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ABSTRACT

The persistent challenges in material forming processes arise from recurrent ~ ®

issues encountered during the deep drawing process, particularly involving  ®

cracks and deviations from standard thickness dimensions. This article
investigates the deep drawing process using both experimental and numerical
methodologies. The experimental approach employs a 40-ton capacity power
press machine, while the numerical method utilizes the ABAQUS student
version software. SPCC-SD (JIS G3141) is the selected material for
producing a Dop-pipe 2-inch diameter pipe cap in both approaches.
Noteworthy findings include the highest positive and negative correlations
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observed in elements E 46 and E 48, with values of 0.715 and -0.933,
respectively. Minimal disparities, averaging around 4.6% for all components,
were evident between the experimental and numerical methodologies. The
numerical approach yielded predictive results identifying potential issues in
elements E 47 and E 48. This observation did not reveal instances of tearing
failure but instead showcased an increase in thickness due to a higher axial
force between the dies and punched-in components. The study successfully
and accurately predicted product thickness for all components, presenting a
contrast with outcomes obtained through the experimental method.
Furthermore, this research advances the deep drawing process, extending its
applicability to broader material forming applications and ultimately
enhancing overall production process efficiency.
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1. INTRODUCTIONS

Deep drawing techniques are crucial for producing metal components with intricate geometric
complexity in the manufacturing industry. The primary innovation of this technique is evident in the
production of pipe caps, a vital component in diverse industrial pipe applications. The high precision of
deep drawing techniques in shaping metal has led to extensive research efforts to enhance product
efficiency, quality, and durability. With the advancement of industry, there is a growing need for innovation
to enhance and streamline production processes. A significant advancement is the press machine, which
enables the shaping of components from sheet metal through molds or dies [1]. The stamping or press
process, employing a die, utilizes the material-forming technique of deep drawing, which plays a crucial
role in producing high-quality products within a reduced production timeframe [2]. The deep drawing -
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process is crucial in producing various products made from sheet metal, including car and motorbike parts,
household equipment, and pipe caps [3]. The deep drawing process entails applying both compressive and
tensile forces to a metal sheet, resulting in the formation of a blank or component with the desired
dimensions, while preserving the initial material thickness [4]. The single deep drawing method enables
the completion of this process in a single stage of press work, commencing from a sheet metal material.
Multiple investigations on the deep drawing process have been conducted, including studies
conducted by researchers [2, 5-9]. An experiment was conducted using a square cup drawing, where the
angle was systematically altered [10]. In their study, Hkan et al. [11] investigated cup drawing by analyzing
the parameters that affect friction factors. Kardan et al. [6] researched optimizing punch force in the cup
deep drawing process using experimental and finite element methods. The study by [12] focused on
investigating the square cup deep drawing technique and developing the tailor-welded blank process. In
their study, Morishita et al. [13] examined the square cup drawing process in the trailer blank process for
sheet steel of varying thicknesses, specifically thin and thick sheets. Park et al. [14] conducted additional
research to examine the impact of punch loading on the elliptical deep drawing process, which is used for
automotive components. Sen et al. [9] investigated square deep drawing using high-strength materials,
specifically DP600 and DP80 steel. Studying cup deep drawing is crucial due to frequent occurrences of
process failures. Figure 1 illustrates a process failure in the cup deep drawing process as documented by

[15].
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Figure 1. Failures of Deep Drawing reported by [15]

This study innovatively examines the deep drawing process of manufacturing a 2-inch diameter pipe
cap made from an SPCC-SD steel plate. The study thoroughly examines the complex relationship between
process parameters and material properties in producing a dop-pipe 2-inch diameter pipe cap. The
methodology involves combining experimentation and simulation using ABAQUS software to collect
empirical data on the behavior of materials, deformation, and process parameters in the deep drawing
process. The gathered data confirms the accuracy of the ABAQUS simulation model in representing the
deep-drawing phenomenon. This validation process guarantees the precision of the simulation results,
thereby establishing simulation as a dependable tool for optimizing manufacturing processes. The study
investigates the crucial determinants that impact the quality and efficiency of the deep drawing process. It
is achieved by employing experimental and simulation techniques, which contribute to improving precision
and effectiveness in metal forming methods. Furthermore, it aims to enhance the comprehension of deep
drawing in producing a 2-inch diameter pipe cap while investigating the possibility of integrating
experimentation and simulation to optimize future processes.

2. METHOD

2.1. Material
The experiments conducted in this research form the cornerstone for understanding the properties of
SPCC-SD material with a thickness of 0.8 mm. Various tests were performed, including tensile strength
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tests to assess the material's pressure resistance and ductility tests to evaluate its deformation tolerance
without fracturing. Additionally, hardness testing provided valuable insights into the material's ability to
withstand penetration and deformation. This data is crucial for determining optimal process parameters
during the subsequent deep drawing process.

Die and punch examination is crucial for evaluating the tool's suitability with the designated material.
The die and punch's dimensional accuracy, strength, and abrasion resistance significantly impact the results
of the deep drawing process. As a result, the experimental deep drawing process utilized the SPCC-SD
material, which had a thickness of 0.8 mm, to produce a dop-pipe 2-inch diameter pipe cap. Detailed records
of the applied pressure, deformations, and process parameter settings were meticulously maintained for
future analysis.

Low-carbon steel is the most prevalent and cost-effective type, with a carbon content of up to 0.3%.
Its exceptional malleability makes it highly suitable for various structural applications [16] . In contrast,
medium carbon steel, positioned between low and high carbon steel, features carbon content ranging from
0.31% to 0.6% and magnesium content ranging from 0.31% to 1.60% [17]. High carbon steel, with a carbon
content exceeding 0.6%, offers superior strength and hardness but exhibits relatively lower malleability
than other steel varieties. It contains a magnesium content ranging from 0.31% to 0.9% [18]. The carbon
and magnesium composition variations impact each steel variant's mechanical characteristics, influencing
their applicability across diverse industrial sectors. The specifications for various subclasses of carbon steel
are based on their carbon content [16, 19]. Low-carbon steel is characterized by a carbon content of less
than 0.30% [20]. Medium carbon steel falls from 0.30% to 0.60% carbon. High-carbon steel contains more
than 0.60% up to 1.00% carbon [21]. Finally, ultra-high carbon steel is defined by a carbon content ranging
from 1.0% to 2.1%. These specifications assist in classifying carbon steel into different subclasses, each
with distinct carbon percentage ranges.

2.2. Blank Diameter and Drawing Ratio

The determination of the blank diameter is adjusted according to the specific shape of the desired
end product to be created [10]. This study emphasizes the significance of accurately determining the
diameter of the blank, acknowledging it as a crucial element in attaining the intended dimensions and
qualities of the end product. Precision in determining the diameter of the blank not only impacts the shape
and final dimensions of the product but also substantially impacts process efficiency and the most effective
use of materials. Hence, the precise measurement of the diameter of the blank is a critical step in
guaranteeing the effectiveness of the material-forming process. Figure 2 show the geometric of dop-pipe
2-inch diameter pipe cap will be use in this study. Equation 1 is employed to calculate the diameter of the
blank accurately by the specific shape requirements of the product [22].
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Figure 2. The geometric illustration of dop-pipe 2-inch diameter pipe cap

D=.,d2+4.(hz+d.h, 1)

Where d represents the diameter within the workpiece (in millimeters), h: denotes the depth of the
workpiece radius (in millimeters), and h; signifies the depth of the workpiece before the drawing radius (in
millimeters). These parameters play a crucial role in the calculations and analysis related to the material-
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forming processes, contributing to the overall understanding of the shaping and dimensioning aspects
involved in the study.

The drawing ratio (B) is a critical numerical parameter in the cylinder drawing process, as it
determines the number of drawing steps needed. The drawing ratio is the quotient of the initial blank
diameter divided by the diameter of the drawn part [4, 9, 23]. The drawing ratio determines the maximum
allowable deformation limit in deep drawing. Equation 2 is derived from the drawing ratio 3, used in the
initial drawing process involving a single drawing operation [24].

ﬁ:

2.3. Dies and Punch

The deep drawing dies and punch is essential in transforming sheet metal into the desired shape. The
die functions as a mold, converting sheet metal into precise shapes, such as cups, with the assistance of the
punch that applies pressure to the metal sheet [25]. The purpose of the blank holders used in the forming
process is not only to shape the sheet but also to minimize wrinkles and ensure stability by securing the
sheet's outer edge [10]. Comprehending the concepts of elastic and plastic deformation is essential when
considering deep drawing. Elastic deformation is when a metal changes shape when subjected to a load but
returns to its original form once removed, indicating its ability to reverse the deformation [26].

In contrast, the punch exerts a downward force originating from the power source, exerting pressure
on the metal blank [20] . The object's shape corresponds to the desired final product shape, and its position
on top of the metal blank can be modified depending on the drawing die employed [25]. The accuracy and
configuration of the deep drawing die and punch substantially impact the ultimate result of the process[21].
Plastic deformation becomes apparent during the deep drawing process as the metal undergoes shaping
within a mold, resulting in a permanent change in its shape and size, which persists even after the load is
removed. The irreversibility of this change is crucial for attaining the intended shape of the product in
metal-forming processes such as deep drawing. The components of dies and punches consist of the die,
which shapes the work material; the punch, which applies pressure; the guide post, which supports the
movement of the punch; the die spring, which provides back pressure; the guide spring, which ensures
stability, the upper plate, which supports the movement of the punch and dies, and the lower plate, which
aids movement during forming processes [27].

blank—@ D
punch— 0@ d

2

2.4. 3D-design Preparations

Student versions of SolidWorks software are employed to create an accurate 3D model that
accurately represents the geometry of the pipe hub. This model is specifically designed for production using
the deep drawing method. Ensuring precise geometric design at this stage is crucial, as it forms the basis
for subsequent complex simulations. Precise focus is given to the geometric details, including the thickness
of the material, the shape, and the resulting dimensions, to ensure an accurate representation. Figure 3
depicts the dies and punches employed for modeling in SolidWorks.

.

Figure 3. The Dies and Punch of Cup drawing: (a) Dies, (b) Punch, and (d) SolidWork Design.
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2.5. Deep Drawing Simulations

The utilization of ABAQUS simulation is an essential and crucial stage in this research undertaking.
SolidWorks's pipe hub geometry model was successfully imported into ABAQUS [28]. The simulation in
ABAQUS incorporated process parameters such as pressure, rolling speed, temperature, and the material
properties of SPCC-SD with a thickness of 0.8 mm. This simulation aims to reproduce the deep drawing
process using the established model accurately. The data obtained from these simulations will enable a
comprehensive analysis of material behavior, cooling kinetics, and inherent process characteristics
associated with the deep drawing procedure [16]. This experimentation, modeling, and simulation
combination aims to thoroughly understand how process parameters, material properties, and geometry
interact when creating a dop-pipe 2-inch diameter pipe cap using 0.8 mm thick SPCC-SD material [26].
The results obtained from this three-part approach will establish a firm basis, facilitating the future
advancement of metal-forming techniques that are more efficient and accurate.

The simulation data pertains to the 2-inch diameter Dop-pipe cap and encompasses several crucial
parameters. The initial material, denoted as the blank, possesses a diameter of 85.21 mm and a thickness of
0.8 mm. The punch, responsible for shaping the material, has a diameter of 50.48 mm. Conversely, the die,
instrumental in producing the final product, features a diameter of 52.52 mm. The clearance, defined as the
distance between the die and the punch, measures 1.02 mm. Additionally, distinct interfaces within the
procedure have been assigned friction factors: 0.125 for the die sheet, 0.125 for the holder sheet, and 0.25
for the punch sheet. These values represent critical input parameters that exert a significant impact on the
outcome of the deep drawing procedure for the 2-inch diameter dop-pipe cap.

3. RESULTS AND DISCUSSION
3.1. Numerical Analysis

The results obtained from the ABAQUS simulation are crucial reference points for the deep
drawing process [8]. The simulation data is a benchmark for comparing the experimental results
obtained from workpiece measurements. Figure 3 displays a graph that depicts the relationship
between displacement and thickness for specific elements (E 110, E 41, E 42, E43,E44,E 45, E
46, E 47, and E 48). The graph illustrates how the thickness varies as the punch displacement
ranges from 0 mm to -35 mm. The punch movement begins at the starting point, indicated by zero
displacement, and signifies the commencement of the deep drawing process in the simulation. In
contrast, negative displacement indicates a descent along the y-axis.

Figure 4 demonstrates that multiple elements underwent a thickness variation ranging from
2.5% to 17.5% as the punch displacement advanced. The simulation results are compared to the
experimental outcomes, as shown in Figure 3. The comparison reveals the congruity in thickness
between the experimental and numerical findings at specific locations on the pipe hub wall.
Nevertheless, inconsistencies occur due to reduced die radius and excessive space between the
punch and die. Furthermore, the displacement ratio is vital for comparing experimental and
numerical findings.

Figure 4 depicts a significant disparity in thickness observed from elements E46 to E47.
Element E46 surpasses the material's 8.0 mm thickness threshold when it reaches a displacement
of approximately 23 mm. Subsequently, the thickness experiences a rapid decline, reaching
approximately 0.72 mm. In elements E47 and E48, there is a noticeable phenomenon of material
density consistently increasing during the punch displacement process. This results in final
thicknesses ranging between 0.88 mm and 0.95 mm. Figure 4 illustrates explicitly the pattern
observed in elements E47 and E48. This phenomenon is consistent with prior reported by [9] ,
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which suggests that the thickness in this area increases due to the axial force applied to the material.
However, the simulation results demonstrate greater accuracy and precision as the observed
fluctuations in thickness are confined to a narrower range of variation. The precision of the
thickness ratio in this study exceeds that reported by [13]. Figure 5 shows that the estimated
thickness ratio ranges from approximately 8.75% to 1.25%, based on the observed maximum
thickness of 0.87 and minimum thickness of 0.79. However, the thickness ratio reported in [13]
reached a value of 20%.
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Figure 5. The phenomenon of thickness vs displacement at E 47 and E 48 element

3.2.  Expetimental Validations

The primary goal of the analysis and comparison was to evaluate the consistency of the outcomes of
the deep drawing process obtained from numerical simulation results and experimental data. This study
primarily aims to assess the variation in metal thickness in the formed pipe hub. This assessment is crucial
for evaluating the accuracy and relevance of numerical predictions compared to actual experimental results
in metal forming using deep drawing techniques [24]. The experimental results were acquired utilizing a
micrometer possessing a precision of 0.01 mm. This study seeks to thoroughly understand the differences
and similarities between numerical and experimental results. Its main objective is to offer comprehensive
insights into the effectiveness of numerical simulation techniques in predicting metal forming processes,
specifically in manufacturing 2-inch diameter pipe caps using low-carbon steel. Figure 5 illustrates the
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relationship between the measured thickness results and the computational results for all elements, as
explained in Figure 6.

The evaluation obtained by comparing empirical data and computational simulations reveals crucial
insights into the deep drawing process. The changes in the thickness of the workpiece provide insight into
the effect of the displacement of the punch movement. As illustrated in Figure 5, the observed variations in
thickness range from 2.5% to 17.5% compared to the initial thickness, with an average overall change of
approximately 4%. In this study, the maximum thickness exhibited an increase of approximately 8.8% and
a decrease of 1.3%. In contrast, a study by [9] found a 20-40% increase and a 10% decrease, while another
study by [29] documented a 21.3% reduction in thickness. The results suggest that numerical simulations
closely match experimental results despite some observed differences. These variations may arise due to a
reduced die radius and excessive clearance between the punch and die. Moreover, comparing displacement
in experimental and numerical data plays a crucial role in evaluating the precision of the deep drawing
process. In order to improve the agreement between experimental and numerical results, it is crucial to
conduct a thorough evaluation of critical parameters. This improvement can enhance the precision of
numerical simulations, making them more applicable in industrial settings and large-scale manufacturing.
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Figure 6. Experimental Vs Numerical thickness

Figure 7 illustrates the comparison of material thickness using experimental and numerical
approaches. The comparison of experimental and numerical data is presented to assess the accuracy of
numerical predictions against experimental results. The accuracy of numerical data indicates satisfactory
outcomes, with the lowest and highest deviations being approximately 0.1% and 10.9%, respectively, and
an average around 4.6%. This data confirms that the numerical approach can predict well during the
production process of a dop-pipe 2-inch diameter.
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Figure 7. Experimental vs Numerical deviations rates
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3.3. Statistical Pearson Correlations

The Pearson correlation analysis is utilized to evaluate the extent of the linear association between
numerical and experimental results in these deep drawing investigations. A robust correlation, with a value
approaching 1, indicates a substantial concurrence between numerical predictions and experimental data
[30]. This analysis aids in identifying patterns within the data, where positive correlation values nearing 1
indicate a positive association between numerical and experimental outcomes. In contrast, values close to
-1 indicate a negative association [31]. Figure 8 displays the Pearson correlation data, which examines each
element's association between displacement and thickness. The elements E 110, E 41, E42, E43,E 44, E
45, and E 46 display positive correlations of 0.953, 0.956, 0.963, 0.973, 0.982, 0.946, and 0.715,
respectively. In contrast, elements E 47 and E 48 exhibit negative correlations of -0.957 and -0.933,
respectively.

The presence of a positive correlation among elements E 110, E 41, E 42, E 43, E 44, E 45, and E 46
suggests a direct connection between the metal's thickness and the punch's displacement. Nevertheless,
more significant punch displacement reduces wall thickness when the punch moves in the negative
direction along the y-axis [30, 32]. Elements E 47 and E 48 positively correlate, indicating an inverse
association between thickness and displacement. Interestingly, when the punch moves deeper within
elements E 47 and E 48, the walls become thicker because of the punch’s negative movement direction.
The strong Pearson correlation values confirm the dependability of the numerical model in forecasting
experimental results. It affirms the reliability and precision of the numerical model in representing the deep
drawing process for 2-inch diameter pipes using low-carbon steel.

Figure 8. Pearson correlations: Displacement vs Thickness

4.  CONCLUSIONS

The numerical simulations accurately reproduce the distribution of wall thickness and pressure,
effectively reflecting the experimental measurements. The difference between the observed results for
experimental and numerical models is very small, highlighting the effective design, production, and testing
of the deep drawing mould, guaranteeing its optimal performance. The research findings demonstrate
strong correlations between the two methodologies. Strong positive correlations were found among
elements with the following numbers: E 110, E 41, E 42, E 43, E 44, E 45, and E 46. Nevertheless, there
were negative correlations observed in E 47 and E 48. The elements E 43 and E 47 displayed the most
significant positive and negative correlations, with correlation coefficients of 0.982 and -0.957,
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respectively. The comparison of experimental and numerical data is presented to assess the accuracy of
numerical predictions against experimental results. The numerical data exhibits a high level of accuracy,
with deviations ranging from approximately 0.1% to 10.9%. On average, the deviations amount to around
4.6%. There is a significant difference of around 17.5% between the ABAQUS and experimental
simulation results. Nevertheless, this distinction remains relatively insignificant when compared to the wide
array of discrepancies documented in the references, which ranged from 21.3% to 40%. Moreover, the
experimental results demonstrate a higher thickness ratio in comparison to previously documented data
from earlier studies.
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