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Abstract: This paper presents a novel Q-value-based formability assessment for optimiz-
ing deep drawing processes. The Q-value, derived from thinning limit diagrams (TLDs),
uses offset thinning and wrinkling limit curves to define severity levels. It is calculated
by summing the product of Pascal’s triangle weighting factors and normalized element
counts within each severity level. The effectiveness of this Q-value assessment was demon-
strated using experimentally validated finite element analysis (FEA) to optimize blank
size, tool geometry, and drawbead design (male bead height and contra-bead radius) for a
deep-drawn AA5754-O automotive fuel tank. Validation of FEA results with experimental
thickness measurements showed that the Barlat and Lian 1989 yield criterion provided
higher accuracy than Hill’s 1948 model. An optimal condition, determined using the
Q-value, consists of a 430 mm x 525 mm blank formed by a redesigned tool cooperated
with optimized semi-circular drawbead geometries, achieving experimental significant
formability improvements by minimizing wrinkling and thinning. During optimization,
this study revealed a significant interaction between blank width and length, which influ-
enced formability. Side-wall wrinkles were attributed to insufficient tool support for the
blank during forming and were relieved through tool redesign. Furthermore, increasing
the male drawbead height effectively reduced wrinkling but led to increased thinning,
whereas increasing the contra-bead radius had the opposite effect.

Keywords: formability; deep drawing process; optimization; finite element simulation;
automotive part; aluminum alloys sheet

1. Introduction

Deep drawing, a fundamental sheet metal forming process that is crucial to the
automotive industry, enables the shaping of complex hollow parts [1,2] like cylinder
head covers, oil pans, support plates, and fuel tanks. Sometimes, due to the geometrical
complexity and large deformation involved during the process, undesired defects like
wrinkles, severe thinning, and tearing possibly occur in the deep drawn parts [3-5].

Drawability refers to a material’s ability to undergo deformation in the deep drawing
process without failure. To assess drawability, there are different methods depending on
the scale and complexity of the forming process. At the laboratory scale, drawability is
often indicated by a quantifier known as the limiting drawing ratio (LDR). By a cylindrical
cup drawing test, the LDR is defined as the ratio of the maximum drawable blank diameter
that is determined by testing a series of incrementally larger blanks to the punch diameter
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where cracking first appears [6]. On the other hand, in automotive manufacturing, parts
are often complex, like non-rotational symmetric parts that non-uniformly deform around
the axis and are usually formed by a multi-forming process. Therefore, LDR may not be an
extensive drawability indicator.

According to the advancement of finite element analysis (FEA), characteristics of
the forming material like post-forming shapes, terms of load and displacement values,
thickness distribution, and potential failure zones can be predicted by the finite element
method with properly selected material models for numerical solving [7-11]. FEA facilitates
significant resource savings in both the design and optimization stages of manufacturing
processes, especially for industrial-scale parts. These savings include reduced machine
power and labor costs, extended tool life, and minimized material waste. For this reason,
the drawability assessments on the issue of crack and wrinkle occurrence in industrial
parts are used in FEA applications. Conventionally, the strain-based forming limit diagram
(e-FLD) is widely used to analyze strain paths in relation to the forming limit curve (FLC)
and wrinkling limit curve. By comparing the strain path to these curves, it is possible
to determine whether the path is safe or at risk of necking [12-16] or wrinkling [17-19],
respectively. Meanwhile, a common quality requirement for load-bearing components is a
limit on the permissible percentage of thinning, often specified by customers to address
concerns about excessive thinning [20,21]. In practice, if the maximum thinning on a part
exceeds this limit, the part is rejected.

In the process of formability improvement, the influenced parameters such as tool
geometry and process operating parameters are typically adjusted. Forming limit diagrams
(FLDs) before and after these adjustments are compared to assess the improvements. Ob-
serving the results of the improvements can be challenging, especially when the differences
in the FLDs are not obvious and result in the same outcome (safe/fail). Moreover, compar-
ing the maximum thinning percentage on the part to the permissible limit focuses only on
the maximum value and neglects an analysis of how thinning trends developed in the rest
of the part during the formability improvement process.

The aforementioned limitations have led to the proposal of the thinning limit diagram
(TLD), which integrates the forming limit with thinning across the entire part. The TLD
allows for the classification of safe and failure zones based on the observed behavior of
thinning and thickening (negative thinning values). With perspective that the thickness
change from the nominal thickness of the prepared blank is the result from the deformation
of the blank under the assumption of volume constancy during plastic deformation, this
implies that the closeness of the element’s thinning value to the thinning limit curve (TLC),
and to the wrinkling limit curve in the TLD space, correlates with its risk of necking
and wrinkling, respectively. Hence, to quantify formability beyond the simple safe/fail
classification of the TLD and conventional FLD, a novel quantifier termed the Q-value
was developed. The Q-value is calculated by summing the weighted values representing
the severity of thinning across the part. To achieve this, both the thinning limit curve and
wrinkling limit curve are offset into a number of curves (representing different levels of
severity), and the corresponding weight factors for each level are multiplied by the ratio
of elements within each level to the total number of elements. Assigning these weighted
severity levels allows for a fair comparison between simulations (when simulation settings
of the simulations are consistent).

In this study, we propose a novel formability assessment method based on the Q-value.
The proposed approach offers a practical and quantitative evaluation of formability by
capturing the severity of thinning across the entire part. By enabling detailed comparisons
between parameter settings in forming simulations, the Q-value provides insights into
whether formability improves or worsens. Unlike traditional FLD-based assessments, this
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method delivers a more comprehensive and systematic analysis, making it highly effective
for optimizing process parameters.

To validate the effectiveness of this novel method, the method was applied to investi-
gate the influence of key parameters on the formability of parts in the deep drawing process.
Factors such as blank holder force [22-25], forming temperature [26-28], punch/die pro-
file radii [29,30], initial blank thickness [31,32], and relative die clearance [33,34] have
been extensively studied. However, the effect of blank size has received less attention.
Previous studies have shown that blank size significantly affects thickness distribution
and formability in circular [35] and square blanks [36]. For rectangular blanks, Leelaseat
et al. [37] demonstrated that adjusting blank length (while keeping width constant) can
reduce defects like side-wall wrinkling and thinning within a specific range, although
excessive length may induce wrinkling. Building on this, the present study investigates
the effect of varying both the length and width of rectangular blanks. And if the side-wall
wrinkling persists after optimizing the blank size, drawbead addition, a practical technique,
will be incorporated. Drawbeads provide localized control of material flow [38—40] but
can negatively impact formability by inducing plane strain deformation (which is known
to be a low forming limit state [41]). By optimizing the rectangular blank size, this study
hypothesizes that the reliance on drawbeads for controlling material flow can be reduced,
potentially minimizing their negative impact on formability.

The formability assessment is applied to investigate the effects of blank size (length
and width) and drawbead geometries, aiming to identify optimal values for the final part’s
formability. Analysis of simulated thickness distributions, TLDs, and stress distributions,
corroborated by experimental forming results, will demonstrate the utility of the novel
assessment method in evaluating and optimizing formability, as well as its potential
applicability to other relevant parameters in future studies.

2. Quantitative Evaluation of Formability Using Thinning Limit
Diagrams and Pascal’s Triangle Weighting Factors
2.1. Thinning Limit Diagram
The thinning limit diagram (TLD) is a diagram that plots in space where the engi-
neering function of minor strain (e;) was represented on the x-axis and the percentage of
thinning on the y-axis. The diagram consists of two primary components, first is the strain
path, which is the data of element deformation in coordinates space, and the second is limit
curves consist of the thinning limit curve (TLC) and wrinkling limit curve (WLC).
Thinning is a value of the change in thickness (At) that relates to the initial thickness
(tp) of the blank as Equation (1) and is usually used in percentage value as Equation (2).

Thinning = e; = At/tg (1)

% Thinning = 100% X Thinning (2)

We use the principle of volume constancy during plastic deformation, as described in
Equation (3), which is in terms of principal strains (e1, €; in the plane of the blank, and ¢3,
which corresponds to ¢; thickness strain), as in Equation (4).

Evolume = In (Vint/VO) =In (1) =0 (3)

g1 +e&+e3=0 (4)

where Vi represents the instantaneous volume and Vj represents the initial volume.
This leads to the %Thinning value derived from major and minor strain by Equation (5).

%Thinning = —100% x (e—(51+€2) - 1) )
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The TLC in this study is derived from the strain-based forming limit curve (e-FLC).
While WLC within the TLD is derived from the WLC within the principal strain space.
The WLC within the principal strain space is normally characterized by exhibiting pos-
itive thickness strain (associated to pure shear state). This is supported by studies by
Panich and Uthaisangsuk [42] about the initiate of wrinkling on AA5052-O and AA5052-
H32 by modified Yoshida buckling tests, and they found that WLCs are linear in principal
the strain space between the uniaxial tension state, whose strain ratio (¢1/¢3) is —0.5, and
the pure shear state (strain ratio —1 where ¢; = — ¢; and €3 = 0). Also, in 304 stainless
steel at varied initial thicknesses of prepared blanks by Du et al. [18], the linear WLC also
located the pure shear state.

2.2. Thinning Limit Diagram with Severity Levels via Offset Limit Curves

The limit curves comprise a thinning limit curve, representing the upper boundary
of thinning before necking, and a wrinkling limit curve, representing the lower boundary
of thinning (this is because wrinkling occurs due to material buckling under compressive
stresses through the thickness, resulting in thickening [43], which is represented by negative
thinning values).

Marginal zones of both limit curves are determined based on the determiner’s ac-
ceptable thinning variations for part functionality for how many percentages offset (in
this study called severity percentage: SP%) from the TLC and WLC curves to the separate
necking zone, safe zone, and wrinkling zones. For finer analysis, the marginal zones are
further divided into levels, each interval’s width equal to i% of curves. We obtained the
total number of intervals calculated by Equation (6) that includes the number of intervals in
marginal zones, safe zone, excessive thinning zone (over the TLC), and excessive thickening
zone (below the WLC).

This results in varying widths for the marginal zones and levels for the TLC and WLC,
as depicted in Figure 1. The TLC and WLC offsets recognize the different underlying
mechanisms governing necking and wrinkling.

Number of intervals = ((SP%/i%) x 2) + 3 (6)

Thinning Limit Diagram

o S
o Thinning | Necking Limit Curve (TLC) |
ol [— % of TLC
Necking Zone LT
40} et P T
SP% of TLC — — —— Marginal zone - — — — — — r : i
——————————————— =l
Safe Zone €, [%]
—40 -20 20 40
SP% of WLC I ::::~D/E1§i?laTZBIrét::::qE::::::::::::::::: E_ i% of WLC
Wrinkling Zone —40 L —— —
Wrinkling Limit Curve (WLC) |

Figure 1. Schematic diagram of thinning limit diagram with severity levels via offset limit curves
(SP%: severity percentage, i%: percentage of interval’s width).
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2.3. Formability Quantifier: Q-Value and Its Calculation

The proximity of an element’s thinning value to the forming limit curves (TLC and
WLC) within the TLD indicates the severity of necking and wrinkling risks. This concept
led to the development of the thinning limit diagram with severity levels, created by
offsetting the limit curves. These offset curves define multiple intervals, including a safe
zone interval, a necking trend zone, a wrinkling trend zone, and a number of intervals
within the marginal zones, as previously explained in Section 2.2 and depicted in Figure 1.

To enable quantitative comparisons of formability improvements beyond the limita-
tions of traditional safe/fail assessments based on FLDs, a single scalar value, the Q-value,
is introduced. The Q-value represents the overall formability of the formed part by aggre-
gating the volumetric distribution of elements across the severity levels. Furthermore, it
implicitly accounts for proximity to both the TLC and WLC, making it sensitive to both
necking and wrinkling tendencies. Consequently, the weighted sum method is proposed
for calculating the Q-value.

The Q-value is derived by summing the products of weighting factors (representing
the severity of each interval) and the proportion of elements within each interval relative to
the total number of elements, as expressed in Equation (7).

Number of interval

Q-value = ) =, Wy X (

number of elements in interval k™ @)
total number of elements

where k is regulated to start 1 from the necking zone interval (above TLC) and end where
the interval of wrinkling zone is.

To calculate the Q-value effectively, it is essential to assign appropriate weighting
factors (Wy) to each interval, reflecting their relative severity. Pascal’s triangle offers a
practical and mathematically robust solution for deriving these weighting factors, ensuring
both flexibility and significant differentiation across intervals, as detailed in the following.

Weighting Factors: Pascal’s Triangle Number

The weighting factor (Wy) for each interval is determined to support flexibility in the
number of intervals, allowing users to customize severity percentages SP% and interval
percentages i%, as shown in Equation (6), while also ensuring significant differences
between weighting factors.

Pascal’s triangle, named after the French mathematician, Blaise Pascal, possesses
unique properties that have been utilized in various applications across different cultures
throughout history [44]. The coefficients can be calculated by using a combination formula:

n n—1 n—1 n!
Wk_(k—1>_(k—1>+<k—2>_(n—(k—l))!x(k—l)! ®

where n and k represent the nth row and kth column of Pascal’s triangle.

In this equation, n is related to the number of intervals as n = number of intervals — 1,
and k is the integer range [1, numbers of intervals]. This formulation offers flexibility, as
the values are calculated solely based on the number of intervals derived from Equation (6).
Thus, it is adaptable to user-defined severity percentages and interval percentages.

The use of Pascal’s triangle is advantageous due to its straightforward calculation
(Equation (8)) and its inherent capability to generate a distribution that approximates a nor-
mal distribution. This characteristic results in significant differences between the weighting
factors, as demonstrated for the tenth row of the triangle in Figure 2. Consequently, Pascal’s
triangle coefficients are employed for assigning severity weights.
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Pascal's Triangle - 10" row
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Figure 2. Tenth row of Pascal’s triangle.

According to the fact that weighting factors derived from Pascal’s triangle follow
a normal distribution shape, intervals near the center (safe zone) are assigned higher
weighting values while intervals farther from the center (toward necking and wrinkling
zones) are assigned smaller weights. In Equation (7), k is defined to start at 1 from the
necking zone interval (above TLC) and end at the interval of the wrinkling zone. This
alignment places the safe zone interval at the center, receiving the highest weighting value,
while intervals farther away are weighted less. Therefore, when comparing Q-values for
formability assessment, a higher Q-value signifies better formability. And the overview of
the detailed procedure for finding the Q-value is described below in Figure 3.

&-FLC from Nakajima test
&

Strain path of the simulated part
from simulation software

Convert (g,-¢,) to (e,- %Thinning) space coordinates
Based on the volume constancy approach
v

Thinning Limit Diagram (TLD)

Specify SP% and i%

v

TLD with severity levels via
offset Thinning Limit Curve
and Wrinkling Limit Curve

Calculate Pascal’s triangle
weighting factors (W,)
for each severty level’s interval

Sort the number of elements in each
severity level’s interval

v v

Number of elements in each
severity level’s interval

’ W, for each severty level’s interval

l Calculate Weighted Sum

Q-value

Figure 3. Procedure for finding Q-value.

3. Methodology
3.1. Material and Mechanical Properties

A commercial rolled aluminum alloy sheet (AA5754-O) with a nominal thickness of
1.5 mm was used in this study. The material has a Poisson’s ratio of 0.33 and a density
of 2.7 x 107 kg/mm?3. The major alloying element is magnesium, with a concentration
approximate to 2.8 weight percent. More detailed composition information and results from
uniaxial tensile tests, performed according to ASTM E8 [45], are available in a previous
study [37]. The key mechanical properties are summarized in Table 1.
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Table 1. The material’s mechanical properties.

Properties [Unit] Values
Ultimate Tensile Strength [MPa] 207.64
Elastic Modulus [GPa] 70.24
Yield Strength (op) [MPa] 100.17
Total Elongation [%] 21.87
4] 0.57
45 0.80
90 0.68

The constitutive relationship between stress and plastic strain, obtained from speci-
mens oriented longitudinally to the rolling direction, was plotted and fitted using Swift’s
hardening law [46]:

T(g)=396.5 x (&4 0.00595)"*°in MPa

where G is the effective stress and € is the effective strain.

3.2. The Studied Part

A fuel tank part was formed using a two-step deep drawing process. In the first step,
forming was performed using a 400 tons single-action press equipped with a die cushion.
Both the front and back surfaces of the prepared blank were lubricated uniformly with a
press working oil applied using a paint roller. The second step utilized a double-crank
600 tons single-action straight-side mechanical press, primarily to form the sinking region
in the end zone. The process was completed with laser trimming to finish the part.

Figure 4a illustrates the punch shapes, representing the final part formed in each step
of the process, while Figure 4b shows the zone names on the final part.

Side zone

Head zone

(a) (b)

Figure 4. Illustration of (a) shape of punch in first forming (upper) step and second forming step
(lower) and (b) final part after laser trimming with name of zones.

3.3. Methods

The main procedure comprises three stages.

(1) Material Model Validation (Pre-Study): to validate and select the most accurate
material model for the finite element simulation under baseline conditions.

(2) Aninvestigation of a series of process parameters is conducted within the simula-
tion software. For each condition explored in the second stage, the resulting part’s
formability is evaluated using the Q-value, and the results are analyzed.

(38) The simulated condition that demonstrates the best formability is then selected for
experimental validation to confirm the simulation results and the effectiveness of the
formability assessment.
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3.3.1. Simulation Setup

Forming simulations were conducted using PAM-STAMP v2022.0, utilizing the finite
element method (FEM). The IGES CAD file of the tools was imported, and automatic
meshing was carried out using the software’s meshing tool, DeltaMesh. Adaptive mesh
refinement was applied to the blank with a user refinement level of 5. The minimum mesh
size was set to 0.9375 mm? (calculated as 25% of the sum of the smallest tool’s radius (3 mm)
and half the blank’s nominal initial thickness (1.5 mm): 0.25 x (3 + 0.5 (1.5))). The maximum
mesh size was set to 15 mm? (corresponding to 2refinementlevel=1 timeg the minimum size:
24 x 0.9375). Therefore, mesh sizes ranged from 0.9375 mm? to 15 mm?. The tools were
defined as rigid bodies, with all rotational degrees of freedom locked and translational
movement restricted in the x and y directions. The Coulomb friction coefficient at the
interface between the tools and the blank was set to 0.12. This value was selected based
on the recommendations in the software’s user guide for lubricated conditions [47] and
corresponds to the lubricating oil applied to the blank surfaces, as described in Section 3.2:
(“The Studied Part”).

Continuous plastic deformation theoretically occurs when the yield function reaches a
specified constant. A key mechanical characteristic of sheet metal is its anisotropic behavior,
where the material properties vary depending on the direction. In this study, anisotropy
was evaluated in the rolling direction (0°), diagonal direction (45°), and transverse direction
(90°) in terms of r-values, as shown in Table 1. These r-values were applied to two yield
criteria: Hill’s 1948 and Barlat and Lian 1989 models [48,49]. The details and findings from
the parameter analysis are described in the subsequent sections.

1.  Hill’s 1948 yield criterion [48]

From the uniaxial tensile test results, a commonly used classical yield criterion is Hill’s
1948 yield criterion [48]. This criterion is particularly valuable because it only requires
uniaxial tensile test data for determining its model parameters, making it practical and
straightforward. Hill’s 1948 yield criterion incorporates Lankford’s coefficients, which
account for anisotropy by using the yield strength in the rolling direction (op). The yield
function f (0j) in plane stress can be expressed as shown in Equation (9).

=2 _ 2
f(O-i].)HiH’s 1948 ~ “Hill's 1948 <H + G) G>2<X_2H GXXGYy+(H + F) G§Y+2N ny (9)

where subscripts i and j refer to the x and y directions; similar subscripts indicate normal
stresses, while dissimilar subscripts denote shear stress.
The four parameters H, G, N, and F are calculated from formulations given below.
And the calculated parameters are listed in Table 2.
) 1 (I‘O +199) X (2r45+1)

H
H=——,G= , N = ,and F = — 10
(1+rp) (1+710) 2 X (rgg + roroo) 190 (10)

2. Barlat and Lian 1989 yield criterion [49]

A well-known non-quadratic function models which material’s crystallographic prop-
erties cause concern by accounting the exponent M.

In 1989, Barlat and Lian [49] published a model that used the stress invariant principle
to expand the principal stress into tri-component plane stress. This model defines two
parameters, k; and ky, which are functions of stress components including both normal and
shear stresses, and involves anisotropic coefficients. The model is formulated as follows:

2

h —h
K, = w and ky = \/(GXXZGW) + P02 (11)
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The yield function is then given by:

Fkia(og))y e oge = 26M Barat and Lian 1989= alk1 + ka[M + alk; — ko [M+4-c|2ky M (12)

The parameters a, ¢, and h are calculated using the r-values as follows:

0 90

c=2X X , 13
1+rg 14199 (13)
a=2-—cand (14)

=[S0 1m0 (15)
1+rg r90

While finding of the parameter p involves more steps:

0o 2 /M

< (

Pru e 1o

For Equation (16), T1 represents the yield strength under pure shear condition, where
both were concerned as no oxx and oyy. This value is out of conventional uniaxial tensile
tests, like the following ASTM E8 specimen.

Table 2. List of parameters for Hill’s 1948 and Barlat and Lian 1989 models.

Yield Criteria Name of Parameters Values

0.36
0.64
1.52
0.53

8.00
0.77
1.23
0.95
1.07

Hill’s 1948 [48]

Barlat and Lian 1989 [49]

ST e Z|MmZOD

The present work determines the parameter ‘p’ based on the established relationship
between T; and principal stress. This analysis considers the pure shear condition, where
oxx and oyy are equal to zero. This means that 0 is equal to 11 and equal to —03 .

Referring to the yield locus in Figure 5, 11 is located on the yield locus where it
intercepts with the pure shear line. Then, the value of 11 was substituted back into the yield
function to find the p value using the Newton—Raphson iterative solving method with a
converged criterion tolerance of 10~° and a maximum number of iterations of 10'° times
on MATLAB R2023b. Finally, the five parameters in this model were listed in Table 2.

Hill's 1948
- - - -Barlat and Lian 1989
O Exp.

=+=nmn Pure shear line

o, /0,1

15 -1 05 0 05 1 15
ayloy -]

Figure 5. Hill’s 1948 [48] and Barlat and Lian 1989 [49] yield loci with pure shear line.
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3.3.2. Baseline Condition and Model Validation

The baseline condition consisted of a blank size of 410 mm x 495 mm, a blank holder
pressure of 0.8 MPa, and no drawbead cooperation.

For more robust and reliable validation of the simulation models, thickness was the
first quantity to be validated. To enhance the density of measurement data for validation,
six points were measured in this study using a non-destructive ultrasonic thickness gauge
(Dakota Ultrasonics model PVX, Dakota Ultrasonics, CA, USA) with a resolution of 0.01 mm.
These measurement points are shown in Figure 6. Additionally, due to wrinkling observed
in the side and end zones, a Mitutoyo Digital Micrometer (IP65), Mitutoyo Corporation,
Kanagawa, Japan with a ball-head and a resolution of 0.001 mm was used to accurately
measure the thickness at the edges of these zones.

Figure 6. Measurement points for thickness validation (using Ultrasonic Thickness Gauge).

The positions of the six thinning trend points were aligned with their actual locations
on the formed part, as defined by the tool constraints in both the simulation and the actual
forming process. However, accurate comparison of points in the thickened edge zone is
crucial. Therefore, the draw-in distance was measured and compared to ensure sufficient
proximity between the simulated and actual positions.

3.3.3. Varying Blank Size Conditions

This investigation examines the effect of varying blank size on the thickness distri-
bution of the final part. Four width increments were studied: 410, 420, 430, and 440 mm.
Six length increments were also examined: 490, 495, 505, 515, 525, and 530 mm. Due to
concerns about material consumption in the production line, the maximum blank size
tested was limited to 440 mm x 530 mm, which represents a 15% increase over the baseline
blank size. The 24 test cases are listed in Table 3, where each number represents a unique
combination of width and length.

Table 3. Case numbering for blank size variation.

Width [mm] Length [mm] 490 495 505 515 525 530
10 T 2 3 1 5 6
420 7 8 9 10 11 12
430 13 14 15 16 17 18
440 19 20 21 2 23 24

3.3.4. Drawbead Shape and Dimensions

Research has explored a wide range of drawbead shapes, including semi-circular, trape-
zoidal, rectangular, V-shaped, and asymmetrical configurations [50]. Karnchanaseangthong
et al. [51] compared the performance of commonly used semi-circular, V-shaped, and trape-
zoidal drawbeads on a non-symmetrical deep-drawn part under constant blank holder
force. Their findings, validated through finite element analysis, highlighted the superior
performance of the semi-circular shape in reducing wrinkles and accommodating large
metal flow, aligning with its frequent use in industry, as noted by J. Ke et al. [41].
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Therefore, this study focuses on the influence of semicircular drawbeads on material
flow uniformity. Previous research has extensively studied the impact of drawbead ge-
ometries [52], particularly emphasizing that the contra-bead radius and drawbead height
significantly affect the restraining force needed to suppress wrinkling. Building upon this,
this study investigates the effects of drawbead cross-sectional dimensions. Specifically, it
examines variations in male bead height and contra-bead radius (as detailed in Table 4) for
drawbeads positioned on the blank holder and upper die, as illustrated in Figure 7.

Table 4. Geometrical dimension of semicircle drawbeads in [mm].

Radius of Male Bead (r) Width of Groove (W) Height of Male Bead (H) Radius of Contra Bead (R)

3

2.25 4.5
6
3

3 9 3 45
6
3

3.75 45
6

Upper die

w

Blank holder

Figure 7. Schematic diagram of semicircle drawbead (R: radius of contra-bead, r: radius of male bead,
W: width of groove, and H: height of male bead).

3.3.5. Weight Factor Determination for Formability Assessment

By using thinning limit diagrams with Pascal’s triangle coefficients for quantitative
evaluation of final part’s formability, the methodology employs a severity percentage (SP)
of 20% and a %Thinning increment (i) of 5%, resulting in eleven intervals and n being 10.
The lower boundary for thinning is accounted for when the material thickens to 20% and
the upper boundary is when the TLC is a function of e;.

The conditions for determining the weight factor are:

1 % Thinning(ep) < 20%
10 —20 < % Thinning(e;) < —15
45 —15 < % Thinning(e,) < —10
120 —10 < % Thinning(e,) < —5
210 —5 < % Thinning(ey) < 0
Wy =< 252, when 0 < % Thinning (e;) < 0.80(TLC(ey))
210 0.80(TLC(e3)) < % Thinning < 0.85(TLC(ez))
120 0.85(TLC(e;)) < % Thinning < 0.90(TLC(ey))
45 0.90(TLC(e;)) < % Thinning < (0.95TLC(e,))
10 0.95(TLC(ez)) < % Thinning < (TLC(ez))
1 TLC(e2) < % Thinning
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4. Results and Discussion

4.1. Material’s Model Validation
4.1.1. Comparison of Simulation and Experimental Measured Thickness at
Baseline Condition

The comparison of the point thickness in six critical thinning regions between two
models and the experimental measurements is presented in the bar chart shown in Figure 8.
We found that the Barlat and Lian 1989 model gives higher accuracy than Hill’s 1948 model
for all points [48,49]. The maximum difference occurs at point number 6, between the
Barlat and Lian model, where the experimental measurements is 0.05 mm, and Hill’s model,
where it is 0.143.

Hill’s 1948 vs. Barlat and Lian 1989 yield criteria models:
Thickness Prediction Accuracy at the Initial Condition

| 1.34
| 135
| 1.32
| 141
| 1.39

| 115

0.8 | Hill's 1948
Barlat and Lian 1989

Thickness [mm]

0.6
O Exp.

0.4

1 2 3 4 5 6
Poistion (points)

Figure 8. Comparing simulated and measured thickness at six points (using Ultrasonic Thickness
Gauge) of the final deep-drawn part in baseline condition [48,49].

For the wrinkling region observed at the edge of the part, additional measurements
were taken in the side zone (14 points) and the end zone (19 points) with spaces of 10 mm
and 5 mm, respectively, as shown in Figure 9. To support this alignment verification,
draw-in values were measured at 12 points on the part (Figure 10). These measurements
were compared to draw-in values obtained using a high-accuracy (0.016 mm accuracy) 3D
scanner, an 83 series ABSOLUTE ARM (Hexagon Manufacturing Intelligence, RI, USA),
adhering to ISO 10360-12 probing accuracy. The resulting values and their relative errors
are summarized in Table 5. The data indicate a reliable alignment between the measured
and simulated positions, with a maximum relative discrepancy around 9 mm.

(a) (b)

Figure 9. Measurement positions for thickness distribution in the thickening zones: (a) the side zone;
and (b) the end zones of final deep-drawn part under baseline condition (using Micrometer).
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Point 1 2 3 4

1 e

11 mfr

Initial blank

5 I L !
10 9 8 7

Figure 10. Twelve points on the contour curve of final deep-drawn part’s top view for comparing
draw-in values.

Table 5. Draw-in value for 12 points and relative error between simulated and experimental results.

Position (Points) 1 2 3 4 5 6 7 8 9 10 11 12
Draw-in value Exp. 21.93 29.14 23.60 20.17 31.02 21.79 25.64 40.63 27.36 16.87 33.67 28.33
[mm] Simulation 18.82 36.40 32.60 22.07 27.70 22.72 21.95 4241 31.22 17.12 31.96 25.98

Relative error [mm] 3.11 3.11 7.26 9.00 1.90 3.33 0.93 3.70 1.79 3.86 0.25 1.71

The measured thicknesses from the simulated and actual parts for both the side zone
and end zone are shown in Figure 11. In the side zone, the mean absolute error between
simulated and actual thicknesses was 0.123 mm for Hill’s 1948 model and 0.125 mm for
the Barlat and Lian 1989 model [48,49]. For the end zone, the average absolute differences
were 0.145 mm and 0.150 mm for Hill’s model and the Barlat and Lian model, respectively.

Experimental and Predict Thickness on Side Zone

g
E
2 15k
g - Exp.
:—é 105 ] ———-Hill's 1948 |
ﬁ - Barlat and Lian 1989
1 . . . . N N

2 4 6 8 10 12 14
Position (points)

- Experimental and Predict Thickness on End Zone
25 — T T T T T T T ]

Thickness [mm]

1.25

Position (points)

Figure 11. Experimental (using Micrometer) and predicted thickness by Hill’s 1948 [48] and Barlat
and Lian 1989 [49] on side zone and end zone of the final deep-drawn part in baseline condition.

4.1.2. Accuracy of Formability Prediction Using the Thinning Limit Diagram

Section 4.1.1 examined the part’s thickness in its dominant thinning and thickening
regions before trimming. The validation analysis led to the selection of the Barlat and Lian
1989 model [49] for further investigation.

Continuing the present section, the thinning limit diagram (TLD) utilizes strain paths
based on the Barlat and Lian 1989 model. The TLD incorporates the boundary curve of the
necking limit (also referred to as the thinning limit curve in this study), which is derived
from the strain-approach forming limit curve (e-FLC) plot obtained from Nakajima test
information [53]. This ¢-FLC has already been shown to predict cracking phenomena
accurately in the same studied material.

The ability to identify wrinkling regions is demonstrated by comparing the visually
identified wrinkles on the actual part with those predicted by the thinning limit diagram.
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This diagram establishes a basic wrinkle boundary based on the occurrence of thickening
(where % thinning is less than 0), as shown in Figure 12. Figure 12 presents the thinning
limit diagram for the final deep-drawn part in its baseline condition. The purple-colored
region in the diagram, as indicated in the legend, represents the wrinkling trend zone.
Wrinkles on the physical part, highlighted by rectangular boxes (top of Figure 12), align
visually with the purple zone on the simulated part (bottom left of Figure 12), where color
is shown in accordance with the legend of the thinning limit diagram.

Thinning Limit Diagram

% Thinning

30

e, [%]

—— Thinning Limit Curve

— — — -80%, 85%, 90% and 95% of Thinning Limit Curve
@ Necking Trend
® Safe
@ Wrinkling trend

— — —-5%, 10%, 15%, 20% Thickening Curve

8

Figure 12. Thinning limit diagram for final deep-drawn part in baseline condition.

4.2. Influence of Blank’s Length and Width on Distribution of Thickness and Q-Value

The influence of varying initial blank dimensions on thickness distribution of the
deep-drawn part before trimming is evident in Figure 13. This figure is not intended to
directly evaluate the quality of the final trimmed part in terms of wrinkling and necking but
rather to visualize trends in thickness distribution. These trends provide valuable insights
into how blank size influences thickening and thinning phenomena, which are precursors
to wrinkling and necking, respectively, across the entire part (both inside and outside the
trimline). This preliminary analysis serves to complement the comprehensive formability
evaluation of the final trimmed part, which is quantified using the Q-value derived from
the thinning limit diagram.

Observations and analyses of Figure 13 reveal distinct trends in thickness distribution
within the end and side zones. Regions with higher thickness than the original blank
thickness (1.5 mm) are represented by yellow and warmer colors in the provided range. In
the side zone, increasing the blank length while keeping the width constant results in more
pronounced thickening. Conversely, increasing the width while keeping the length constant
relieves thickening in this zone. In the end zone, thickening becomes more pronounced as
the width increases, regardless of length variation. Conversely, increasing the blank length
reduces thickening in this zone.
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Figure 13. Influence of initial blank dimensions on deep-drawn part’s thickness distribution

before trimming.

The observations suggest that the blank holder force plays a significant role in influenc-
ing thickness distribution. Both increasing length and width result in a larger contact area
between the blank and the blank holder. This increased contact area, under constant blank
holder pressure, leads to higher holding force, which effectively suppresses thickening [54].

However, the effect of increasing both length and width on the final trimmed part
is more complex. Increasing both dimensions beyond a specific limit, particularly when
length exceeds 530 mm and width exceeds 430 mm, appears to result in pronounced
thinning (indicated by the blue regions in Figure 14, representing thicknesses less than
1.25 mm) on the center ridge of the trimmed part. Furthermore, although the increased
area of the blank is the highest for both dimensions for 440 mm width and 530 mm length
(the area is 15% greater than the original), the wrinkling trend in the side zone remains
dominant, as predicted by the thinning limit diagram in Figure 14.

Thinning Limit Diagram
[ % Thinning

|

Figure 14. Thinning limit diagram for final trimmed part (440 mm x 530 mm blank, original tool).

Following the observations of thickness distribution for each combination of blank
width and length, the influence of these parameters on formability was further analyzed
using the Q-value. Figure 15 presents an interaction plot illustrating their combined effect.
The non-parallel and intersecting lines, particularly those representing width variation
across different lengths, demonstrate a clear interaction between these parameters.
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Interaction Effect of Blank's Width and Length on Q-value

490 495 505 515 525 530
240

235

Width [mm] 230

225

Q-value

240

235

230 Length [mm]

225

410 420 430 440

Figure 15. Interaction plot of blank’s width and length on Q-value.

While varying the length within each width (410, 420, 430, and 440 mm) gives quite
similar Q-value trends, the non-parallelism and intersections of curves confirm the inter-
action. This aligns with the thickness distribution analysis, which clearly showed that
increasing width at a constant length reduces thickening in the side zone.

Optimal blank dimensions, maximizing formability (corresponding to Figure 15’s
highest Q-value), are 440 mm width and 515 mm length. Figure 16b shows the TLD for
this optimal case compared to the baseline condition in Figure 16a, demonstrating a visible
improvement. This improvement is further highlighted when compared to the non-optimal
blank size (440 mm X 530 mm) shown in Figure 13, reinforcing the effectiveness of the

Q-value for formability assessment.

Thinning Limit Diagram
[ % Thinning

ickening Curve

(@)
Thinning Limit Diagram

% Thinning

e 1%

[—— Thinning Limit Curve
- and 95% of Thinning Limit Curve

— — — 5%, 10%, 1%, 20% Thickening Curve,

(b)

Figure 16. Thinning limit diagrams for trimmed part of (a) baseline condition 410 mm x 495 mm
blank and (b) 440 mm X 515 mm blank.
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After optimizing blank dimensions based on the Q-value, Figure 16b shows the region
that is prone to wrinkling (purple zone) is visibly smaller when compared to the baseline
condition in Figure 16a. However, wrinkles are still present in the side and end zones.
Similarly, the necking-prone region is reduced compared to the baseline but persists,
especially in the head zone near the sinking corner. Thus, while the optimal blank size
improves formability, it does not fully eliminate wrinkling and necking.

4.3. Side-Wall Wrinkle Formation: Cause Analysis and Evaluation of Proposed Solutions
4.3.1. Cause Analysis and Proposed Solution (Tools Redesign)

To address the wrinkling problem, the baseline blank size, which exhibited the most
severe wrinkling, was selected for analysis. Figure 12 shows distinct side-wall wrinkles
(non-flange wrinkles), located solely in the side zone and unconnected to the flange wrin-
kles. A finite element analysis (FEA), simulating both deep drawing operations, was
performed to investigate the origin of these side-wall wrinkles.

The FEA revealed that the side-wall wrinkle first forms during the first deep drawing
operation. The wrinkles were observed after the upper die and the blank holder made
contact, and the blank moved downward 15 mm before reaching the end of the stroke, as
highlighted in Figure 17. This indicates that the wrinkle develops after the flange region
has been already passed over the die radius.

dud

l“”'“ 4

Figure 17. FEA results illustrating initial side-wall wrinkle formation (first deep drawing operation,
upper die position: 15 mm before end of stroke) for 410 mm x 495 mm blank.

Tracing back to 45 mm before the end of the stroke (Figure 18) reveals a crucial factor:
the side-wall region lacks tool support. Figure 18a shows a side view of the deformed
blank and tools during the forming process. The regions of the deformed blank that lacks
support from the upper die are pointed out, with the die shown transparently for clarity in
Figure 18b, and the lack of support from the punch was pointed in Figure 18c (the blank is
shown transparently, and the die is hidden for easy visualization).

The lack of support creates a unique stress distribution that contributes to wrinkle
formation. Analyzing the principal stresses (Figure 19) reveals further insights. The protruding
portion of the upper die, designed for forming the sinking region, generates tension and acts
as a “locker” trapping the material, first in the head zone and then in the side zone, according
to the tool design specific to the part. Simultaneously, the unsupported region between the
sinking corners experiences increasing contact pressure from both the upper die and lower
punch as the die moves downward. This pressure causes the material to fold, leading to wave
formation in the unsupported area, ultimately resulting in side-wall wrinkling.
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Upper die
Deformed blank

(a)

Blankholder

the area of the blank that does
not contact the die

(b)

the area of the blank that does
/ not contact the punch

(c)

Figure 18. First operation of deep drawing process for 410 mm x 495 mm blank at 45 mm before end
of the stroke: (a) side view; (b) front view—side-wall region unsupported by upper die (transparent
die); and (c) front view—side-wall region unsupported by punch (transparent blank).

Principal stress
[GPa]

e

0.100

|; —0.100

. m
-— = —0.500

Region of Dominant Compression

Sinking region Sinking region
in the side zone in the head zone

(a) (b)

Figure 19. Principal stress distribution during the first operation of deep drawing for 410 mm x 495 mm
blank (a) 15 mm before end of the stroke and (b) at end of the stroke.

The side-wall wrinkling phenomenon described above is known as puckering [55]. It
is a type of wave formation on the wall of a drawn shape that occurs after the material has
passed over the die radius, and the severity of puckering is mentioned to increase with the
size of the blank area that lacks tool support during forming [56].

The stress distribution analysis indicates that the side-wall wrinkle, or puckering,
arises primarily from the die’s geometry, specifically the lack of tool support in the side-
wall region. Rather than this, the red zone shown in Figure 19b suggests that the bent edges
cause obstructed flow of the blank during forming due to representing high tensile stress.
For this reason, to address the issue of puckering and difficulty of flow during the deep
drawing process, which leads to excessive thinning and necking, a new design for the first
operation tool was developed, as illustrated in Figure 20. The new design increases the area
where the tool supports the blank during forming and removes two protruding regions
and the bent edges, which were identified as hindering the blank’s flow. Note: for reasons
of confidentiality, dimensions are not included in the figure.



Metals 2025, 15, 68

19 of 28

two bend edges

(a) (b)
Figure 20. Comparison of (a) previous and (b) newly designed die for the first operation tool.

4.3.2. Effectiveness of Redesigned Tool Through Q-Values Analysis

Redesigning the first deep drawing operation tool and incorporating variations in
the initial blank’s length and width led to a substantial improvement in formability, as
quantified by the Q-value. Figure 21 clearly illustrates this enhancement, demonstrating
that the new tool consistently achieves higher Q-values compared to the original tool for
identical blank dimensions.

Q-value vs. Case Number of Blank Width and Length Variations for Original and New Tools
250 —

——Original Tool
-~ New Tool

245

12 14 16 18 20 22 24
Case Number

Figure 21. Q-value versus initial blank’s size variation for original and new tools.

Furthermore, comparing the formed part using the new tool with a 440 x 515 mm
blank (the optimal size identified in Section 4.2) (Figure 22) to a part of the same blank size
formed with the original tool (Figure 16b) reveals a reduction in side-wall wrinkles and,
importantly, a decrease in thinning in the sinking corner’s head zone. So, the effectiveness
of the tool redesign is confirmed.
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Thinning Limit Diagram
[ % Thinning

Figure 22. Thinning limit diagram for trimmed part (440 mm X 515 mm blank, new tool).

The optimal blank size for the new tool that gives the highest Q-value in Figure 21
is the 17th case (430 mm x 525 mm blank). The corresponding TLD and formed part are
shown in Figure 23. Visually comparing the TLD for this optimal case to the TLD for the
previous optimal blank size (Figure 22) offers a limited ability to assess which one exhibits
better formability. Similarly, the forming limit diagram (FLD) (Figure 24), a traditional
formability assessment tool, is also limited in this aspect. This difficulty arises because of
the little difference in formability between cases, and the varying mesh densities used in
the simulations, leading to variations in the total number of elements. Consequently, slight
differences in the TLD and FLD between cases may not be reliably interpreted.

Thinning Limit Diagram

% Thinning

e l%]
|

Figure 23. Thinning limit diagram for trimmed part (430 mm x 525 mm blank, new tool).

Project 'PV1_8IMATALB_440x515" Project 'PY1_8IMATALB_430x525"
Module ‘State 9/end : Time = 0.000000" Module ‘State 9/end : Time = 0.000000"

+ Membrane fiber

Strong wrinkling trend
Safe
Neckingtrend

“+Membrane fiber

(a) (b)

Figure 24. Strain-based forming limit diagrams for trimmed part of (a) 440 mm x 515 mm blank
(new tool) and (b) 430 mm x 525 mm blank (new tool).
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However, this study’s novel assessment method addresses this issue by normalizing
the severity within each interval based on the ratio of elements to the total number and
applying a weighting factor. This normalization enables direct comparison of results across
different simulations. Regarding the comparison of the 440 x 515 mm (new tool) and
430 x 525 mm (new tool, optimal condition) blanks, the bar chart of normalized frequencies
(Figure 25) supports this assessment. The optimal case shows a lower frequency of thinning
issues on the left side of the chart for all levels of thinning, despite a slightly higher
frequency in the 5% thickening interval, but this is the first severity level in thickening
(besides the safe zone bar). Thus, this novel Q-value assessment considers both the severity
of necking/wrinkling and the normalized volume (frequency), making it a robust tool for
comparing the formability of simulations.

100

Frequency Distribution of Elements in Severity Levels Frequency Distribution of Elements in Severity Levels
T T T T T 100 T T T T T T

Tootsn T aa%

Frequency [%]
Frequency [%]

(a) (b)
Figure 25. Frequency distribution of elements in severity levels for (a) 440 mm x 515 mm blank (new
tool) and (b) 430 mm x 525 mm blank (new tool).

4.4. Influence of Male Bead Height and Contra-Bead Radii on the Formability of the Part

Based on the optimum condition identified from the Q-value analysis in Section 4.3.2,
a 430 mm x 525 mm blank was formed by using the new tool. The frequency distribution
of elements across different severity levels, as shown in Figure 25, reveals that thickening
persists for 5% of the total number of elements. This is the second major portion and is
related to the wrinkling zone (purple color shown in the head and side zones of the part).
To investigate the persistent thickening in the final trimmed part, the analysis shifted to
the pre-trimming stage. As shown in Figure 26, a concave region is observed on the flange,
primarily in the area where thickening is most prominent. Empirical observations suggest
that material flow is enhanced in this concave region compared to adjacent areas, leading
to the decision to incorporate drawbeads.

Figure 26. Flange concavity at pre-trimming stage (430 mm x 525 mm blank, new tool).

Drawbeads, with specific dimensions detailed in Table 4, were integrated into the first
operation tool. Each drawbead had a length of 120 mm for both the head and end zones
and 165 mm for both side zones. A 20 mm open curve section was incorporated at the
end of each drawbead. The positioning of the drawbeads on the upper die is illustrated in
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Figure 27. Note that due to the confidentiality of the part’s dimensions, only the relevant
dimensions for drawbead placement are displayed.

17
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e
A\

A

120

=

Figure 27. Schematic of drawbeads’ layout on the upper die (new tool) in [mm].

Figure 28 shows that a male bead height of 2.25 mm and a contra-bead radius of
3 mm yield the highest Q-value of 244.70, as depicted in the thinning limit diagram and
the simulated part in Figure 29a. This value slightly exceeds even the highest Q-value
of 244.62 observed for the new tool (without a drawbead) in Figure 23. This comparison
demonstrates that adding a drawbead effectively suppresses wrinkling (in the side, head,
and end zones), although it does lead to slightly increased thinning.

The influence of the contra-bead radius and male bead height on the Q-value reveals
that increased male bead heights negatively impact formability, resulting in lower Q-values.
Conversely, a larger contra-bead radius generally enhances formability due to a decrease in
drawbead restraining force (DBRF) with increasing radius [41,57]. However, this positive
effect on formability plateaus beyond a certain radius.

Interestingly, the impact of the contra-bead radius differs when using a smaller male
bead height of 2.25 mm. To further investigate the factors affecting formability in this
scenario, thinning limit diagrams (TLDs) were examined for a 2.25 mm male bead height
with contra-bead radii of 3 mm and 6 mm, as shown in Figure 29a,b, respectively. The
figures reveal that the red zone (indicating trend of necking) on the second quadrant (top-
left red zones) of the thinning limit diagram in Figure 29a is noticeably smaller than in
Figure 29b, and the purple zone (representing thickening) also exhibits slight variations.

To highlight the second quadrant, the corresponding areas on the formed parts are
indicated in black in Figure 30. These indicated regions demonstrate that a contra-bead
radius of 6 mm results in a larger affected area compared to the 3 mm radius. Examination
of the pre-trimmed stage at the end of the stroke (Figure 31) reveals wrinkles in the
flange area’s side zone for the 6 mm contra-bead radius case. Principal stress analysis
indicates that wrinkling occurs around the protruding bead in this case, with the region
experiencing predominantly high tensile stress compared to the 3 mm contra-bead radius
case. Especially, the area that is parallel to the bead and extending inward towards the part’s
center experiences predominantly higher tensile stress compared to the 3 mm contra-bead
radius case.
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Effect of Radius of Contra Bead and Height of Male Bead on Q-value
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Figure 28. Q-value variation with contra-bead radius for different male bead heights.
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Figure 29. Thinning limit diagrams for trimmed part (430 mm x 525 mm blank, new tool with
2.25 mm male bead height drawbead) with contra-bead radii of (a) 3 mm and (b) 6 mm.

- |

(a) (b)

Figure 30. Trimmed parts with critical thinning zones highlighted (black region): (a) 3 mm contra-
bead radius; and (b) 6 mm contra-bead radius (in 430 mm x 525 mm blank, new tool with 2.25 mm
male bead height drawbead).
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Figure 31. Pre-trimmed blank at end of stroke and principal stress distribution (in 430 mm X 525 mm
blank, new tool with 2.25 mm male bead height drawbead): (a) 3 mm contra-bead radius and
(b) 6 mm contra-bead radius.

These findings suggest that a larger contra-bead radius provides less restraining force
from the drawbead, allowing material to flow more easily. This increased material flow,
coupled with the low male bead height, which also facilitates flow, results in insufficient
suppression of wrinkling and leads to severe thinning, similar to the observations made in
the case of insufficient blank holder force discussed in Section 4.2.

4.5. Validation of Enhanced Formability Achieved Through Q-Value Analysis

Based on finite element simulations, which guided the experimental design, the
formability of the final part was enhanced by modifying the blank size, redesigning the
first operation tools, and incorporating drawbeads into the new tool design for controlling
material flow. The optimal configuration, determined through Q-value analysis, involved a
blank size of 430 mm x 525 mm formed using a tool with drawbeads featuring a male bead
height of 2.25 mm and a contra-bead radius of 3 mm. To validate these simulation-derived
parameters, a physical tool was fabricated and set up on the press, as shown in Figure 32.

Blank holder

Lower punch

(a) (b)

Figure 32. Experimental setup: First deep drawing operation tools fabricated based on simulation-
optimized design—(a) lower tool and (b) upper tool.

The resulting part from the deep drawing operations is displayed in Figure 33. Wrinkling
in the side wall and end zones, previously observed in the baseline condition (Figure 12), has
been successfully eliminated. This improvement aligns with the simulation results illustrated
in Figure 29a, which also demonstrate the absence of wrinkling in the side and end zone.
Regarding the thinning zone, both practical observations and simulation results consistently
indicate critical areas in the center ridge and the corners of the sucking region.
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Figure 33. Final deep-drawn part and measurement points for thickness validation (using Ultrasonic
Thickness Gauge) in optimized condition.

To validate the improved formability achieved, the thickness profile was measured
using the same methodology described in Section 3.3.2 (“Baseline Condition and Model
Validation”) at specific locations indicated in Figure 33. Table 6 compares the thickness
values in these critical regions, validating the observed improvements with a maximum
percentage error of 3.65%.

Table 6. Comparing simulated and measured thickness at eight points (using Ultrasonic Thickness
Gauge) of the final deep-drawn part in optimized conditions.

Position (Points) 1 2 3 4 5 6 7 8
Thickness 1.15 1.37 1.37 1.31 1.39 1.46 1.34 1.46
value [mm] Simulation 1.12 1.32 1.36 1.34 1.39 141 1.30 142
Absolute percentage error [%] 2.61 3.65 0.66 2.21 0.36 3.22 3.21 2.74

5. Conclusions

This research establishes a Q-value-based formability assessment. The Q-value, de-
rived from thinning limit diagrams (TLDs), utilizes severity levels defined by offsets from
thinning and wrinkling limit curves. It is calculated by summing the product of a Pascal’s
coefficient weighting factor and the normalized number of elements within each severity
interval (the ratio of elements in each interval to the total number of elements).

The effectiveness of the Q-value assessment was demonstrated by optimizing parameters
in a deep-drawing process using finite element analysis (FEA). These parameters included
blank size, tool design, and drawbead geometry. The accuracy of FEA results using both Hill’s
1948 and the Barlat and Lian 1989 yield criteria was validated against experimental thickness
distribution measurements for the baseline (pre-study) condition [48,49]. Both criteria pro-
vided accurate thickness predictions, with the Barlat and Lian 1989 model demonstrating
superior accuracy and therefore being selected for subsequent parameter optimization.

Analysis of the blank’s width and length variations revealed an interaction between
these dimensions and their influence on formability, a finding corroborated by thickness
distribution analysis. Tool geometry was then redesigned based on FEA principal stress
analysis, which highlighted flow restrictions caused by bent edges and protruding die
regions. Furthermore, the analysis identified the cause of side-wall wrinkling (puckering)
as insufficient blank support during forming. The redesigned tool increased supporting
surface area, effectively reducing thinning and wrinkling, although some wrinkling per-
sisted in the side and head zones. To address this, drawbeads were incorporated, and their
geometry (male bead height and contra-bead radius) was varied. Increased male bead
height induced localized thinning, while a larger contra-bead radius facilitated material
flow and improved the Q-value. However, an excessively large contra-bead radius proved
ineffective in suppressing wrinkles and even exacerbated thinning. An optimal drawbead
geometry of 2.25 mm male bead height and 3 mm contra-bead radius effectively reduced
wrinkling while only slightly increasing thinning.
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Through this optimization process, an optimal configuration was determined as
430 mm x 525 mm blank size, which, combined with the redesigned tool and optimized
drawbeads, achieved higher formability with minimized wrinkling and thinning. The
Q-value method shown overcomes limitations of traditional forming limit diagrams (FLDs),
which are challenged by visually minor differences and are sensitive to differing element
counts across simulations. The Q-value’s normalization, using the ratio of elements in each
severity interval to the total element count, provides a consistent and readily interpretable
metric for assessing formability improvements, even for slight variations. Hence, this
Q-value-based assessment offers valuable insights for optimizing deep-drawing processes,
leading to enhanced product quality and reduced manufacturing defects.
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