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Abstract: Achieving perfect flatness, tension-free surfaces, and exceptional resistance to spring
back are important characteristics of packaging steel, setting the standard for high-quality material
performance. To guarantee these crucial parameters, the implementation of the stretch-bending
process at the final stage of the production route is indispensable. Besides improving the flatness
properties, the induced plastic deformation results in an accompanying change in the mechanical
properties. This investigation focuses on understanding this change in mechanical properties due
to different stretch-bending straightening process parameters. A multivariate predictive model
is created to calculate a process window for achieving the desired flatness and also mechanical
properties in the production of packaging steel. This model is validated by experiments with a
laboratory facility.

Keywords: straightening; packaging steel; intermesh; degree of stretching; mechanical properties;
machine learning; prediction model

1. Introduction

The stretch-bending straightening process plays a crucial role in shaping semi-finished
flat products, ensuring essential properties like flatness, reduced tension stresses, and
resistance to spring back. These attributes are vital for facilitating seamless processing by
manufacturers and meeting the expectations of customers. Precise straightening minimizes
the reworking efforts and, therefore, also reduces the occurrence of complaints. There
are applications across diverse metal processing industries, accommodating materials like
steel [1], aluminum [2], and brass [3]. Previous studies have predominantly examined the
influence of the straightening process on the flatness properties of heavy plates [4], wires [5],
tubes [6], H-beams [7], and strip materials [8,9]. The investigated material thicknesses of
strip material and heavy plates ranged from 0.224 to 54 mm [4,9]. However, thin-sheet
packaging steels with ultra-low carbon content remain unexplored.

Additionally, there are structural variations in straightening machines, differentiating
between stretch [9], bending [10], and stretch-bending straighteners [11,12]. This paper
focuses on the stretch-bending straightening process, a distinctive blend of tensile and
bending loads inducing alternating tensile and compression forces into the sheet material.
By this, undesirable flatness defects are removed. These can be divided into shape defects,
curl, and gutter. Shape defects are caused by different lengths of material across the width
of the strip. This results in wavy edges or center buckles. Curl, gutter, and a combination
of both arise due to unbalanced tension stresses across the strip thickness [2,13,14].

The flatness of the material is ensured by specifically adjusting the process parameters
to the material to be straightened. The plastic deformations induced by the alternating loads

Metals 2024, 14, 1203. https:/ /doi.org/10.3390/met14111203

https://www.mdpi.com/journal /metals


https://doi.org/10.3390/met14111203
https://doi.org/10.3390/met14111203
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0009-0008-6198-9605
https://orcid.org/0000-0001-7485-2589
https://orcid.org/0000-0003-3502-9324
https://doi.org/10.3390/met14111203
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met14111203?type=check_update&version=1

Metals 2024, 14, 1203

2 of 14

in the straightening process lead to the desired flatness but also result in additional changes
in the mechanical properties. This impact of the straightening process on the mechanical
properties have been studied by Noé et al. for 0.7 and 1.5 mm thick steel sheets by varying
one straightening process parameter and roll geometries of the straightening unit [15].
Harang6z6 et al. investigated the influence of the straightening process on the mechanical
properties on aluminum sheets, focusing on different base material specifications under
identical straightening process parameters [16]. These investigations have shown that the
change in mechanical properties depends on the characteristics of the base material, setup
of the straightening unit, and straightening processing parameters. Hardening or softening
may be the result of these changes in mechanical properties. In the case of the aluminum
sheets studied by Harang6z6 et al., hardening of the material takes place [16]. On the other
hand, the softening of low carbon steel under cyclic loading was investigated by Chai et al.
They have shown that alternating tension and compression loads, which are also present in
straightening process, can lead to the softening of low carbon steels [17].

To investigate the straightening process of metals, several methods have been used.
One approach involves conducting test series directly in production, offering a one-to-one
reflection of material behavior [18]. Theoretical investigations of the stretch-bending pro-
cess, using analytical models and assumptions, provide another approach [19,20]. Further,
the finite element method is used, necessitating the creation of a model of the stretch-
bending straightening process, material characterization, and subsequent validation with
a real setup [21-24]. On the other hand, simulations provide a low material loss and
versatile setting exploration. Experimental testing is another way of investigating the
stretch-bending straightening process. While a laboratory facility offers distinct advantages
of minimal material loss and the quick change in stretch-bending parameters, it is not
without its drawbacks. Notably, there are substantial investment costs associated with its
planning, construction, and adjustment.

One of the biggest challenges of stretch-bending straightening, particularly in the
context of packaging steel, is that a specific set of stretch-bending straightening process
parameters may result in the fulfillment of the flatness requirements yet fail to achieve the
desired mechanical properties of the straightened material. The failure to comply with
the specified tolerance limits for mechanical properties has resulted in increased costs
due to the necessity of reworking and a higher incidence of complaints regarding the
finished product.

The principal objective of this research is to elucidate the impact of process parameters
on the mechanical properties of a packaging steel specification. Therefore, the stretch-
bending straightening process parameters, intermesh tyy and the degree of stretching epog
are varied to examine the change in tensile test properties. These results are used to create a
multivariate model to predict the resulting mechanical properties. Furthermore, this model
can be used to predict a process parameter window that achieves the desired mechanical
properties and can be varied to eliminate several types of flatness defects.

In order to achieve these objectives, a laboratory facility and tensile tests are employed
for investigative purposes. In contrast to previous experiments at the laboratory facility, the
current testing procedure requires an intricate alignment of the electrical and mechanical
parameters of the stretch-bending straightening unit. This precision is essential for configur-
ing targeted tests and accurately assessing the specified process parameters. All necessary
parameters are measured and controlled during or before each test series. Following that,
the main objectives of the research are investigated.

2. Materials and Methods

In the following section, the investigated materials and experimental procedure are
presented. The investigation process starts with ensuring the fine adjustment and calibra-
tion of the laboratory facility. The next step involves the presentation of the tensile test
results obtained under varying stretch-bending straightening parameters.
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2.1. Packaging Steel

Packaging steel is the base material to produce different packing applications like food
cans, closures of glass containers, or industrial packaging. This type of steel is pure ferritic
with a maximum carbon content of 0.12% [25]. Due to the high cold rolling and temper
rolling degrees up to 40%, thicknesses from 0.1 to 0.5 mm can be reached. The investigated
material has an offset yield stress R0 of 523 MPa and a material thickness of 0.20 mm.
The material specification under investigation has a defined Ry, > range of 500 to 600 MPa
that must be achieved. Compared to previous publications, the material is characterized by
its low thickness, its ultra-low carbon content, and temper rolling degrees above 5%.

2.2. Laboratory Facility

The presented laboratory facility was constructed with the objective of experimen-
tally simulating the laminating process of packaging steel in a continuous test line as
illustrated in Figure 1. In addition to continuous foiling, special thermal treatments were
conducted to recrystallize the material [26]. The production line has a length of twelve
meters and comprises the following sections: uncoiling, laminating, annealing, stretch-
bending straightening, and coiling. The geometry parameters of the steel strip are limited
by 0.400 mm thickness and material width of 300 mm.

i!IImHII"’
o » fu,!] j [ Crrfoml L
e

Uncoiling Foiling and Stretch bending Coling
section annealing section straigthening section section

Figure 1. The laboratory facility is designed for the continuous laminating, annealing, and straighten-
ing of packaging steel on a laboratory scale.

The built-in stretch-bending straightening unit of the laboratory facility consists of
four identical bridle-rolls transporting the strip through a multiroller, shown in Figure 2.
All four bridle-rolls are driven by their own electronic engine and can therefore be set at
different speeds. These differences in speed of the bridle-roll sets at the inlet and outlet of
the straightener unit are used to set a specific degree of stretching epps. This parameter
is defined as the plastic deformation in length Al in relation to the initial gauge length
Iy along the rolling direction during the straightening process, illustrated in Equation (1).
To set the right speed for a desired eppg, the correlation of bridle-roll set speed differences
Avpgs on plastic deformation has to be determined:

epos = Alpi/Ip * 100% 1)

The multiroller unit is located between the two bridle-roll sets, consisting of an upper
and lower cassette, shown in Figure 3. Each cassette is separated in three layers of rolls,
which are called support-, intermediate-, and straightening rolls. The latter are in direct
contact with the steel strip. The distance between the upper and lower sets of rolls is
an important parameter in stretch-bending straightening. To change this distance, the
lower cassette can be moved by a lifting gear in the vertical direction, while the upper
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Bridle-roll 1

Bridle-roll 2 —\ i) i

cassette is rigid and stays in position. This vertical displacement is controlled by four
measurement gauges at each corner of the cassette. These are used to set the displacement
of the lower cassette and to control its alignment. The measurement gauges 431950 10\58
are manufactured by Kifer (Villingen-Schwenningen, Germany) and are subject to an
absolute observational error of 15 pm. The lower cassette is also mounted in a trough and,
due to that, it can be tilted by means of an eccentric disk. To precisely set this tilt angle, a
capacitive measurement system JN2201 from ifm electronic GmbH (Essen, Germany) is
employed. This system exhibits an absolute observational error of £0.01°. The tilted lower
cassette allows for the setting of a high intermesh tp at the inlet and a lower intermesh at
the outlet of the multiroller. In this investigation, the ty\ at the inlet of the multiroller is
set in five varying positions, schematically shown in Figure 3. At the outlet, the intermesh
between the last upper and lower straightening roll is equal to the material thickness, so
the sheet comes out of the cassette perfectly horizontal. This setting is important to avoid a
coil set of the packaging steel sheet.

Steel strip running direction }

/_ Lifting gear i Bridle-roll 4

/— Bridle-roll 3

Electric _/ / Multi-roller \ [ Electric
engines engines

(a)

Figure 2. Stretch-bending straightening section used to produce flat and tension free material.

Upper cassette
Lower cassette

Intermesh
inlet tpyg

Cassette trough

(b)

Figure 3. The multiroller consists out of three parts: upper cassette, lower cassette, and cassette

trough (a). The intermesh is defined as the distance between the lowest point of the upper roll and
the highest point of the lower roll (b).

2.3. Adjustment and Investigation at Laboratory Facility

To ensure reproducible investigations, mechanical and electrical components must
be finely adjusted. Therefore, all parts of the strengthening unit need to be checked. This
is necessary to prevent the belt from slipping and to ensure homogeneous belt run. In
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addition, the control and regulation elements of the system are checked and adapted to
the small degrees of stretching epos. After ensuring a stable process at the laboratory
facility, the correlation of eppg on the percentage speed differences of the two bridle-roll
sets Avggs is determined. For that, a marked area with a precise distance of 1000 mm is
created on the steel strip surface before the straightening process. After straightening, this
area is plastically elongated. By measuring the length difference, the generated eppg can
be calculated. By setting four different Avggs, the calibration curve shown in Figure 4
is generated. The calibration curve is described by the following equation: Equation (2),
where m is the slope and b is the intercept. In this case, m = 0.9728 and b = —0.1095:
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Figure 4. Calibration curve of the dependency between Avggrs and the measured epps.

Based on the calibration curve, the epog is varied between 0.125 and 1.000%, and the
corresponding Avggs is calculated from the calibration Equation (2) as shown in Table 1.
Also, the tp\ at the inlet of the straightening cassette is set in five different settings from 1 to
5 mm for each epps. Due to this, the influence of 25 settings of stretch-bending straightening
process parameters on the mechanical properties are investigated and compared to the base
material (BM) before straightening.

Table 1. Correlation of Avggg at the inlet and outlet of the straightening unit and epps.

Speed Difference Factors of Bridle-Roll Sets
€pos 0.125% 0.250% 0.500% 0.750% 1.000%
AvgRrs 0.244% 0.366% 0.610% 0.885% 1.130%

2.4. Tensile Test

To investigate the influence of the stretch-bending straightening process on the me-
chanical properties of packaging steel, a uniaxial tensile test is conducted. For every setting,
eight specimens are stamped out of the straightened and base material (BM). These have a
total length of 250 mm, a width of 20 mm, and an initial gauge length of 120 mm [27]. The
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on [MPa]

Nominal stress

specimens are oriented parallel to the rolling direction. To completely avoid aging, the ma-
terial is frozen at —20 °C directly after the straightening process. Material storage at room
temperature would lead to the diffusion of interstitial elements, like carbon and nitrogen,
and therefore to a change in the material properties. The objective of this procedure is to
investigate the influence of stretch-bending straightening on the mechanical properties,
without considering the effects of aging. The stored specimens are defrosted and tested
due to standard DIN EN ISO 6892-1 [28]. The stress—strain curves of the material show a
continuous progression. Therefore, the offset yield stress R0 > of the material is determined
by an offset yield point at 0.2% in the plastic extension.

3. Results

In the following, the results of the tensile tests are shown, and the correlation between
the straightening parameters and Rp.» are described mathematically.

3.1. Macroscopic Stress—Strain Behavior

In Figure 5, the stress—strain diagrams of three different degrees of stretching epog
are compared to each other. Additionally, every subplot compares the base material (BM)
before straightening to the five settings of intermesh ty,;. Furthermore, Figure 6 presents a
comparison of three different ty\;, accompanied by a stress—strain diagram for each. The
stress—strain diagrams demonstrate a continuous progression, which can be attributed to
the prevention of aging of the material. Additionally, no Liiders bands are observed on the
surface of the tensile test bar. The results show that a higher epog leads to a higher Rp.».
On the other hand, increasing the ty\ causes a reduction in stress and an improvement in
the strain at break.

By comparing the straightened material to the BM, it is noticeable that, due to straight-
ening, the strain at break A decreases, and the offset yield stress Ry and the tensile
strength Ry, of the material decrease. The arithmetic mean (AM) values with their standard
deviation (SD) of the tensile test measurements are shown in Table 2.

€pDOS = 0.125 % €pOSs = 0.500 % €pDOS = 1.000 %
1= — ] — ]
500: r’ AR ﬁ %;500: §500: 1 1 \
400- 6:400_: 5q400--
300 v 2 300 - tiv 2 300 1 trv
1 — BM ] 1 — BM g ] — BM
200 — tmm |2 0] — tmm |2 00 ] — lmm
1 2mm k= 2mm & E 2 mm
] = 3mm & — 3mm & ] = 3mm
100 1 4 mm ZO 100 A 4 mm 2 100 1 4 mm
] — 5mm ] — 5mm ] — 5mm
0+r——T——r——rT—rT 0+——T——T—7rTT T 0+r—T—rT——r T
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Nominal strain €, [%] Nominal strain e, [%] Nominal strain e [%]
(a) (b) (c)

Figure 5. Exemplary stress—strain diagrams for three different degrees of stretching 0.125% (a),
0.500% (b), 1.000% (c), tested by the tensile test. The ty increases from red to blue color.
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Figure 6. Exemplary stress—strain diagrams for three tp 1 mm (a), 3 mm (b) and 5 mm (c), tested by
the tensile test. The eppg increases from blue to red color.

Table 2. Tensile test values of all settings and BM.

tim €DOoS Rpo.2 Rm A
AM SD AM SD AM SD
[mm] [mm] [MPa] [MPa] [MPa] [MPa] [%] [%]
BM 5229 1.6 528.1 1.4 3.8 0.1
1 0.125 518.3 0.9 524.9 0.8 3.3 0.3
1 0.250 519.2 0.7 526.2 0.7 4.0 0.3
1 0.500 519.9 1.2 526.6 1.1 3.9 0.2
1 0.750 520.8 0.6 526.2 2.7 34 0.3
1 1.000 525.5 0.7 530.2 0.7 3.0 0.4
2 0.125 505.0 1.1 522.1 1.1 45 0.3
2 0.250 505.4 1.0 521.9 1.0 4.7 0.3
2 0.500 506.1 14 521.6 1.4 4.3 0.2
2 0.750 510.1 1.0 524.0 1.3 3.7 0.3
2 1.000 511.2 1.1 523.6 1.2 3.9 0.3
3 0.125 490.6 1.8 513.6 1.7 4.8 0.2
3 0.250 492.2 2.0 514.1 1.7 4.6 0.1
3 0.500 495.7 1.1 515.2 0.9 4.8 0.3
3 0.750 499.5 1.2 516.9 1.1 4.6 0.4
3 1.000 502.1 1.7 517.8 1.3 44 0.2
4 0.125 486.1 1.7 511.1 1.2 5.1 0.5
4 0.250 488.3 1.2 512.2 0.7 5.0 04
4 0.500 490.8 1.5 512.4 1.3 49 0.4
4 0.750 4955 14 514.2 1.3 4.7 0.2
4 1.000 497.2 1.5 514.4 1.6 45 0.3
5 0.125 484.1 1.7 510.6 1.6 5.4 0.3
5 0.250 485.3 1.5 510.0 1.3 52 0.3
5 0.500 488.9 1.0 510.9 1.1 49 0.2
5 0.750 4929 1.3 512.2 1.2 5.1 0.2
5 1.000 495.6 14 513.5 1.2 4.7 0.2

To obtain an overview of the relationship between the stretch-bending parameters and
the offset yield stress Ry, they are plotted against each other, shown in Figure 7. Also, the
AM of Rp 2 of the base material is plotted as a bold green line with SD as a green semicolon
line. All settings of the straightening process except tjy = 1 mm and eppg = 1.000% lead to
a lower value of Rpo.2 compared to BM. The tensile test values of the straightened material
show that a higher tyv results in a lower Ry, and a higher epos leads to an increase in
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the strain at break. Given the relatively minor importance of tensile strength and strain at
break within the packaging steel industry, these two parameters are not discussed in detail
in the following sections. However, the results of strain at break can serve as an indicator
of the extent to which the stretch-bending straightening process influences the formability
of the packaging steel specification under investigation.

: ; ; 530 ;
i E N R SR DU 3_._
I S SO PR S S — — p——— p—
= 520 -
€pos [%] :Q~ tpv [mm]
iE — BM 510 — BM
« 0125 g o 1
]E « 0500 2. 500 ! « 3
) =
3 I «  1.000 o 3 I e 5
> . 3
§ 490 1
g 5 |1t
480
0 1 2 3 4 5 6 0.00 0.25 050 0.75 1.00
Intermesh  tpg [mm] Degree of stretching epogs [%]
(a) (b)

Figure 7. R0 values from the tensile test measurements are plotted against the straightening
parameters tpy (a) and epog (b).

3.2. Two-Dimensional Fitting of Offset Yield Stress Depending on Straightening Parameters

To understand and predict the change in mechanical properties due to stretch-bending
straightening of the material, the correlation between R0 and the straightening settings
are described mathematically. In a first step, the correlation between Rpo2 and tpy is
described by an exponential function for every epog

Rpo2(tnv) = any - e "M 4 ey 3)

_ 1
Rpo2(€pos) = apos - e Pos + bpos (4)

Therefore, the mathematical Equation (3) is selected. The same procedure is performed
for the correlation between Rp2 and epps for five different tpy in Equation (4). The factors
of the exponential equation are determined by the Python™ (Version 3.9.19) module SciPy.
By using the function scipy.curve_fit, the factors of the equation are alternated to obtain the
smallest root mean squared error (RMSE) between the calculated values and the measured
data by the tensile test. The quality of the regression is reviewed with the coefficient of
determination (?) and RMSE. Also, the maximal error, ME, of the calculated values and the
standard errors, SEs, for each coefficient are determined. The calculated fit functions are
plotted with the measurements of the tensile test. In Table 3, the parameters and statistics
for Equation (3) are shown for every epps. For the five ty of Equation (4), the correlation
of the epos on the R .2 is represented in Table 4.

epos-dependent parameters: any, brv, and cpyp exhibit a general trend of increasing
values as the stretching degree rises. However, an exception to this trend is observed at
a epos of 0.750%. Conversely, the factor ap demonstrates a decreasing trend as the epog
increases. All regressions show a good coefficient of determination and a low RMSE. The
largest maximum error of 6.91 MPa is at a epog of 0.125%.
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Table 3. Exponential regression and statistic parameters for correlation of epos on Ry 2.
€DOoS amm SE bim SE CIM SE 2 RMSE ME
amM bim M [MPa]  [MPa]
0.125% 68.3 3.1 0.500 0.076 477.5 2.8 0.99 1.56 6.91
0.250% 66.7 24 0.506 0.059 479.5 2.0 0.99 1.17 5.29
0.500% 61.7 1.4 0.535 0.036 484.1 1.0 1.00 0.64 3.18
0.750% 54.0 15 0.446 0.052 486.6 19 0.99 0.88 4.27
1.000% 60.4 1.0 0.581 0.024 491.8 0.6 1.00 0.40 2.28

For different tp\;, the parameter bppog exhibits a decreasing trend with greater tpy.

Notably, the parameter apog displays a discontinuity between tyy of 2 mm and 3 mm. The
regressions for ty depths ranging from 2 mm to 5 mm demonstrate a notably high coeffi-
cient of determination, indicating a strong fit to the data. On the contrary, the regression
for a 1 mm tpy exhibits a lower coefficient of determination at 0.83, accompanied by the

highest maximum error and the largest RMSE.

Table 4. Exponential regression and statistic parameters for correlation of tpy on Rp.2-

tm apos SE bpos SE 2 RMSE ME
apos bpos [MPa] [MPa]
1 mm 16.2 1.9 518.2 0.4 0.83 1.01 413
2 mm 17.7 1.0 504.8 0.2 0.95 0.57 2.34
3mm 30.5 0.8 491.2 0.2 0.99 0.42 1.71
4mm 29.3 1.3 487.0 0.3 0.97 0.70 2.86
5 mm 30.8 0.5 4845 0.1 1.00 0.26 1.06

In Figure 8, the plotted data represent the measured Ry along with their correspond-

ing standard deviations, depicting their correlation with both ty\ spacing and epps. The
color gradient, transitioning from blue to red, signifies the progressive increase in both epog
and tpy1. The exponential regression fits, depicted as dashed lines, illustrate the modeled
relationship for each combination of eppg and tyy. Furthermore, the AM and the SD of the

Rpo.2 values of the base material are shown as green lines.

530 530
§ 5 I A T e St
T\! 520 €pos [%] % 520 o - tpv [mm]
éi — BM 2 § — BM

510 ........ 0'125 T. 510 """"" [ I 1
£ 0.250 = ‘ | | - 2
& ........ 0.500 & £ I ........ 3
< 500 . 5 500 3 F :
< 0.750 g L ET g ¥ 4
> I SR I
2 490 4 B ] e 1.000 5 4904 :}:E ,,,,,,, PR ; 5

480 l l l ﬁ 480 l l l l

2 3 4 0.00 025 050 075 1.00
Intermesh  tpy [mm] Degree of stretching epog [%]
(a) (b)

Figure 8. Correlation between R0 and straightening parameters tyy at five epos (a) and epos at
five tpv (b).
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3.3. Multivariate Prediction Modeling of Offset Yield Stress

After the separate mathematical consideration of the two variables tp\ and epopg to
Rpo.2, the multivariate correlation of the variables is determined. To fit the parameters,
a multidimensional linear regression model from machine learning package sklearn is
used in Python™ to fit the parameters. Therefore, a polynomial is created consisting of
Equations (3) and (4) describing the correlation of the straightening parameters to Rpg2. To
linearize the resulting Equation (5), the exponential terms are substituted with a new sim-

1

plified term. Therefore, e D0s is substituted by zeppg in Equation (6). In the exponential
expression of tyy, there is an additional factor Sip. To calculate the optimal term for tpy,
the expression factor S is iterated between 0.1 and 1.0. After the calculation, RMSE and
12 of the multilinear regressions are analyzed. The minimal RMSE and maximal 72 of the
multilinear regression are determined at By of 0.500.

(5)
(6)

In Figure 9, the minimum of RMSE and the maximum of r? are located at a B
of 0.500. The minimal ME is also located at a B\ of 0.500. The intercept of the model
increases with higher B, values. The multilinear regression coefficient for the epos B1avn
is not influenced by the factor Bivp. The coefficient of tpy Sivir has high values at a low
Bz and a minimum value of 60.77 at Bpo= 0.400. At Bz of 0.500, the intercept of the
equation is 479.65, the coefficient fpog; is 24.92, and B is 62.20.

1
Rpo2(tnv, €pos) = (Bt - € M2 M) + (Bpogy - @ D08 ) + Prgercept

Rpo2(tiv, €pos) = (Bimi - ztim) + (Bposi - Z€pos) + Pintercept
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Figure 9. Optimal coefficient determination of B\ with statistics and values for multilinear regres-
sion equation. The first diagram shows the correlation of 2 and RMSE (a), the second the intercept of
the combined equation and ME (b), and the third one of coefficients for By and Bposi (€).

In Figure 10, the regression and statistic parameters of multilinear regressions are
shown. Also, the quality of the model is checked by plotting the predicted values as a
function of the measurement values of the tensile test. The red line with gradient one
represents the perfect fit between the measured and calculated values. The scatter points
are the arithmetic mean values of the measured Ry of each straightening setting. The
correlation coefficient between the model predictions and the actual data is 0.986, which
indicates a high degree of agreement. A purely theoretical consideration of the model
parameters reveals that if the immersion depth tends towards infinity and the degree of
stretching is zero, the lowest theoretic value of the equation is reached. Thus, the two terms
equal zero and the intercept describes the maximum theoretically achievable softening for
the analyzed material. Also, the calculated parameters and statistics for alternating B
are shown in Table 5. In Figure 11, the multilinear regression model is transferred to the
two-dimensional correlation of straightening parameters on Rp.2.
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530

520

Offset yield point  Rpo2 [MPa]

Table 5. Multilinear regression coefficients, intercept, and statistic parameters for varying Bvp.

Bive2 Bivn Bpos1 Bintercept r RMSE ME
[MPa] [MPa]
0.200 71.72 24.92 456.18 0.959 2.49 5.0
0.300 62.78 24.92 469.25 0.974 1.98 4.2
0.400 60.78 24.92 475.76 0.983 1.60 3.5
0.500 62.20 24.92 479.65 0.986 1.44 29
0.600 64.48 24.92 482.23 0.984 1.53 3.3
0.700 68.34 24.92 484.06 0.979 1.79 4.0
0.800 73.11 24.92 485.42 0.970 2.13 4.8

Optimal modelparameters are highlighted by bold. Further explanation of optimal model parameters in text.
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Figure 10. Visualization of the model quality by plotting the measured R0 values and the Ry0.2
values calculated by the model.
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Figure 11. Measured Rp.» from the tensile test in correlation to tpv (a) and epos (b). Dotted lines are
the calculated values by the multilinear regression model.

3.4. Application of the Multivariate Model

The multivariate model allows the calculation of a stretch-bending straightening
process parameter window, in which the Ry is within the specified tolerance. As defined
by the standard, the steel specification under examination exhibits a tolerance of Rpo.2
between 500 and 600 MPa. To illustrate this process parameter window, the dependence
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of the stretch-bending straightening process parameters intermesh, and the degree of
stretching on Ry is depicted by means of a 3D plot in Figure 12. The blue area of the
calculated surface is the area in which the Ry tolerance range is maintained. The points
represent the measured values of the tensile test.
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Figure 12. Process parameter window for achieving a R0 between 500 and 600 MPa.

4. Discussion

The results of the investigation show the feasibility of reproducing stretch-bending
straightening processes at the laboratory facility with the desired precision. This enables an
investigation of the influence of the stretch-bending straightening process on the mechanical
properties of one packaging steel specification. The findings indicate that both investigated
parameters, intermesh ty\; and degree of stretching epps, have an influence on the change
in the offset yield stress. It is notable that a higher degree of stretching epps leads to an
increase and higher intermeshes tpy to a decrease in the offset yield stress. Compared to the
base material parameters, the stretch-bending straightening process results in a reduction
in the offset yield stress, except the combination of 1 mm tyy and 1% epos.

It is notable that, at constant degree of stretching and varying tpy, the degree of
plasticization in the rolling direction is constant. By increasing the intermesh from 1 mm
to 5 mm, the curvature of the belt increases, reducing the proportion of tensile loads and
increasing the bending loads induced in the material. Due to that, the part of alternating
loads is increased, and a higher softening of the material takes place. On the other hand,
it is also possible to induce a hardening effect on the material by increasing the epog. In
the case of low tpy, a small softening effect takes place. In combination with the highest
applied epps of 1%, the material undergoes a process of hardening in comparison to the
base material.

To describe the correlation between the stretch-bending straightening process param-
eters and the offset yield stress, two exponential Equations (3) and (4) are used. Each
formula describes the effect of the parameters tp and eppg on the offset yield stress. The
subsequent step is to generate a multivariate model that illustrates the correlation between
combined tpy and epps and the change in offset yield stress as expressed in Equation (5).
Accordingly, a multilinear machine learning regression model is employed to optimize
the parameters of the combined equation. The parameters calculated by the multivariate
model are specific to the investigated packaging steel specifications and the stretch-bending
straightener setup. By varying one of these parameters, a new parameter determination
must be performed. Further, a correlation between the multivariate model parameters and
the material and setup parameters can be used to extend the model. One potential applica-
tion of this procedure is to explicitly incorporate the properties of the base material into
the model. Using the present model, a process parameter window is generated, reaching
the desired offset yield stresses of the material after stretch-bending straightening. This
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enables the stretch-bending straightening parameters to be modified in accordance with
the particular flatness defects of the incoming material, while concurrently guaranteeing
compliance with the tolerance range of the mechanical properties.

5. Conclusions

The primary objective of this study was to investigate the impact of the stretch-bending
straightening process on the mechanical properties of a packaging steel specification.
The experimental results demonstrate that the stretch-bending straightening parameters
intermesh and the degree of stretching have a significant influence on the offset yield stress
of the material. The results of the test series are employed in the generation of a multivariate
machine learning model, which can predict the change in offset yield stress resulting
from the stretch-bending straightening process. While the study focused on a single
packaging steel specification, the model can be generally applied to other packaging steel
specifications. Therefore, the model can be expanded to include an additional parameter
describing the incoming material. In conclusion, the present study serves as the foundation
for an enhanced production of packaging steel, whereby the requisite standards for flatness
and mechanical properties are simultaneously achieved.
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