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a b s t r a c t

The recently developed technology of twin-roll-cast (TRC) magnesium strips permits an

efficient production of magnesium sheets, primarily for the automotive industry. The focus

of the paper is to develop a structural equation model explaining the variance of the

thickness profile formation. Hence, the complex and partially unknown relationships

between twin-roll casting process parameters and the thickness profile formation are

analyzed using latent variables, e.g. the deformation resistance, length of contact arc,

etc., which consist of several observed parameters. The fundamental process variables

and their effect on the thickness profile formation during twin-roll casting are investigated

and evaluated by partial least squares structural equation modeling (PLS-SEM) – a statistical

method that fits networks of constructs to empirical data. The results of the predictive

modeling technique allow an approximation of the existing interrelationships between

thickness profiles, rolling force as well as processes in the roll gap which are typically

difficult to measure directly using sensors. In this context, it was identified that the

thickness profile variation is primarily caused by the forming force, which is mainly driven

by the length of contact arc. Moreover, implications for the control of the thickness profile

are derived.

© 2017 Politechnika Wrocławska. Published by Elsevier Sp. z o.o. All rights reserved.
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1. Introduction

Magnesium has a high application potential due to its low
density of 1.74 g/cm3 and beneficial properties such as high
specific strength [1–3]. These advantageous characteristics of
magnesium as a lightweight construction material are
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especially in the automotive industry of interest [4,5]. Yet,
most magnesium construction parts in the automotive
industry are cast products, such as engine blocks. Only few
components are nowadays made from semi-finished pro-
ducts such as strips or sheets. A main barrier to a wider-
ranging use is the cost-intensive conventional forming
method of magnesium strips, which consists of slab casting
 z o.o. All rights reserved.
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Fig. 1 – Schematic illustration of the twin-roll casting
process (cf. [10,11]).
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with subsequent hot rolling including several reheating steps
in between.

As an alternative approach the Institute of Metal Forming
(IMF) at the Technical University Bergakademie Freiberg, in
collaboration with MgF Magnesium Flachprodukte GmbH, a
subsidiary of the ThyssenKrupp Steel Europe AG, developed a
new cost-efficient technology for magnesium strip production,
based on twin-roll casting and hot strip rolling [6]. The
intended industrial application of this technology requires a
quality assurance ensuring reproducible production runs
under the influence of unavoidable process related deviations.
In an initial step to develop such a quality assurance system
the processes and their interrelations need to be captured and
analyzed, whereby twin-roll casting combines multi-stage
forming processes and parameter settings. In addition several
of the theoretical induced parameters which influence the
quality of the thickness profile, like the deformation resistance
and length of contact arc, are often difficult to measure directly
using sensors, but can be approximated indirectly using a set
of observed variables. Hence, structural equation modeling – a
statistical method that fits networks of latent variables, i.e.
indirectly measured parameters, to empirical data – is applied
to quantify the interdependences between different process
parameters and quality characteristics. The paper proposes a
predictive modeling approach to approximate the interde-
pendences of selected quality characteristics, such as the
camber and wedge shape of TRC strip. Hereunto, the twin-roll
casting process is analyzed regarding the causes, which lead to
different characteristics of the thickness profile.

The aim of this paper is to establish a process model of the
thickness profile formation of magnesium strips. The results
of the PLS-SEM analysis show that variations in the thickness
profile are to a large extend determined by the forming force,
which in return is driven by the length of the contact arc, i.e.
length of the solidification zone, as main control parameter of
the deformation process. Furthermore, this paper serves as an
example for quality assurance in developing innovative
production technologies. The systematic procedure of pre-
venting defects in manufactured products requires a flexible,
predictive modeling technique, such as the proposed PLS-SEM
approach, to analyze roughly the complex and to some extend
unknown effects of various control parameter settings.

2. Magnesium strip production

The first step of the magnesium strip production is the twin-
roll casting, which starts with melting magnesium alloy ingots
in a furnace. Subsequently, the melted magnesium alloy is led
through the casting channel to the nozzle. The melt is fed from
the nozzle into the roll gap of two horizontally positioned rolls
counter-rotating at the same peripheral speed. As soon as the
melt gets in touch with the cooled work rolls, a meniscus-
shaped solidification zone is formed. In total, two solidifying
shells build up in the contact areas on both roll surfaces, which
grow into each other during the process in the roll gap. They
are merged together and deformed by the roll pressure [7–9].
Therefore, the deformation process already starts in the area
of the heterogeneous phase (lm) and extends to the solid phase
of the material (ls), which makes modeling and simulation of
the twin-roll casting process so complex. ls and lm can also be
summarized as length of contact arc lca.

The result of twin-roll casting is TRC strip, which can be
refined in a following production step. During hot strip rolling
the TRC strip is reheated and homogenized in an air circulated
furnace. Afterwards magnesium strip is rolled out by a quarto-
reversing mill to the required thickness and final annealed.
The technology enables the production of hot rolled strips up
to a thickness of 0.8 mm.

One of the most important quality criteria of TRC strips is the
thickness profile for hot strip rolling. The thickness profile can be
classified into symmetric and asymmetric profiles, which have
different effects on the flatness of hot rolled strips. Fig. 2 shows
the effects of the thickness profile on the flatness of 1.5 mm of a
certain hot rolled magnesium alloy (AZ31) strip. On the left side, a
symmetric thickness profile (a) is shown, whereas on the right
side an asymmetric thickness profile (b) is illustrated, which
causes so-called flatness errors. The flatness errors are illustrat-
ed as red areas. Local deviation of thickness in the thickness
profile leads to flatness errors due to difference of local yield
stresses. In case of extreme differences [7], the thickness
deviation cannot be compensated by the shape control of the
rolling mill. It is also not possible to eliminate these deviations
completely by subsequent straightening of rolled strip.

In order to release symmetric and asymmetric profiles of
TRC strips for further processing, a quality standard including
tolerance limits has been established (Table 1). The camber
profile, the maximum thickness difference between the
neighboring measured points and the wedge shape belong
to these criteria, whereby the tolerance limits depend on the
subsequent rolling strategy. The tolerances are defined based
on the guidelines of Pechiney SA – a major aluminum
conglomerate based in France (PAE), in accordance to EN
DIN 485 and individual experiences of the IMF.

3. Process model of the formation of the
thickness profile

A first process model, which describes the formation
of the thickness profile of TRC magnesium strips, has been



Fig. 2 – Impact of thickness profile of TRC strip on flatness of 1.5 mm thick hot rolled strip [7].
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established. In a preliminary step solidification kinetics and
shaping basics are described to derive hypotheses for the
experimental investigation. Afterwards the data collection
and preparation is specified before the model estimation and
evaluation can be performed.

3.1. Solidification kinetic and shaping process

In general, the shaping of the thickness profile of the TRC strip
is affected by the solidification process as well as by the roll gap
profile of the local thermal expanded and the force-loaded
work rolls [12]. This is principally valid for twin-roll casting
processes of both steel and non-ferrous metals. Considering
the roll gap, the entire length of the contact arc lca during twin-
roll casting consists of the length of the area, where the
solidified shells grow into each other lm and the longitudinal
section ls, in which the shaping process of the completely
solidified material happens (see Fig. 1). The roll gap profile is a
consequence of the elastic deformation of the work rolls,
which is caused by the rolling force cf. [13]. The rolling force
FTRC during twin-roll casting is defined as the sum of all acting
rolling forces cf. [14], which are required for merging the
solidified strip shells and for the subsequent deformation of
the solidified area. Even the thermal expansion of the work
Table 1 – Quality features of the thickness profile of TRC strips

Target thickness hot
rolled strip [mm]

Camber profilea [mm] 

2.00 0.05–0.15 

1.50 0.05–0.15 

1.25 0.06–0.13 

1.00 0.06–0.10 

a Camber profile depends on crown of the rolls in the twin-roll casting p
minimum of 10 kN/mm).
b Measuring point distance: in the TRC strip = 24 mm.
rolls does not compensate the mechanical work roll bending
[12]. Therefore, it leads to the first hypothesis:

� Hypothesis 1: Rolling force is positively related to the
variation of the thickness profile.

From a theoretical point of view, the rolling force is defined
as the product of the total contact area (w * lca) and deforma-
tion resistance kTRC cf. [15,16].

FTRC ¼ w � lca � kTRC (1)

Within this context, the following hypotheses can be derived:

� Hypothesis 2–3: Width – w (1), length of contact arc – lca (2) and
deformation resistance kTRC (3) are positively related to
rolling force.

The hypothesized relationships between the thickness
profile, rolling force, width (w), length of contact arc (lca),
deformation resistance (kTRC) and its indicators, which are
described in the following section are illustrated in Fig. 3. In
practice, however, quality constructs, such as the goodness of
fit of the thickness profile, as well as other determining factors,
 determined by the IMF.

Maximum thickness
deviation between

measuring pointsb [mm]

Wedge shape [mm]

0.030 0.050
0.020 0.040
0.015 0.030
0.010 0.020

lant and the specific rolling force during twin-roll casting (targeted



Fig. 3 – Structural equation model for the thickness profile formation of TRC magnesium strips.
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like the length of contact arc and deformation resistance,
cannot be measured directly, but need to be approximated
based on the available data.

3.2. Data

The analysis of the twin-roll casting parameters was carried out
systematically by deliberately induced and documented fluc-
tuations at the pilot plant of the Institute of Metal Forming. For
the empirical investigation of the thickness profile, 61 data sets
from 7 casting campaigns of the magnesium alloy AZ31 have
been selected from the data pool. The data sets have been
examined for their completeness and plausibility [7]. For
missing data, the mean values of the parameters of the casting
campaign were calculated. Moreover, the Taguchi loss function
approach has been used for the process parameters and quality
characteristics to get quality-oriented metrics. Taguchi's
quality understanding considers any deviations from the target
value respectively nominal value as a loss, whereby there are
three types of loss functions [17]. The following quadratic loss
function was selected for the empirical investigation:

LðyÞ ¼ kðy�mÞ2 (2)

L(y) is the quality loss, which results from the value of the
characteristic feature y, the target value m and the loss coeffi-
cient k [18]. The target values in matters of the quality char-
acteristics and process parameters depend on both the sought
hot rolling strategy for the TRC strip and the applied twin-roll
casting strategy.

Based on the previous research and experimental data from
the pilot plant fundamental indicators (measurable proxy
variables) for the above-mentioned latent variables (kTRC, lca,
etc.) have been identified. Their measurements will be
explained hereafter.

(1) Thickness profiles: Corresponding to Fig. 2, symmetric and
asymmetric thickness profiles can be distinguished. The
symmetric thickness profile is characterized by a camber.
Based on the definition of [19], the camber can be calculated
using following equation:

Camber ¼ ThicknessM�ðThicknessOS þ ThicknessDSÞ
2

(3)

where M = middle, OS = operating side, DS = driver side of
the TRC process.

The camber is the mean value of three measured
thickness values in the middle of the TRC strip minus the
mean value of the two outer strip thicknesses. The
values of the thickness on the operating side (OS) and
driver side (DS) are the mean values of three measured
points at the edge area of OS and DS. These values do not
include boundary values. In the examination thickness
profiles with symmetrical decreasing values are consid-
ered.

Contrary to symmetric profiles, asymmetric profiles are
defined by the wedge shape. The computation of the wedge
shape is carried out according to the following equation cf.
[20]:

Wedge shape ¼ ThicknessOS�ThicknessDS (4)

where OS = operating side, DS = driver side of the TRC
process.

ThicknessOS and ThicknessDS are mean values of three
measured points of the respective strip side. The strip



a r c h i v e s o f c i v i l a n d m e c h a n i c a l e n g i n e e r i n g 1 8 ( 2 0 1 8 ) 2 2 7 – 2 3 4 231
wedge is the difference between the mean thicknesses of
the TRC strip on the OS and DS. If these two points are
connected an imaginary wedge arises. Extreme waviness
in asymmetric profiles is excluded of the empirical
investigations.

(2) Rolling force: The rolling force is measured by means of
dynamometers at the TRC staging. It consists of the
measured values of the force on the OS and DS.
Corresponding to the definition of the rolling force the
sum of the rolling force of the OS and DS is used.

(3) Width: The spread of the material in the roll gap of the twin-
roll casting plant (spreading of the melt immediately after
leaving the casting nozzle) cannot be measured due to
technological reasons. Therefore, the width of the TRC strip
is measured at several sections.

(4) Length of contact arc: The total length of the contact arc lca
cannot directly be determined in the roll gap but it can be
defined by the target thickness of the TRC strip, pressure of
melt, temperature of melt and casting speed. The pressure
of the melt equals indirectly the melting bath (level) in the
casting channel. Afterwards, the melt lies on the work roll
surfaces depending on the mass flow. Hence, it leads to
changes in the heat flux into the cooled work rolls. Changes
in the heat flux occur alongside with changes in the formed
strip shells and simultaneously in the length of the contact
arc. A further indicator which affects the total length of the
contact arc is the temperature of melt. Depending on the
temperature of melt both, the length of the area, where the
shells are merged (lm) as well as the length of the solidified
area (ls), which will be deformed, vary.

(5) Deformation resistance: The deformation resistance depends
on the melt temperature and casting speed, which are also
indicators of the length of contact arc. In the following we
will consider them only in case of the deformation
resistance.
Fig. 4 – Structural equation model for the thicknes
In all cases, the indicators cause the latent variables, so that
a formative measurement model is applied.

3.3. Model estimation and evaluation

Within the scope of structural equation modeling, the
covariance-based method (CB-SEM) [21–23] and the vari-
ance-based PLS-SEM approach are available for the estima-
tion of cause–effect relations [24]. The PLS-SEM approach, a
multivariate analysis method has been chosen according to
predefined quality criteria for an empirical investigation
[25,26]. It is more suitable than CB-SEM due to the special
research objective to predict structural relationships [25].
Especially for the magnesium strip production, where no
model exists, the formation of the distinctive thickness profile
characteristics should be predicted and explained. Moreover,
the data was generated at a pilot plant where research
oriented casting campaigns are carried out. Therefore, the
data set is relatively small due to cost-intensive experiments.
In addition, the data is non-normal distributed. In contrast to
CB-SEM, PLS-SEM relaxes the demands regarding sample size
and assumption of multivariate normality [25–27] which
accommodate the special conditions. Despite small sample
size, non-normal data PLS-SEM achieves high levels of
statistical power [25–27].

The software SmartPLS 3.2.6 [28] has been used to estimate
the structural equation model with the PLS-algorithm and the
production data. Fig. 4 shows the model estimation results (i.e.
standardized regression coefficients and R2 values).

Before interpreting the results displayed in Fig. 4, we
address their evolution. For this purpose, we follow the
procedures and criteria suggested by Hair and co-authors [29].
The latent variables are measured by a formative measure-
ment model. The variance inflation factor (VIF) values allow
assessing if the indicators have critical collinearity levels. The
s profile formation of TRC magnesium strips.



Table 2 – Evaluation results of formative measurement model.

Latent variablea Indicator Outer weight VIF 90% bias-corrected
bootstrap confidence

intervalb

Significant?

Deformation resistance Temperature of melt �0.395 1.167 [�0.511; �0.318] Yes
Casting speed 0.340 1.062 [0.104; 0.590] Yes
Thickness 0.710 1.107 [0.571; 0.808] Yes

Length of contact arc Thickness 0.625 1.116 [0.444; 0.822] Yes
Level 0.605 1.116 [0.468; 0.728] Yes

Thickness profile Wedge shape 0.801 1.327 [0.626; 0.996] Yes
Camber 0.321 1.327 [0.072; 0.455] Yes

a The single-item constructs width and strip forming force (FTRC) are not included in this table (i.e., their outer relationship is 1.0).
b Note: Bias-accelerated and corrected bootstrapping (BCa) procedure; 5000 bootstrapping subsamples; individual sign change option.
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highest VIF values not exceed 1.327 (Table 1), which clearly is
below the critical value of 5 [30]. The results of the bias-
corrected and accelerated bootstrapping procedure (i.e., 5000
samples and the individual sign change option) allow assessing
the significance of indicators per measurement models
(Table 2). All outer weights are significant ( p < 0.1), whereby
p illustrates the probability of erroneously denying a true null
hypothesis [29]. Also, the coefficients show the expected signs.
The indicators level (0.605) and the thickness (0.625) have
nearly the same outer weight and, thus, an almost equal
relevance for the length of contact arc (lca) construct. In
contrast, thickness (0.710), the temperature of melt (�0.395),
and casting speed (0.340) have different relevance, as indicated
by their standardized outer weights, for forming the construct
deformation resistance (kTRC). The lower the temperature of
melt and the higher the casting speed the higher is the
deformation resistance. The thicker the material in the roll gap,
which has the largest impact on the deformation resistance,
the higher the deformation resistance. For the construct
thickness profile the wedge shape plays a particularly impor-
tant role (0.801), whereas the influence of cambers (0.321) is less
pronounced. In summary, the analysis meet the relevant
evaluation criteria of formative measurement models [29].

When assessing the results of the structural model [29], the
coefficient of determination of the endogenous latent vari-
ables (i.e., their R2 values) are of primary interest. The R2 values
of the thickness profile (0.488) and rolling force (0.454) have
relatively high level (Table 3); the model almost explains 50%
of their variance. Moreover, the Stone–Geisser's Q2 values
[31,32] have been obtained by using the blindfolding procedure
Table 3 – Structural model evaluation results.

Endogenous latent variable 

Rolling force 

Thickness profile 

Relation Path coefficient 

Width ! rolling force 0.076 

Deformation resistance ! rolling force 0.217 

Length of contact arc ! rolling force 0.504 

Rolling force ! thickness profile 0.699 

* Note: Bias-accelerated and corrected bootstrapping (BCa) procedure; 5,0
[33] and an omission distance of six. All Q2 values are above
zero, which substantiates the predictive relevance of the path
model.

Table 3 also shows the size and significance of the
coefficients in the structural model. The strongest (and
significant) relationship (0.699) exists between rolling force
(FTRC) and the thickness profile. For the target construct rolling
force (FTRC), the length of contact arc (lca) construct (0.504) has
the highest (significant) coefficients, followed by the (signifi-
cant) relationships of the deformation resistance (kTRC)
construct (0.217) and the rolling force (FTRC) construct (0.076).
The latter low relationship (i.e., width ! rolling force) results
from the small variations of the width at the pilot plant (650–
750 mm). In case of an industrial plant, however the impact on
the rolling force should be higher considering the larger
differences in width, which can be produced. The f2 effect size
values further substantiate the relevance of the significant path
coefficients. In conformity with the assessment of the relevant
criteria for the structural model [29], this analysis supports and
further substantiates underlying hypothesis.

4. Results and discussion

A basic quality assurance model has been developed analyzing
the thickness profile formation of TRC strip at a pilot plant
despite the fact that not all potential factors (like thermal
transmittance) have been be captured. In total 48.8% of the
variance of the thickness profiles, i.e. cambers and wedge
shapes, can be explained by the above stated model. The
R2 value Q2 value

0.454 0.402
0.488 0.213

90% bias-corrected
bootstrap confidence

interval*

Significant? f2 value

[0.017; 0.138] Yes 0.010
[0.050; 0.408] Yes 0.038
[0.290; 0.914] Yes 0.197
[0.467; 0.772] Yes 0.955

00 bootstrapping subsamples; individual sign change option.
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predictive modeling technique allows an approximation of the
existing interrelationships among different thickness profiles,
rolling forces and various processes in the roll gap and shows
the control parameters that can be leveraged to improve the
quality of the thickness profile. The key parameter to adjust
the thickness profile is the rolling force, which is primarily
influenced by the length of contact arc (0.504), deformation
resistance (0.217), and with a lower weight the width (0.076).
Consequently, the regulation of the length of contact arc lca
and deformation resistance kTRC should be given special
attention. To improve the thickness profile of TRC magnesium
strips, operators of the pilot plant should primarily focus on
the correct melting bath level in the casting channel and the
appropriate thickness of the material in the roll gap. Of
secondary relevance for the quality of the TRC thickness
profile is the deformation resistance, here measured by casting
speed, melt temperature as well as the thickness of the
material in the roll gap. A higher than aspired melt tempera-
ture has a negative impact on the thickness profile. In contrast
to the deformation resistance (kTRC) and length of contact arc
(lca) the width is of minor importance for the rolling force. This
can be explained by slight variations of the width at the
investigated pilot plant (650–750 mm).

Regarding the TRC formation we can also conclude that if
the length of contact arc lca and the deformation resistance
kTRC is higher it will be more difficult to control the
solidification front and the evenly distributed rolling force.
The identification of the interrelationship concerning the
thickness profile formation is a first step in the development of
a quality assurance system. Moreover, first findings can be
used during the pilot production of TRC strips.

Future research will focus on expanding the basic model by
additional quality characteristics. Due to the fact that the
formation of the thickness profile is closely related to the
formation of segregations, i.e. separation of impurities and
alloying elements in different casting regions, the interrela-
tions between important quality requirements can be investi-
gated. In addition, on-line control chart pattern detection and
discrimination using the PLS-SEM approach can be imple-
mented to ensure a stable TRC process. All these measures
need to be embedded in the stepwise pilot plant quality
improvement process toward accreditation.
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