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Abstract

Roll forming is a material processing technology widely used in industry, espe-
cially within the automotive production. Resorting to some new materials
promotes the innovation in processing techniques, to increase product quality.
Therefore, a precise prediction of process outcomes is required. Despite the
progress in rolling mill design, a practical modeling approach to investigate shape
and geometry of rolled product has been not yet assessed. The highly nonlinear
behavior of material motivates setting up either time consuming numerical anal-
yses, or some simplified approaches, still looking poorly reliable. In this paper, a
numerical modeling technique aimed at predicting the properties of rolled product
more than mill behavior, has been conceived and tested, to allow manufacturer
performing a preliminary calibration of product line. Particularly, a real indus-
trial case has been analyzed, by focusing on three roll forming lines, with ‘U’, ‘W’



and ‘HAT’ cross section, respectively. The first two shapes have been exploited to
experimentally validate the numerical model. The ‘U’ line validation performed
on the folded edges distance showed a relative systematic deviation of 1.44%
and a dispersion of the relative error of £0.56%. For the ‘W’ line, the valida-
tion performed on crucial lengths and angles of the cross section exhibited an
average relative error of 0.13% and -0.02%, respectively. The validated numerical
approach has been exploited to predict the mill performance in manufacturing
the ‘HAT’ profile, still under development. This activity aimed at providing the
designer a tool to predict the process performance and assessing the system
layout.

Keywords: systems design, cold roll forming, machine design, advanced high strength
steel, high-strength low-alloy steel

1 Introduction

The cold roll forming process (CRF) has been applied over last decades to manufac-
turing of products, whose operational requirements in terms of dimensions are seldom
stringent. Recently, the roll forming process has branched out into several variants,
such as cold and hot composite roll forming (CHCRF) [1], micro-roll forming [2],
flexible roll forming (FRF) [3-5], incremental shape rolling (ISR) [6-9] and chain-die
forming [10, 11]. Their applications include automotive [12] product and several indus-
trial systems [13-15]. Moreover, in metal forming technologies, the rolling mill [16, 17]
can exploit now the electric arc furnace [18, 19], instead of some traditional melting
processes, to increase the rate of product manufactured per hour. That enhanced the
application of roll forming, being currently developing quite rapidly, with apprecia-
ble impact upon industry cost and performance. The cold rolling process currently
enables the manufacture of a wide range of products, with different cross section
geometries [20]. Moreover, there is a wide variety of materials, that can be used in
the roll forming process, such as aluminum alloys [21], titanium alloys [22], steel [15],
stainless steel (SS) [23], composite material [24] and the advanced high strength steels
(AHSS) [25-28].

The design of cold rolling mill somehow rises up from an optimized roll forming
process. A requirement induced by energy saving is reaching the product quality and
final dimensions with the lowest number of passes [29]. It can be remarked that roll
forming is increasingly used in industry, since auxiliary operations, such as punching,
welding, clenching, and cutting, can be included within the forming line, increasing
the manufacturing process speed and allowing to rely on a single system, which may
be inhibited for some other processes.

In the automotive domain, AHSS are increasingly used to meet some stringent
emission limits, improving efficiency and safety criteria. Those steels combine high
performance with low mass [26, 27, 30]. Fhe-AHSS combine the high yield strength
with low total elongation, posing the challenge of spring-back effect, in several metal
forming processes [31-34]. The spring-back effect must be carefully controlled [35—
38] . This requires resorting to higher loads on rolls during roll forming, although



the risk of defect nucleation becomes higher [39]. Fhe-AHSS exhibit high strength
and limited formability, making roll forming through some conventional processes
rather difficult [13, 40, 41]. Internal stresses generated in the product section by the
forming process [42] may lead to formation of bow (downward or upward), camber
(sideways), twist, wave, flare, or spring-back [43-47]. Moreover, the shape of coil can
affect the properties of some materials [48]. Particularly, this can become a main
issue, since tolerances in the automotive industry are much more restrictive than in
other applications, where roll forming is used, being just about a millimeter. It has
been empirically verified that those issues can be mitigated by modifying the roller
configuration and/or resorting to over-bending. Nevertheless, the effectiveness of those
approaches looks not yet optimized [49].

A current need of a manufacturer of cold rolling mill is inherently the possibility
of precisely simulating and predicting the process performance, through an effective
numerical modeling of the entire line more than of a single cage. The literature have
been investigating more deeply the single cage than the whole line, by means of analyt-

ical and numerlcal approaches Gﬁrrefrﬂy—%hereis—neﬁﬁ-e}epﬂ%h%er&mreee%ﬂﬁg—ﬁte
ee—‘ehe»rel}ed—see‘ﬁefker%he»reﬂﬂig&preeesﬁ'&ﬂxek Moreover 1t is remarkable that

several issues are simultaneously faced by the design activity. The mill manufacturer
is responsible for the process performance as well as of the overall safe and controlled
operation of the whole production line. The first issue focuses upon dimensions and
shape of final product as well as of its properties after treatments. The second one
aims at calibrating actions, being exciting vibration and dissipation, to define prop-
erly the mill properties of stiffness and damping and its layout  [50]. In that sense,
numerical modeling often analyses the interaction between roll and product, dealing
with the plastic deformation of rolled element, or the actions’ path through the rolls,
to prevent undesired phenomena, like the chatter and to control the power consump-
tion for sustainability [51, 52].

somehow different needs motivate resortmg to some complex and time-consuming
numerical models, which sometimes require co-simulation between the Finite Element
and the Multibody Dynamics approaches. This turns out into a demanding activity
of design, in terms of computational effort and rather difficult validation of models.
Furthermore, a consolidated selection of software to numerically simulate the behav-

ior of the Whole production line is not yet available

M&%&H&%ﬁh&ﬂﬂeﬂe&l—ﬁ‘tﬁdﬁ% ThlS paper apphes a strategy of modehng
currently exploited in other domains, like the aerospace and automotive engineering,
where complexity of simulation is somehow decomposed in some steps, by resorting to
a so-called sizing model being then followed by a more detailed analysis of the system
dynamics, once that a first layout has been selected [54] .In this case, even the sizing
step looks rather difficult, as the need of defining the layout of the whole roll forming
line is poorly modeled by an analytical approach. Therefore, that action is done by



resorting to the Finite Element modeling. It is required to introduce some simplifica-
tions, which allow investigating with reduced computational effort the layout suitable
to properly shape the rolled product, within geometrical and dimensional require-
ments. In addition, a specific software is exploited to test its capability in replicating
the roll forming mill behavior. The validation of proposed approach is even matter of
investigation.

A simplified sizing model has been developed by the Finite Elements. It assures a
good similarity to the actual system, being suitable to predict the profile shape of
rolled product, under some simplifications, which allow simulating the whole produc-
tion line, with limited computational effort. Particularly, two lines, namely the ‘U’ and
‘W’ ones, corresponding to the shape of cross section of product, have been exploited
to validate the numerlcal approachsehtﬁreﬁ by comparlng results to specimens rolled
by the real linee v W
faetory. According to needs of manufacturer, the same modeling technique has been
applied to predict the system behavior to produce a profile looking as ‘HAT’, being

The—thirdHnernamely—HAT s designed, but not yet built. Numerical Slmulatlon
in thls case is explorted to perform the trade OPf of mill layout?herefere—ﬁ&rﬂeﬁea}

%heﬁﬂa%}aye&t Partlcularly, it could Suggest reﬁnements before the hne construction.
Specimens consist in parts produced and used in the automotive technical domain.
The ‘U’ and ‘W’ lines work the AHSS 1180DP material, while the ‘HAT’ line pro-
cesses the high-strength low-alloy steel (HSLA) CR380LAD.

The study even investigates the performance of the Hexagon Simufact Forming soft-
ware [4, 53], as an additional goal of the partner rolling mill manufacturer is setting
up a suitable tool chain to implement the numerical modeling approach as soon as it
could be validated. Validation exploits technical data collected on the real test case.
In the meanwhile, some specific strategies have been applied to the FEM modelling
to improve numerical convergence and decrease the computational effort. A novelty
of this study, for instance, is the use in this context, of a variable density mesh that
reduces the computational time without losing accuracy.

2 Materials and Methods

The three roll forming lines that are herein simulated are modeled to reach the
most accurate output possible while minimizing the computational effort. Those
simplifications are herein described.

2.1 Model boundary conditions

The modeling approach applied to the roll-forming lines here investigated is the same,
but those lines are characterized by some differences in their geometries.

The modeling activity is strictly focuses on the profile geometry more than on the
material processing based on the mill operation. Consequently, the geometry of rolls
and of coil sheet is considered pivotal. Rolls motion and interactions are less investi-
gated in this case. The numerical solution focused primarily on the profile geometry



prediction. Conversely, the calculation of torque applied to rolls, for instance, is omit-
ted, to reduce the computational time. This approach has been clearly required by
manufacturer, being prone to exploit different models while addressing different design
issues.

This motivation justifies some simplifications. A first one is related to rolls motion,
i.e. rolls do not rotate and do not move the sheet, as in reality. Secondly, the sheet
moves forwards with respect to rolls, which are assumed to be stationary. Despite that
unnatural representation of system operation, the relative motion of bodies is fully
represented, at least to investigate the sheet deformation. The aforementioned sim-
plifications surely limit the validity of this model, which precludes the acquisition of
specific information on the line, but satisfy the specific needs of manufacturer in terms
of profile geometry prediction. By the way, the torque on rolls cannot be easily deter-
mined. Consequently, that approach makes it possible to overcome some limitations,
caused by a lack of inputs, being obstacles to define an integrated model suitable to
predict all the aspects of process behavior.

According to the above-mentioned simplifications some assumptions have been
made. The model assumes that rolls are rigid bodies, and thus they do not exhibit
any strain. In the literature, this detail is considered poorly relevant for simulation,
while it helps in saving computational time [43]. Also, rolls inertia in this analysis
has a limited impact on results, because there is no acceleration applied. Friction has
been neglected according to Safdarian and Moslemi [55]. Numerical results demon-
strate that friction in the roll-strip contact and speed of the roll station do not affect
the longitudinal strain of the strip. Nevertheless, incorporating friction into the simu-
lation is matter of investigation in the literature, to calculate the rolls torque, being a
critical parameter for the rolling line design as in [56]. Since the rollers do not rotate,
it is possible to model only a portion rather than the whole body. This approach is
applied in case of the first three to four rolls of the line, to reduce the system com-
plexity. However, subsequent rolls have been modeled by resorting to the complete
geometry, to prevent blockages caused by collisions between the roll edges and sheet.
The line feed speed has been set at 100 mms~!. This setup is selected as an appropri-
ate average value, directly by the manufacturer. As motion is reversed, i.e. the metal
sheet remains stationary while the mill stations with rolls move towards, constraints
are more easily applied. The simulation assumes a constant temperature of 20 degrees,
which represents the cold roll forming, and there is no heat source during the pro-
cess, but for friction between surfaces and mechanical bending, which do not affect
significantly the mechanical properties of material. The constraints applied to sheet
are classified into two types. The first one pertains to nodes of the front and back
faces of sheet, along the z-axis, i.e. the direction of rolling. Every elongation of sheet
during forming is inhibited, while along the other axes is free. The second type of
constraint is applied by introducing some confluence sidebars in the initial part of the
line. Their purpose is keeping the sheet’s axial direction. and this is achieved through
the use of contact and absence of friction. Those convergence bars are only required
at the beginning of the line, where they facilitate the convergence of sheet and pre-
vent derailments. Subsequent stations suffer less those problems as the configuration
of rollers guarantees the effective conveyance of sheet.



The roll forming process performed by the rolling mills is preliminarily modeled in
the Ubeco Profil software. Starting from the final cross section of product, this software
allows defining the so-called ‘flower pattern’. It includes and describes the sequence of
deformed shapes of product, from its initial flat configuration, to final layout.

With regard to the mesh, the sensitivity of element type in the FEA simulation of
springback is assessed in [36], proving the ‘Solid-shell’ (185) element efficient for accu-
rately forecasting the shape of the part. Consequently, the ‘Solid-shell’ (185) mesh
element is selected for all analyses. Particularly, three elements are used to describe
the sheet thickness, since they allow localizing properly the neutral axis in bending.
Moreover, in crucial areas of product where bending is more effective, the thickness
of elements is reduced [57] to improve the accuracy of calculations and their number
increased to obtain a finer mesh. The solver used for the simulation is implicit, as
is typical of the Finite Element (FE) approach in Simufact Forming (based on MSC
Marc). Fixed time steps have been applied according to the tangential speed of rollers
and the element size. No mass scaling has been employed, and the "no remeshing”
constraint has been explicitly imposed, which is consistent with the low strain condi-
tions, typical of roll forming process and ensures numerical stability without element
distortion.

Regarding the sheet modeling, some predefined sheet lengths have been adopted
for each production line, tailored to the specific line configuration. Although the final
profile has a fixed length, the cutting of the coil can occur at different stages, depending
on the line setup. At the beginning of the line, at the end, or particularly in the case
of pre-cut blanks on individual sheets processed one by one. To avoid some simulation
issues, such as sheet misalignment during roller entry, excessive corner deformation,
and numerical singularities, the front edge of sheet has been modeled with a modified
geometry. Particularly, the sharp corners have been removed and the sheet thickness
locally reduced, creating a region referred to as the "Feed Area.” This rounded and
thinned leading edge facilitates smoother entry of the sheet into the forming rollers,
ensuring both numerical stability and realistic deformation behavior. In some cases,
this Feed Area is also meshed more finely than the central body of the sheet to further
reduce the risk of simulation failure and improve convergence robustness.

2.2 Sensitivity analysis

A brief sensitivity analysis is conducted on the ”U” roll forming line which will be
described in depth in section 2.3. This line was selected due to its short length, which
results in lower computational cost an important consideration, particularly in indus-
trial contexts where long simulation times can significantly impact productivity and
operational expenses. Three different mesh configurations are evaluated to assess their
influence on simulation accuracy and computational time:

® Variable density mesh: divided into two zones: a finer mesh in the feed area (5 mm
x 3.5mm) and a coarser mesh in the central body (10 mm x 3.5mm).

® Medium mesh: uniform size of 5mm x 3.5 mm across the entire part.

® Fine mesh: fully refined with a resolution of 2.5 mm x 2.5 mm.



All meshes included three elements through the thickness and the length of the
sheet of 1300 mm. All simulations were initially performed using the DP1180 steel
grade with isotropic material properties. A final simulation were carried out using
the variable mesh configuration with anisotropic properties activated, to evaluate the
impact of anisotropy on both the results and the computational time. These simula-
tions were performed with a machine equipped with an Intel®Core™ i7-10750H CPU
@2.6GHz and 32.0 GB RAM and were conducted on the basis of the same parameters
and with the considerations made previously.

2.3 U line

Fig. 1 Real plant of the ‘U’ line.

The working roll forming industrial line is herein described (Fig. 1)and is the sim-
plest of three lines herein analyzed. In this case, product cross section assumes the
so-called ‘U’ shape, by analogy with that letter. This profile is deeply investigated
in the literature with aim of generalizing the approach applied to other shapes and
detecting differences and similarities with other techniques [5, 8, 11, 25, 49, 58]. The
main focus of the analysis applied to this line is the end-flare effect, with the identi-
fication and evaluation of this phenomenon evident in the ‘U’ cross section. This line
includes up to 8 stations; made up of 2 rolls each, for a total of 16 rolls. To reduce the
spring-back effect, a calibrator station was added at the end of the rolling line. This
addition brings the total number of stations to 9. Rolls are 20, as the added station
includes 4 rolls, i.e. 1 up, 1 down and 2 lateral as shown in Figure 2.

The line is modeled in accordance with the following methodology. As previously
stated, the initial three rolls have been modeled in a partial manner, whereas the sub-
sequent rolls have been modeled in their entirety. The insertion of confluence sidebars
on the sides of the first rolls is necessary to ensure the correct advancement of the
sheet. As illustrated in Figure 2, a calibration bar of a semicircular nature is inserted
between Rolls 7 and 8. This modification is intended to facilitate the uninterrupted
progression of the sheet into Roll 8. These lateral calibrators, when necessary, are



Fig. 2 Model of the ‘U’ line.

present both in the simulation and in the real line and are essential for the correct
profiling process.

Product line in test case works a steel sheet 2235 mm long, 141.46 mm wide and
1.3 mm thick, being obtained by cutting a coil of 1180DP. This steel is an advanced
high-strength steel (AHSS) with a dual phase microstructure. It was developed with
the specific goal of fulfilling requirements about weight and safety currently faced by
the automotive industry and characterized, for instance, by Nimet [27, 59, 60] and the
typical chemical composition is shown in Table 1.

Fig. 3 1180DP true stress/true strain curves at different strain rates [1/s]: ® 0, ® 1, @ 10, @ 100.

In light of the findings from the sensitivity analysis, it was determined that the
variable density mesh would be utilized. The mesh was refined in the front part, being
known as the ‘Feed Area’. The number of elements in the width has been kept constant,



Table 1 Typical chemical composition of an advanced
high-strength steel (AHSS) DP1180 with a dual-phase
microstructure (values in % by weight) [61].

C% |Si% | Mn% |P% | S% | Al% | Nb %
0.15 0.50 1.50 0.01 | 0.002 0.04 0.015

while lengthening the elements in the remaining portion of sheet allows maintaining
the computational effort acceptable. That mesh allows a considerable reduction in
simulation time through two ways. Firstly, it prevents the sheet from becoming stuck
in the rolls upon entry, thus obviating the necessity for time-consuming simulations
due to blockages. Secondly, the overall calculation time is decreased in comparison
to a mesh with constant element size. The average size of finite elements in the feed
area is 3.5 mm in width and 4mm—in-thiekness-ofsheet 5 mm in width of sheet, while
10mm long elements were used in the central body. Particularly, three elements are
used to describe the sheet thickness, since they allow localizing properly the neutral
axis in bending. Moreover, in the product’s bending zones, where the bending is most
pronounced, the thickness of the elements was minimized [57] to approximately 0.5 mm
to enhance the precision of the calculations and attain a more refined mesh. The
resulting mesh model contains a total of 55,404 elements.

The 1180DP steel, herein tested, is a cold-rolled AHSS, typically selected for auto-
motive applications. Its mechanical properties are illustrated in the true stress/true
strain curves at varying strain rates in Fig. 3, being an outcome of some tests per-
formed by the authors at DIMEAS, in the Politecnico di Torino.The aforementioned
curves are subsequently incorporated into Simufact, which utilized them for simula-
tion. The software utilizes material data based on the local strain rate that occurs
during the simulation, as different strain rates are also available. The greater the
number of curves, the greater the representativeness of the material.

2.4 W Line

Fig. 4 Real W line plant.



The second line examined looks more complex than the ‘U’ line and consists of 23
rolls (Fig.4). This ‘W’ line is a real industrial system, being already in operation. It
has been selected to test the software‘s performance upon a more complex product
cross section.

This second line was modeled using the same methodology as it was applied to
the first one. Given the low profile of the final section, all rollers have been modeled
in a partial manner. The confluence sidebars were also inserted aside the first rollers.
Particularly, it this specific configuration required inserting a calibration roller between
rollers 18 and 19, as shown in Figure 5.

Fig. 5 Model of the W line (on the left) and its real counterpart (on the right).

Figure 6 shows that the cross section shape resembles to the ‘W’ letter, with some
additional folds on the edges. As in previous case, this section is not symmetrical,
therefore it was impossible resorting to symmetry functions, to speed up the simula-
tion. The simulation has been carried out on a ‘full’ sheet to define the correct settings,
then a ‘pre-cut’ sheet has been also used, for both the simulation and the real product
line.

The same material 1180DP steel has been investigated as in the ‘U’ line. Sheet is
650 mm long, 214.4 mm wide, and 1 mm thick. To cope with the increased complexity
of the sheet geometry, the mesh has been refined in the front part, being known as the
‘Feed Area’.Consequently, the necessity for a compromise between mesh refinement
and number of elements has been here circumvented. 2.5 mm by 2 mm elements have
been created in the front part, while 10 mm long elements have been used in the
central body, and three elements describe the sheet thickness. The mesh includes up
to 59,340 elements. As in previous case, the mesh has been refined where bending is
more severe. Longer elements in the body of sheet reduces the calculation time, but
a very fine mesh in the feed area is essential to prevent errors in the solution, being
associated even to element distortion and numerical cancellation.

10
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Fig. 6 Reference drawing with measures of the sheet: @ Profile measurements, @® Internal angles.

2.5 HAT line

Fig. 7 Model of the HAT line.

The preliminary activity above described was exploited to predict the system
behavior of the third line (Fig. 7) as previous results show a good agreement with real
outcomes of process. This line includes 23 stations and 46 rolls. The distance assumed
between stations is 500 mm. The new profile, referred to as ‘HAT’, has been already
studied in the literature in some analogous process [6, 8, 10, 58, 62].

Current geometry exhibits an intermediate level of difficulty between the two previous
ones. Therefore complexity of simulation does not seem higher than in validated cases
and expected errors are at least comparable.

The first four rolls were partially modeled, as 90-degree sectors. The remaining
ones were modeled in their entirety. The confluence bars were inserted, while in this
case a lateral calibrator between each station was not deemed necessary.

A pre-cut sheet was simulated, with given final geometry, apart from the feed area.
This sheet is 2418 mm long, 304.56 mm wide, and 1.5 mm thick. The significant length
of this component motivates a greater computational effort. To reduce it, a mesh with
variable density was applied, as it had been done for the ‘W’ line. The mesh includes

11
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10 x 10 mm elements in the central body, while 2.5 x 2.5 mm elements discretize the
feed area. In some regions close to folds 2.5 x 2.5 mm and 5 x 5 mm elements were used
to precisely predict folding. Three elements were used along thickness. The mesh thus
modeled has a total of 108,597 elements.

Fig. 8 CR380LA true stress/true strain curves at different strain rates [1/s]: ® 0, ® 1, @ 10, ® 100.

Material used in this simulation is the CR380LAD; i.e. high-strength low-alloy steel
(HSLA). These steels exhibit enhanced mechanical properties and corrosion resistance
compared to conventional carbon steels. They are highly suitable for cold forming,
including bending and molding, while maintaining high strength values. They even
allow manufacturing products with complex shapes, being as strong as lightweight,
while enabling the use of reduced sheet thicknesses [63, 64]. The stress/strain curves
of the CR380LAD (Fig. 8) were obtained as a result of mechanical tests performed by
DIMEAS of the Politecnico di Torino and the typical chemical composition in shown
in table 2. As was the case for the DP1180, the true stress/true strain curves at varying
strain rates were also been incorporated into the simulation.

Table 2 Typical chemical composition of CR380LAD grade according to EN
10268 (in % by weight) [65].

C % Si% | Mn % P % S % Al % Ti % | Nb %
<012 | <050 | <1.60 | <£0.030 | <0.025 | >0.015 | <0.15 | <0.09

3 Results and discussion

The simulations aimed to reproduce the final profile geometry and common roll-
forming defects end flare, spring-back, and twist as accurately as possible. Accurately
capturing those defects is critical for predicting material behavior and identifying

12
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design improvements early.

In the first line, the end-flare along the specimen axis was evaluated; in the second
one, the spring-back effect was assessed, which affects the final shape and is most pro-
nounced at corners of cross section. Compensation for spring-back via overbending is
therefore incorporated into the line design. The third line followed the same rationale,
i.e. once spring-back had been estimated, the forming sequence was adjusted to miti-
gate its effect. Complete elimination of end flare and spring-back remains challenging,
and some studies [37] have explored advanced approaches such as machine learning to
predict and counteract it.

3.1 Sensitivity analysis

The outcomes of the sensitivity analysis are summarized in Table 3. As shown, the
variation in computational time between different mesh configurations is substantial,
particularly given the inherently high cost of roll forming simulations. The simula-
tion using the variable mesh required 18.5 hours, while the medium mesh required to
44.5 hours. The fine mesh simulation took the longest, reaching 108 hours. This cor-
responded to a 484% increase in computational time from the fastest to the slowest
configuration.

Regarding the accuracy of the results, all simulations were conducted on the ”U” line,
using a consistent method of evaluation: the lateral distance between the upper edges
of the folded flanges was measured along the full longitudinal profile, as detailed in
the following Section 3.2. The average deviation between the variable and medium
mesh configurations was 0.89%. Interestingly, the fine mesh did not further improve
accuracy; instead, it slightly worsened, with an average error difference of only 0.3%
compared to the variable mesh.

Given that the discrepancies between the three mesh configurations remained below
1%, the variable mesh was selected for further simulations. This choice allows for a
substantial reduction in computational cost while maintaining acceptable accuracy an
especially relevant consideration for longer and more complex lines where time savings
are even more pronounced.

As for the material anisotropy, its impact on the results was limited. A simulation
incorporating anisotropic properties showed an average deviation of approximately
0.16% compared to the isotropic case, but required an 11% increase in computation
time. Based on this trade-off; and the marginal influence on accuracy, anisotropy was
excluded from the remaining simulations.

3.2 End-flare analysis of line U

The geometry of the ‘U’ line is notably quite simple, therefore its examination has
been performed to test some operational features of the software. This simple shape
makes easier the detection of the so-called end-flare defects, by simulation, and for
the experimental validation of model. The end-flare effect is a common defect in roll
forming, and can be mainly attributed to residual stress in material resulting from
the cutting process [43—45]. Simulation aims at reproducing the defect as accurately
as possible, where present, rather than eliminating or mitigating it. The numerical
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Table 3 Mesh settings: element size, count, runtime and relative

cost
Mesh Type Variable density Medium Fine
Elem. size (mm) 5\10 x 3.5 5x 3.5 2.5 x 2.5
Elem. in thickness 3 3 3
Elem. count 32562 63180 159120
Time (hour) 18.5 44.5 108
Time incr. - 141% 484%
Relative Err.(Avg) - 0.89% 0.30%

results obtained for ‘U’ is illustrated in Figure 9. In the image it is possible to observe
how the data of the simulation were collected.

Fig. 9 Simulation results for the U line. The measurements indicate the distance between the tip of
the two folded flaps.

Results look promising in terms of effective prediction of the real product behav-
ior. Particularly, to ascertain the accuracy of those results, a comparison has been
completed with the actual geometry of the real component. The experimental mea-
surements have been performed with a Mitutoyo Digital AOS ABS Caliper model
500-182-30, with a resolution of 0.0l mm and, in accordance with the standard ISO
13385-1:2019 [66], a Maximum Permissible Error for the partial surface contact error,
Eypr = £0.02mm.The distance between the two folded edges of sheet has been
selected as crucial measurement for that validation. That choice allows basing the
validation activity upon a measurement easier and faster than measuring angles,
which could potentially introduce greater errors. Moreover, this verification method is
currently applied by the company.

The measurements upon the specimen have been taken approximately every
100 mm of length, leading to a total number of 23 equally spaced points. Neverthe-
less, the simulation outcomes includes 251 measured points, considering nodes present
within the mesh. Figure 10 shows a comparison of simulation and experimental tests
results, respectively, for the real sheet worked. It is evident that the end-flare effect is
present, in both the simulation and direct measurement. Particularly, along the profile
it can be remarked that the lead end is more closed than in the central part of body,
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while the tail end is more open. This phenomenon is prevalent in roll forming and is
primarily attributed to residual stress occurring in the material under cutting [43, 44].

Fig. 10 End flare, real vs simulation: ® Experimental Measurement average, @ Simulation. The
distance between the edges, measured as illustrated in Figure 9, is presented in the graph along the
entire length of the specimen to evaluate the end-flare effect.

The simulation accurately predicts the distance between the two folded edges along
the entire length of sheet in operation, as well as the corresponding distance between
the two folded edges along the entire length. As shown in Figure 10, the simulation
results are affected by a statistically significant systematic error of 1.58 mm, repre-
senting a relative systematic error of 1.44%, which is considered compatible with the
typical application of this modeling activity in the industrial context, and explainable
with an imperfect knowledge of the elastic properties of the material. The dispersion
of the error, corrected for the systematic bias, can be evaluated combining also the
accuracy and resolution of the measuring instrument as +0.62 mm at a 95% confidence
level, i.e. 0.56% in terms of relative error.

The errors that have been identified may be attributable to a variety of factors.
Primarily, they may be attributed to the material utilized in the actual line in com-
parison to the material inputted in the simulation, which is uncoated. Regrettably, the
authentic material with the authentic coating could not be characterized, and conse-
quently, an uncoated version was characterized. It is acknowledged that the material’s
characteristics exhibit slight variations between batches. Consequently, this aspect
could be a contributing factor to the observed phenomenon. Certainly, being a sim-
plified model of the line, the result can also suffer from these approximations. Finally
the type of mesh can influence the results obtained and have a significant impact on
the resultant outcomes. Use of a finer mesh may potentially yield enhanced results in
this instance. However, it should be noticed that this would necessitate an extensive
calculation time, which is not commensurate with industry standards and needs.
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3.3 Shape analysis of line W

The simulation has been validated by comparing numerical results to measurements
performed upon a real specimen work by the roll forming line of previous case (Fig.11).
The roll formed specimen has been measured with a laser scanner API iScan3D (asso-
ciated to a laser tracker API Radian R-20) calibrated with flatness error of 41 ym and
calibrated length error of 20 pm [67]. Figure 12 (left) shows the laser scanning pro-
cess at DIGEP (dept. of Management and Production Eng.) Lab of the Politecnico
di Torino, resulting in the point cloud (right) used for measurements. A number of
edges equal to 6 has been selected for validation, from A to F, and 4 angles of the
central body (Fig. 6). The edges and angles selected for comparison have been chosen
according to their significance with regard to the geometry of component.

Fig. 11 Cross section of the roll formed sheet, real (left) and simulation (right).

Fig. 12 Specimen with 3D laser scan used for measurements carried out (left) and point cloud
obtained from the measurements (right).

The upper parts of Tables 4 and 5, display the measurements of the three elements:
nominal dimension from CAD, simulation results, and real component(specimen). The
lower part of those tables displays the relative error between simulation and measure-
ment.

Upon examination of the error in measurements, it is evident that matching between
simulation and real body is highly accurate, particularly in regard to edges, where the
closer the value is to zero, the better the closeness in agreement. The simulation pro-
vides measurements that differ by an error of (0.037 £ 0.532) mm, i.e. 0.13% in terms
of relative error. The dispersion reports the measurement uncertainty evaluated com-
bining the reproducibility with the accuracy of instrument at a 95% confidence level
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Table 4 Measures of the sheet of the W line — edge measurements; segments A

through F are indicated in Figure 6.

A B C D E F
CAD Design [mm] 34.13  24.46 21.45 2448 34.24 138.77
Simulation [mm] 34.60 25.25 21.04 26.24 33.97 140.70
Real (specimen) [mm] 34.50 24.91 20.97 26.39 34.21 140.60
Relative Error [%] 029 136 033 -0.57 -0.70 0.7

(Sim/Real)

Table 5 Measures of the sheet of the W line - Angle
measurements. Angle 1 through 4 are indicated in Figure 6.

1 2 3 4
CAD Design [deg] 74.31 109.31 110.99 75.69
Simulation [deg] 72.79 109.15 111.42 77.01

Real (specimen) [deg] 75.45 109.36 109.67 75.47

Relative Error [%)]

(Sim/Real) -3.53 -0.19 1.60 2.04

[68-70]. The error shows a maximum magnitude of 1.36% and a minimum magnitude
of 0.07%.

Considering the angles, the relative error between simulation and specimen is approx-
imately -0.02%, with a maximum magnitude of 3.53% (angle 1) and a minimum
magnitude of 0.19% (angle 2). The error on the angle shows an asymmetry, and a
value of (0.105 + 6.5)°, reporting a confidence interval at 95% confidence level evalu-
ated from the reproducibility.

Those results demonstrate that both the edge and angle numerical results exhibit a
satisfactory approximation of measurements. Particularly, a preliminary hypothesis
about test on the mean for both the length and angular error values shows that the
error cannot be considered systematic with a risk of error of 5%, reporting respectively
a p-value of 0.43 and 0.49.

3.4 Shape analysis of line HAT

Figure 13 illustrates the final outcome of the last simulation.
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Fig. 13 Simulation results for the HAT line.

Figure 14 investigates the accuracy of overlap between the simulation model and
the CAD 3D geometry. The top figure compares the superposed geometries, whereas
the last plot in sequence identifies the discrepancy between the simulation and CAD
model respectively. From left to right, those images depict the front and back of
component. The so-called ‘feed areas’ have been omitted. They do not align with the
actual component, although they cover a minor surface. Figure 14 clearly reveals the
presence of a twist deformation, a common phenomenon in roll forming processes. The
measured twist angle, defined as the angular offset between the front and rear cross
sections, is approximately 3.93°. Although relatively small, this twist is consistent
with observations on physical parts and is considered realistic by the manufacturer.
In this specific case, the deformation may be correctable in the post-processing stage
without requiring a redesign of the forming rolls. However, in other applications or for
more severe twisting, it may become necessary to adjust the roll geometry to introduce

compenbatmn d1rectly durmg the formlng process F}gufe—}él»defﬂeﬂsﬂl&tes—&h&t——&mst

Figure 15 investigates the overlap between the simulation and the reference geom-
etry, respectively. Particularly, angles in the simulation results have been evaluated
and compared to those of the reference CAD model. The four angles analyzed are
numbered in Figure 15.

To account for the variability in measurements due to the end-flare and twist effect,
respectively, as well as for other potential sources of variation, the measurements have
been taken at three different positions on sheet. Particularly, they have been taken at
middle region (50% of length) and at two ends (10% and 90% of length). It can be
remarked that a distance of 10% of length has been left from real edges to circumvent
any potential errors resulting from the inlet and exit of rollers, since deformations due
to contact with rollers or singularities in the mesh could be present.
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Fig. 14 Simulation compared to CAD 3D geometry: simulated component (red) and CAD reference
(transparent green).

Fig. 15 Overlap of the simulated geometry (red) with the reference geometry (green) at 90%, 50%
and 10% of the total length, respectively. The numbers indicate the angles examined.

The four angles of the cross section previously identified have been measured at
the beginning (front), at the center (middle) and at the end (back) of the metal sheet.
Those measurements have been then compared to values of the reference angles of the
CAD design.

Table 6 includes the values of each angle for the three sections above mentioned, along
with values of the reference section and corresponding relative error between simula-
tion and reference values. It can be appreciated that the simulation data are in close
agreement with the reference data, with the relative error from 1.80% to 0.11% (with
an average of 0.82%). The relative error has been averaged across each angle, yield-
ing the following deviations —0.41%, —1.12%, —1.541%, and —0.20%, respectively. As
previously mentioned, corners suffer the springback effect. It is evident that the uti-
lization of materials akin to those employed in these cases serves to exacerbate the
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issue. Nevertheless, by employing a methodology that entails the prediction of mate-
rial behavior, intervention becomes a possibility, with the potential for enhancement
through slight overbending, thereby ensuring optimal outcomes. The measurements
taken at the back, middle, and front locations of sheet indicate slightly narrower angles
than designed, with a slight discrepancy between the simulation data and the reference
values. However, the average deviation for each section is relatively minor.

Table 6 Measurements of the four angles of the section and their relative errors
compared to the CAD design.

Pos. CAD [deg] Simulation [deg] Rel. Err. [%]

Back Middle Front Back Middle Front

1 87 86.67 86.64 86.63  —0.38 —0.42 —0.43
2 87 86.05 86.18 85.89 —1.10 —0.95 —-1.29
3 87 85.91 85.76 85.46  —1.27 —1.45 —1.80
4 87 86.92 87.10 87.51 —0.09 0.11 0.58

4 Conclusion

This study copes with the lack of a numerical modeling approach suitable to support
the roll forming line designer during a preliminary trade-off activity of system layout,
being mainly based upon the material process performance and related to the precise
shape and geometry of rolled product. Several models are already available in the lit-
erature to investigate the whole rolling mill system behavior, being especially focusing
on actions and control of the roll forming line. However, time consumption and cost of
analyses look unsuitable to perform a calibration of the whole plant layout, in terms
of preliminary trade-off. A different approach, mainly based upon the numerical mod-
eling of roll forming in terms of product layout, has been proposed, implemented and
tested. Some limitations do not allow using the same model for a deeper design syn-
thesis of the mill structure, but once that layout has been defined, it allows proceeding
faster and straight to final assessment. Particularly, an industrial test case has been
exploited to implement a complete modeling activity, to set up the numerical model,
being then experimentally validated. Once that numerical model demonstrates to be
effective, it is further and successfully used to reconfigure the rolling mill layout for a
new product, with different shape and geometry, not yet produced.

Matter of discussion for numerical model validation is the accuracy in predicting
the shape of cross section of sheet at the end of process. The study proceeded with a
first sheet profile, namely ‘U’, to set up the model. An assessment has been performed
in case of a second profile, i.e. the ‘W’, being more difficult to be manufactured, because
of angles and springback effects, to finally exploit the validated model to predict the
system performance, in case of the ‘HAT’ configuration.
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® In case of the so-called ‘U’ profile, an accurate approximation of the actual cross
section has been found, despite a systematic mean deviation of 1.58 mm which has
been observed over the entire length of production line. It has been likely attributed
to some parameters that cannot be fully identified, accounting for a relative sys-
tematic error of 1.44%. The dispersion of the error corrected for the systematic bias
allowed reaching a relative error in results of 4-0.56%.

® The ‘W’ line exhibits within the cross section some crucial lengths and angles, to
be carefully checked in validation. They exhibited an average relative error of 0.13%
upon lengths and of —0.02% upon angles.

The validated model has been then applied to predict the performance of a new roll
forming line, to produce the so-called ‘HAT’ profile. This has not been built yet, but
the model allowed defining layout of rolls, shapes and sizes compatible with product
geometry and tolerances.

The study demonstrates that, under some simplifications, the computational effort
just required for a preliminary calibration of the roll forming line to define the system
layout, for given product shape, is effective and allow balancing the lower computa-
tional effort with the limited validity of outcomes, being reliable in terms of product
layout, and incomplete about details about the mill dynamics.

® To reach that result it can be remarked that the study even investigated critical
issues and mitigations to be applied to the numerical model. Particularly, to mitigate
errors in layout angles, some options in the finite elements model were even tested,
always keeping the computational effort as low as possible. Use of a variable-length
mesh, for instance, exhibited favorable results, as well as reduction of number of
elements in some regions of numerical model does not significantly affect accuracy
of results, while keeping computational effort in solution sustainable. Moreover, a
fine mesh in some regions is required to avoid blockages issues, while coarse mesh
applied to regions less stressed, helps in reducing the computational time.

® Uncoupling sizing from detailed steps of modeling of the roll forming design looks
a successful strategy to decompose the complexity traditionally associated to that
system.

e Simplifications applied, modeling approaches and strategies in meshing allows set-
ting up a numerical model which looks suitable for a preliminary definition of the
layout of roll forming line along the trade-off analysis, as a sizing step of the whole
product line development, while a deeper assessment is then required and per-
formed, more easily and somehow faster, by focusing upon critical issues and details,
being explored by some specific numerical models, often more expensive in terms of
computational effort.
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