ◦C to 900 ◦C,
but increased by 1 mm to 78 mm when the temperature was increased to 1000 ◦C. In
Figure 15b, when the friction coefficient was changed, increasing it from 0.1 to 0.2 caused
the upsetting stroke to decrease by 1 mm from 77 mm to 76 mm, but when increased to
0.3, the upsetting stroke increased again to 77 mm. Consequently, a consistent trend of an
increase or decrease in upsetting stroke due to the increase in the initial temperature or
friction coefficient was not observed during the derivation of the upsetting stroke.
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5. Conclusions

In this study, a forging process consisting of three steps—upsetting, preform forging,
and target impeller forging—was designed using a convolutional neural network (CNN) to
attain a uniform distribution of strain in the forged product.

- When applying the upsetting stroke determined by the upsetting stroke design guide-
lines for the initial billet, the maximum, average, and standard deviation of the strain
of the forged target impeller product were minimized compared to other upsetting
strokes where the guidelines were not applied.

- A comparative analysis of the impellers from the original study and those produced
using the proposed process showed a significant reduction in the maximum strain,
average strain, and standard deviation across three different impeller shapes. This
substantial reduction underscores the enhanced efficiency of the proposed forging
process, highlighting its superior performance in reducing key strain parameters. The
strain range has also been reduced accordingly; however, further modification of the
model is essential to achieve a lower strain range and reduce the probability of fatigue
crack formation.

- The proposed impeller-forging process reduces the concentration of strain during
forging, thereby reducing the possibility of defects compared to existing processes.
Therefore, it is expected that the process design method will be used in fields such as
aerospace, where high-quality forging is required.

- The CNN model used in this study was unable to learn the strain rate changes caused
by temperature and friction variations; therefore, we are planning to modify the model
to address this issue.
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