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Abstract: Twin-roll casting is a technology for the production of thin strips directly from liquid
metal by combining continuous casting with hot rolling in a single step. The thermo-mechanical
cyclic interaction with the solidifying strip causes fatigue crack formation at the outer surface of
the rolls. A 2D FEM model with Eulerian boundary conditions and the interference fit load on the
rolls was defined. The influence of the roll–strip thermal contact, the inlet temperature of the liquid
aluminum, the efficiency of the water cooling and the production rate on the fatigue damage of the
rolls was analyzed with a parametric study. The maximum temperature of the rolls, the maximum
contact pressure, the accumulated plastic strain and the equivalent strain computed (considering
a multiaxial out-of-phase fatigue criterion) were considered to investigate the thermo-mechanical
fatigue load on the rolls. The results showed that, in the considered range, the most influential
parameters on the fatigue mechanism are the heat contact conductance coefficient, which dominates
the thermo-mechanical load, and the tangential velocity of the rolls, which contributes to the thermal
field and determines the roll–strip mechanical contact interaction.

Keywords: twin-roll casting; thermo-mechanical stresses; multiaxial fatigue; finite elements

1. Introduction

Twin-roll casting is a technology for the production of thin strips about 1 mm to 10 mm
thick. The process was devised by Henry Bessemer [1] and involves the production of
the strips directly from liquid metal by combining continuous casting with hot rolling
in a single step. The operating principle is based on the rapid solidification of the liquid
metal on internally cooled rotating rolls and on the mechanical action of these rolls on
the strip [2,3]. Compared to the more traditional processes [4], twin-roll casting allows a
reduction in production steps, energy savings and lower investment costs [5], while also
allowing for recycled materials [6]. The microstructure and mechanical properties of the
finished product are also considerable [7–9] and are still the object of research [10–13].

There are three main types of twin-roll casting according to the direction of the molten
metal flow: horizontal, with the axes of the rolls arranged vertically one above the other [14];
vertical, with the axes on the horizontal plane [15]; and an inclined configuration [7].

The operating conditions of the rolls depend on thermal factors, fluid dynamics and
mechanical interactions between the rolls and the strip [16]. The main parameters that
influence these aspects are the superheat temperature of the melted metal, the configu-
ration of the nozzle, the presence or absence of lubricant between the rolls and the strip,
the thickness of the strip, the rotation speed of the rolls, heat and force exchanged (roll
separation force) between the rolls and the strip [17], the rolls’ material (steel or copper)
and their diameter.

There have been several studies that carry out a thermo-fluid dynamic analysis of the
process, often performed by a numerical method with 2D or 3D models [18]. The models
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have investigated the solidification of the metal, distinguishing the liquid, solid and an
intermediate liquid–solid zone (mushy zone) and identifying turbulent flows in the molten
area [19]. The amplitude of the mushy zone influences the mechanical force exchanged
between the rolls and the strip and the properties of the product [20]. The proposed models
take into account possible turbulence, solidification, thermal fluxes to the environment and
the heat exchange between the rolls and the strip, identifying the heat transfer coefficient
as one of the most important parameters [21]. From a fluid dynamics point of view, the
liquid–solid strip can be represented as a mono-phase or bi-phase material, modeling the
semi-solid area (mushy zone) like a substance with variable viscosity [22–24].

Studies relating specifically to the analysis of stresses and strains in the twin-roll
casting process, on the other hand, seem to be few and not easily available, and they mainly
concern the strip produced [12].

The wear of the rolls in the twin-roll casting process of steel was experimentally
studied by Zapuskalov et al. [25], investigating the surface roughness of the roll and
showing the influence of the erosive action due to the flow of processed material on
the component.

Stress analysis in both the strip and rolls was studied by Saxena et al. [26]. Stresses
due to friction between the rolls and the strip were not considered, and the roll separating
force was calculated analytically and then applied on the components. The liquid–solid
metal was modeled as a viscoplastic material by adjusting the Poisson coefficient and the
Young modulus to treat the liquid. The analysis showed the arising of high compression
stresses on the surface of the roll due to thermal load and compression force on the rolls,
identifying the conditions for the onset of fatigue.

Hadadzadeh et al. [20] developed a 2D model of the top-half part of the group
roll/strip. The solidification process and the zone of liquid–solid transition (mushy
zone) were taken into consideration. The rolls were assumed to be rigid and the in-
teraction between the roll and the strip was modeled considering the friction according to
Coulomb’s law.

The influence on the interaction force between the strip and the rolls, the asymmet-
rical rotation speed of the rolls and the configuration of the nozzle has been studied by
Lee et al. [16]. The values obtained from the numerical simulation were compared with the
force values measured experimentally, showing the convergence of the respective values
over time.

The twin-roll casting process has received a growing interest in recent decades. The
parameters of the process and their influence on the product have been studied, but not
much has been carried out to specifically analyze the conditions of the rolls. The objective
of this work is to study the thermo-mechanical state and the damage conditions in relation
to the rolls’ life expectancy in the twin-roll casting process of aluminum alloys.

Rolls are an important component, not only for their cost, but also for the required
reliability necessary to ensure the continuous productivity of the process.

Due to the thermo-mechanical conditions at the outer surface of the roll, wear dam-
age occurs and cracks form [27]. These cracks can generate defects and determine the
production of a low-quality strip. The propagation of the cracks can cause the failure of
the roll [28]. To avoid the failure of the rolls and to ensure a good-quality product, it is
important to perform roll maintenance operations. Hence, it is necessary to investigate the
damaging phenomena at the outer surface of the rolls by considering different operating
conditions.

This is possible by developing a thermo-mechanical numerical model of the rolls to
predict their stress and strain state during the process. In order to investigate the damage
phenomena and to predict the crack initiation, the influence of the main process parameters
is considered. A proper fatigue index is considered to compare the expected damage in
different process conditions.
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2. Materials and Methods

A 2D schematic of the horizontal twin-roll thin-strip caster with all dimensions is
illustrated in Figure 1. The geometrical data taken into account are shown in Table 1.
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Figure 1. Schematic representation of the twin-roll casting process with relevant modeling parameters.

Table 1. Geometrical data of the roll and the strip.

Symbol Description Value

D Outer diameter of the rolls 660 mm
droll Inner diameter of the rolls 545 mm

dsha f t Diameter of the shaft 545.55 mm
H Inlet nozzle height 14 mm
h Outlet strip height 8 mm

An explicit thermo-mechanical 2D plane-strain FEM was defined by using Abaqus
2020 FEA software. The symmetry of the problem was considered and the top-half part
of the strip–roll–shaft geometry was modeled. Lagrangian analysis was used, but the
Eulerian boundary conditions [29] at the inlet and the outlet zones were imposed. This
allowed us to model a limited portion of the strip during the whole simulation and to avoid
unwanted mesh deformations. To reach the steady-state conditions during the process
while considering the time cost of the numerical simulation, 8 rotations of the rolls were
performed. The attainment of the steady-state conditions was verified a posteriori by
considering the thermo-mechanical state history of the rolls during the simulations.

The reference conditions for the simulation were considered as follows: Tsuperheat = 40 ◦C,
uroll = 16 mm

s , hwater = 10 kW
m2◦C

and hcontact = 15 kW
m2◦C

. Then, a parametric study was
performed by varying 4 process parameters through 5 levels:

1. Strip–roll contact conductance coefficient, hcontact, which represents the thermal effi-
ciency of the heat-removing process from the strip during the production;

2. The liquid aluminum superheat, Tsuperheat, related to the initial temperature of the
liquid aluminum poured though the nozzle between the rolls;

3. Water-cooling heat transfer coefficient, hwater, related to the intensity and efficacy of
the cooling system at the internal surface of the rolls;

4. The tangential velocity of the rolls, uroll , representing (and proportional to) the pro-
duction rate of the finite product.
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To analyze the impact of the process conditions on the thermo-mechanical load and
fatigue, 4 indicators were considered:

1. Maximum temperature, Tmax, reached by the roll during the rotation;
2. Maximum contact pressure, |σr|max, which represents the mechanical load due to the

strip–roll contact interaction;
3. Accumulated plastic strain, εpl , at the external surface of the roll after 8 rotations;
4. Equivalent strain value, εeq, which is related through the life curve to the number of

cycles required to cause the crack initiation.

2.1. Material Modeling

The data to model the thermal and mechanical behavior of the material of the roll and
the mechanical properties of the material of the strip presented below were provided by
the manufacturer of the rolls.

2.1.1. Rolls

The material of the rolls was modeled as an elastic–plastic solid. The Von Mises yield
surface and the associative flow rule were considered. A temperature-dependent non-
linear kinematic hardening behavior was implemented according the Armstrong–Frederick
law [30]. The plastic behavior of the rolls was modeled considering the experimental
hardening curves represented in Figure 2.

The temperature-non-dependent parameters are density ρ = 7830 kg/m3, specific
heat cp = 502 J/kg◦C and Poisson’s ration ν = 0.3. The temperature-dependent properties
are indicated in Table 2. The reference temperature for the considered thermal expansion is
Tre f = 25 ◦C.
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Figure 2. Hardening curve data of the rolls.

Table 2. Temperature-dependent material properties of the rolls.

T E α k
(◦C) (MPa)

(
×10−5) (W/m◦C)

25 210,000 1.238 30.3
100 200,000 1.238 30.48
200 197,000 1.303 30.9
300 188,000 1.362 31.56
400 194,000 1.406 31.2
500 185,000 1.435 32
600 140,000 1.465 32.8
660 124,000 1.465 32.8
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2.1.2. Strip

The aluminum strip was treated as an elastic–plastic material with linear isotropic
hardening. The thermo-physical data (density, thermal conductivity, specific heat) were
implemented according to the A1-6061-T6 alloy, referring to [31]. The latent heat during
the solidification of the aluminum was also taken into account. The dependence of the
Young modulus of the strip Estrip, plastic hardening modulus of the strip Epl (the slope of
the stress versus plastic strain curve) and the yield stress of the strip σy with respect to the
temperature are shown in Figure 3. The Poisson’s ration of the strip was considered as
νstrip = 0.33. Table 3 indicates the thermal expansion values αstrip for different temperatures
of the material of the strip with reference temperature Tre f = 25 ◦C.

Table 3. Thermal expansion αstrip of the material of the strip.

T αstrip
(◦C)

(
×10−5)

20 2.245
100 2.287
200 2.656
300 2.746
400 2.910
500 3.192
600 3.513

 0

 50

 100

 150

 200

 250

 300

 350

 0  100  200  300  400  500  600
10,000

20,000

30,000

40,000

50,000

60,000

70,000

σ
y,

 E
pl

 (
M

P
a)

E
st

rip
 (

M
P

a)

T (°C)

Estrip (MPa)
Epl (MPa)
σy (MPa)

Figure 3. Elastic–plastic properties of the material of the strip.

2.1.3. Shaft

The shaft was modeled as an elastic solid with the Young modulus Esha f t = 210,000 MPa
and Poisson’s ratio νsha f t = 0.3.

2.2. Boundary Conditions and Interactions

Reference process conditions and parameter variations were defined, with reference
to the studies present in the literature, relative to the aluminum alloy strip production
[19,21,23,32]. The levels of varied parameters were defined according to the cited studies in
order to investigate a reasonably wide range of physical conditions [33].

2.2.1. Initial Conditions

• The initial temperature of the roll and the shaft were considered as equal to the
environmental temperature T0roll = T0sha f t = T0 = 25 ◦C;
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• The initial temperature of the strip was equal to the inlet temperature
T0strip = Tinlet = Tliquidus + Tsuperheat and varied according to the Tsuperheat parame-
ter. The reference values considered were Tsuperheat = 40 ◦C and T0strip = 682 ◦C.

2.2.2. Mechanical Conditions

• The symmetry condition at the middle axes of the strip was defined.
• The shaft rotation speed was imposed according to the tangential velocity uroll of the

rolls to achieve. The reference value for the tangential velocity was uroll = 16 mm/s.
Five levels were investigated, as indicated in Table 4;

• The interference fit interaction between the roll (inner surface in Figure 1) and the shaft
was computed by considering the rough friction model according to the geometry and
thermal conditions of the parts during the whole simulation;

• The nodes of the inlet surface were fixed considering the coordinate system for the
strip in Figure 1 (ux = uy = 0 mm). The nodes of the outlet surface were constrained
to remain on the same plane, avoiding the longitudinal displacements (ux = 0 mm).

Table 4. Physical data and casting conditions of the process.

Symbol Description Value

H f Heat of fusion of aluminum 336,000 J/kg
Tliquidus Liquidus temperature 642 ◦C
Tsolidus Solidus temperature 600 ◦C

hair Rolls–air heat transfer coefficient 0.02 kW/m2 ◦C
T0 Environment temperature 25 ◦C

Tsuperheat Liquid aluminum superheat 20–30–40–50–60 (◦C)
Tinlet Melt inlet temperature Tinlet = Tliquidus + Tsuperheat
uroll Tangential velocity of the rolls 4–8–16–24–32 (mm/s)

hwater Water-cooling heat transfer coefficient 1–5–10–15–20
(
kW/m2 ◦C

)
Twater Water-cooling reference temperature 25 ◦C

hcontact Strip–roll contact conductance coefficient 5–10–15–20–25
(
kW/m2 ◦C

)
2.2.3. Thermal Conditions

• The inlet temperature of the liquid metal at the inlet nozzle was the constraint
Tinlet = Tliquidus + Tsuperheat = 682 ◦C;

• The heat fluxes due to water-cooling system were computed as follows:

qwater = hwater (Troll − Twater) (1)

where qwater is the specific heat flux at a point on the inner surface of the roll, Troll
is the temperature of the point and Twater = 25 ◦C is the water-cooling reference
temperature. The water-cooling heat transfer coefficient hwater varies according to
Table 4 with the reference value hwater = 10 kW/m2 ◦C;

• The heat fluxes between the outer surface of the roll and the surrounding air were
computed as follows:

qair = hair (Troll − Tair) (2)

where the reference temperature of the air Tair = T0 = 25 ◦C and the heat transfer
coefficient hair = 0.02 kW/m2 ◦C.

2.2.4. Roll–Strip Contact

The roll–strip mechanical contact was defined by assuming the Coulomb friction model
with the friction coefficient f = 0.61. The thermal contact was defined by considering a
contact conductance coefficient relative to the following heat flux equation:

qroll−strip = hcontact
(
Troll − Tstrip

)
(3)
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where qroll−strip is the specific heat flux between points in contact and Troll and Tstrip are,
respectively, the temperature of the roll and strip points in contact. The contact conductance
coefficient hcontact was varied through five values, as shown in Table 4, and its reference
value was hcontact = 15 kW/m2 ◦C.

2.3. Numerical Settings

To perform the simulation the plane strain mesh was defined with the characteristics
presented in Table 5. The adaptive mesh was used for the strip in order to define Eulerian
boundary conditions. The global and local view of the mesh are represented in Figure 4.
In order to reach a reasonable time of execution, a mass-scaling technique was adopted.
The value for target time increment for the explicit iteration was calibrated a posteriori to
minimize the influence of the mass scaling on the results.

Figure 4. Global and local view of the mesh of the model (R is the external radius of the roll).

Table 5. Mesh elements used in the model.

Type Variables Number

Roll Linear quadrilateral Temperature-displacement 19,968
Strip Linear quadrilateral Temperature-displacement 392

Shaft Linear quadrilateral Displacement 2528
Linear triangular Displacement 2336
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2.4. Fatigue Modeling

To evaluate the thermo-mechanical fatigue damage, the equivalent strain criterion [34]
was used. The equivalent strain εeq is assumed as the maximum Von Mises value during
the cycle of the amplitude of the deviatoric strain tensor:

εeq = max
t

√
3
2

(
ε
′

ε
′

ε
′
(t)− εmεmεm

)
:
(

ε
′

ε
′

ε
′
(t)− εmεmεm

)
(4)

The deviatoric strain tensor is computed as follows:

ε
′

ε
′

ε
′
(t) = εεε(t)− tr(εεε(t))

3
I (5)

where I is the identity tensor. The mean strain tensor εmεmεm is the solution εdevεdevεdev of the following
optimization problem:

minεdevεdevεdev

{
maxt

√
3
2

(
ε
′

ε
′

ε
′
(t)− εdevεdevεdev

)
:
(

ε
′

ε
′

ε
′
(t)− εdevεdevεdev

)}

tr(εdevεdevεdev) = 0

(6)

To compute the equivalent strain, the min–max optimization problem was solved
[35] by using a Python optimization script, considering the Basin-hopping and Powell
optimization methods.

3. Results

Table 6 summarizes the levels of the parameters investigated and the corresponding
level index.

Table 6. Levels of the process parameters varied in the study.

Level −2 −1 0 +1 +2

hcontact
(
kW/m2 ◦C

)
5 10 15 20 25

Tsuperheat (◦C) 20 30 40 50 60
hwater

(
kW/m2 ◦C

)
1 5 10 15 20

uroll (mm/s) 4 8 16 24 32

3.1. Temperature and Stress Fields

Figure 5a shows the temperature field after 8 cycles in the reference process conditions.
The maximum temperature at the external surface of the roll reaches Tmax = 416 ◦C and
minimum temperature Tmin = 80.1 ◦C. There is a high temperature gradient at the external
surface of the roll near the contact zone. This high temperature gradient is due to the high
heat fluxes from the hot strip.

As shown in Figure 5b, the high temperature gradient causes high stresses near the
contact area. High temperature and stress gradients are present at the external surface
of the roll. Due to the high stresses, the yield condition is reached and the plastic flow is
present during the first rotations of the roll.
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(a) (b)

Figure 5. Global and strip–roll contact zone view: (a) temperature field T (◦C), (b) Von Mises stress
field σVM (MPa).

3.2. Stress Cycle

Figure 6 shows the stress history during the rotation of the roll, considering the radial
σr, tangential σt, axial σz and shear σrt stresses. The angular position Angle = 0◦ in Figure 6
corresponds to the last angular position before the point comes in contact with the liquid
metal as schematically represented in Figure 1. It is possible to distinguish two main parts
during the rotation of the roll: contact zone (the left side of the plot) and free zone (the
right side of the plot). Radial and shear stresses, σr and σrt, are principally determined
by the mechanical contact interaction between the strip and the roll. Tangential and axial
stresses, σt and σz, are mainly influenced by the temperature gradient and the interference
fit interaction between the roll and the shaft.
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Figure 6. Radial σr, tangential σt, axial σz and shear σrt stresses during the rotation of the roll.

Figure 6 shows that high compressive stresses arise at the contact zone. At the contact
zone, stresses, due to strip–roll mechanical contact interaction (|σr|max = 71.7 MPa and
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|σrt|max = 24.4 MPa), are lower than the those determined by the temperature gradient and
the related thermal expansion (|σt|max = 981 MPa and |σz|max = 1130 MPa). On the other
hand, tensile stresses are present far away from the contact area: σtmax = 137 MPa and
σzmax = 104 MPa. These stresses are determined by the absence of the high temperature
gradient at the surface, residual stresses and the global temperature field. The influence
of the roll–shaft interference fit interaction is relatively negligible, with average roll–shaft
contact pressure pavg = 0.58 MPa. The global temperature field and the thermal expansion
of the roll decrease the effective interference and the contact pressure between the roll and
the inner shaft.

The results show that a multiaxial out-of-phase cyclic load is present, which causes
the thermo-mechanical fatigue (or the thermal-gradient fatigue) damage.

The stress cycle shows that the stress state is only roughly approximately bi-axial and
in-phase with stresses directed along the external surface of the component (tangential and
axial). The out-of-plane stress (radial direction) is caused by the mechanical contact, and its
value is relatively small compared to the thermal stresses.

3.3. Influence of Process Parameters
3.3.1. Maximum Temperature of the Roll

Figure 7 shows the influence of the process parameters on the maximum temperature
at the external surface of the roll Tmax.

 320
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T
m
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Parameter level

hcontact
Tsuperheat

hwater
uroll

Figure 7. Maximum temperature on the external surface of the roll, depending on process parameters.

• As the strip–roll contact conductance coefficient rises from hcontact = 5
(
kW/m2 ◦C

)
to

hcontact = 25
(
kW/m2 ◦C

)
, the maximum temperature increases from Tmax = 333 ◦C

to Tmax = 444 ◦C. This effect is caused by the increasing heat fluxes between the strip
and the roll at the contact zone;

• As the superheat temperature rises from Tsuperheat = 20 ◦C to Tsuperheat = 60 ◦C, the
maximum temperature rises from Tmax = 407 ◦C to Tmax = 420 ◦C. This effect is
caused by the higher heat fluxes from the liquid strip to the roll because of the higher
strip inlet temperature;

• As the water-cooling heat transfer coefficient rises from hwater = 1
(
kW/m2 ◦C

)
to

hwater = 20
(
kW/m2 ◦C

)
, the maximum temperature decreases from Tmax = 433 ◦C to

Tmax = 414 ◦C. The cooling system tends to decrease the global temperature field of
the roll;

• As the tangential velocity of the rolls rises from uroll = 4 mm
s to uroll = 32 mm

s , the
maximum temperature rises from Tmax = 345 ◦C to Tmax = 453 ◦C. The maximum
temperature of the roll Tmax is mostly influenced by the level of the heat fluxes along
the strip–roll contact length. In the considered process conditions for low roll speeds,
the surface temperature of the strip decreases more rapidly and the rate of the tem-
perature change of the roll is higher. In these conditions, the heat fluxes’ effect on
the point temperature along the strip–roll contact length tends to be lower. Thus, for
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relatively low roll speeds, the material point tends to reach its maximum temperature
earlier with lower values. The opposite behavior occurs for higher roll speeds. The
roll speed also influences the average temperature of the component and, in particular,
the minimum temperature at the outer surface during the roll rotation. As the roll
speed increases, the average temperature tends to increase due to the lower cooling
action of the water-cooling system during the roll cycle. It should be pointed out that
this last phenomenon has little influence on the actual maximum temperature of the
roll, which is more driven by the heat flux distribution along the contact zone.

Considering the levels taken into account, the tangential velocity of the rolls uroll and
the strip–roll contact conductance coefficient hcontact are the most influential parameters in
the evaluated range.

3.3.2. Maximum Contact Pressure

The influence between the maximum contact pressure |σr|max and the process parame-
ters is shown in Figure 8.
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Figure 8. Maximum contact pressure on the external surface of the roll, depending on process parameters.

• As the strip–roll contact conductance coefficient rises from hcontact = 5
(
kW/m2 ◦C

)
to

hcontact = 25
(
kW/m2 ◦C

)
, the maximum contact pressure increases from

|σr|max = 33.9 MPa to |σr|max = 91.3 MPa;
• As the superheat temperature rises from Tsuperheat = 20 ◦C to Tsuperheat = 60 ◦C, the

maximum contact pressure decreases from |σr|max = 76.3 MPa to |σr|max = 68.8 MPa;
• As the water-cooling heat transfer coefficient rises from hwater = 1

(
kW/m2 ◦C

)
to

hwater = 20
(
kW/m2 ◦C

)
, the maximum contact pressure increases from

|σr|max = 64.6 MPa to |σr|max = 72.9 MPa;
• As the tangential velocity of the rolls rises from uroll = 4 mm

s to uroll = 32 mm
s , the

maximum contact pressure decreases from |σr|max = 406 MPa to |σr|max = 34.0 MPa.
The influence of the velocity of the rolls is more relevant for smaller velocities. Due
to more rapid solidification process at relatively low speed values, the mechanical
contact pressure increases significantly and can contribute to the wear damage of
the roll.

The mechanical contact interaction between the strip and the roll is mainly influenced
by the solidification process of the strip along the casting direction. In particular, the
mechanical contact stresses are influenced by the distance between the inlet surface and
the point of the full solidification of the strip. This quantity is defined as sump depth and
determines the main portion of the strip subjected to the rolling. As the solid portion of the
strip undergoing the rolling increases (lower superheat temperature, lower roll speed, more
efficient water-cooling system or more intense thermal contact), the contact pressure tends
to increase. Considering the levels taken into account, the tangential velocity uroll is the
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most influential parameter. The influence of the strip–roll contact conductance coefficient
hcontact on the mechanical contact interaction is not negligible.

3.3.3. Accumulated Plastic Strain

Figure 9 shows the influence of the process parameters on the accumulated plastic
strain after eight cycles of the roll.

It should be noted that, for all the simulations, the equivalent plastic strain increment
tends to decrease during the eight cycles. In some cases, for example, for high values of the
contact heat transfer coefficient, the plastic strain increment is visible only during the first
two or even during the first load cycle only. Such a behavior was confirmed by running an
additional 19 cycles of simulation for the reference conditions, which showed that, after
the first cycles, the elastic shake-down phenomenon occurs. The attainment of the elastic
shake-down conditions is even faster if the isotropic hardening of the material occurs.

In the reference conditions, the accumulated plastic strain after eight rotations of the
roll εpl = 1.79 · 10−3. The accumulated plastic strain is related to the fatigue damage and,
this is caused by the cyclic thermo-mechanical load followed by the plastic flow.

 0.5

 1

 1.5

 2

 2.5

 3

−2 −1 0 1 2

ε p
l (

×
10

-3
)

Parameter level

hcontact
Tsuperheat

hwater
uroll

Figure 9. Accumulated equivalent plastic strain on the external surface of the roll, depending on
process parameters.

• An increase in the strip–roll contact conductance coefficient from the value of
hcontact = 5

(
kW/m2 ◦C

)
to hcontact = 25

(
kW/m2 ◦C

)
causes a monotonous increase

in the accumulated plastic strain from εpl = 5.21 · 10−4 to εpl = 2.54 · 10−3. This is
caused by the increasing contact heat fluxes between the strip and roll, determined by
the contact conductance coefficient. Higher temperature gradients and thermal strains
cause the stress to rise and the subsequent plastic flow;

• The influence of the melt superheat temperature is relatively small. As the melt super-
heat temperature rises from Tsuperheat = 20 ◦C to Tsuperheat = 60 ◦C, the accumulated
plastic strain increases from εpl = 1.63 · 10−3 to εpl = 1.88 · 10−3. These results are
due to the higher thermal shock that occurs when the liquid aluminum touches the
external surface of the cooled roll;

• As the tangential velocity of the rolls rises from uroll = 4 mm
s to uroll = 32 mm

s , the
accumulated plastic strain increases from εpl = 9.75 · 10−4 to εpl = 2.77 · 10−3.

The results show that the strip–roll contact conductance coefficient hcontact and the
tangential velocity of the rolls from uroll are the most influential parameters in the plastic
flow phenomenon. These two parameters contribute to the higher temperature gradient at
the roll surface and the thermal softening of the material, causing damaging plastic flow.

3.3.4. Equivalent Strain

Figure 10 shows the relationship between the thermo-mechanical fatigue load, repre-
sented by the equivalent strain εeq, and the process parameters. In the reference conditions,
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the equivalent strain εeq = 2.58 · 10−3. The results show that the most relevant parameter
to consider to evaluate the fatigue damage is the contact conductance coefficient hcontact.
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Figure 10. Equivalent strain value for the fatigue evaluation, depending on process parameters.

• In fact, as the strip–roll contact conductance coefficient rises from hcontact = 5
(
kW/m2 ◦C

)
to hcontact = 25

(
kW/m2 ◦C

)
the equivalent strain increases monotonously from

εeq = 1.95 · 10−3 to εeq = 2.78 · 10−3. This result shows the importance of the contact
heat fluxes between the strip and the roll in the thermo-mechanical fatigue damage.
Due to a higher contact conductance, contact heat fluxes increase and so does the
temperature gradient at the external surface of the roll;

• As the melt superheat temperature rises from Tsuperheat = 20 ◦C to Tsuperheat = 60 ◦C,
the equivalent strain slightly increases from εeq = 2.51 · 10−3 to εeq = 2.60 · 10−3;

• As the water-cooling heat transfer coefficient varies between hwater = 1
(
kW/m2 ◦C

)
and hwater = 20

(
kW/m2 ◦C

)
, the equivalent strain remains almost constant, with a

variation from εeq = 2.46 · 10−3 to εeq = 2.59 · 10−3;
• The influence of the tangential velocity of the rolls uroll on the equivalent strain εeq

is more relevant for small values of the roll speed. As the tangential velocity of the
rolls rises from uroll = 4 mm

s to uroll = 16 mm
s , the equivalent strain increases from

εeq = 2.07 · 10−3 to εeq = 2.58 · 10−3. For higher values of the velocity, the equivalent
strain remains almost constant. This behavior could suggest the influence of the
contact pressure on the equivalent strain value for small velocities of the rolls. In
fact, the contact pressure increases significantly for very low roll speeds, as shown in
Figure 8, and influences the stress tensor state.

4. Conclusions

A two-dimensional coupled thermo-mechanical numerical model was defined. An
explicit integration method and mixed Lagrangian-Eulerian analysis was performed, simu-
lating eight rotations of the roll. The temperature-dependent properties were used and the
latent heat of the aluminum was taken into account. The plastic behavior of the material of
the roll was considered, and the kinematic cycling hardening model was defined based on
the tensile test experimental data. The liquid aluminum initial temperature and the strip
roll thermo-mechanical contact were defined with a contact conductance coefficient and the
Coulomb friction model. The interference fit between the roll and the shaft was considered
as well.

The results showed that a cyclic out-of-phase thermo-mechanical fatigue phenomenon
occurs. Thermal stresses are considerably higher than those caused by the roll–strip
mechanical contact.

Table 7 summarizes the results obtained and represents how a process parameter
influences a damage parameter in the considered range. The results showed that, in
the considered range, the most influential parameters are the heat contact conductance
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coefficient hcontact, which dominates the thermo-mechanical load, and the tangential velocity
of the rolls uroll , which influences the thermal field and mechanical contact interaction
between the roll and the strip. In fact, the results showed that, at a relatively low production
rate, the contact pressure increases (|σr|max = 406 MPa) and can aggravate the wear damage
of the roll.

Table 7. Influence of the process parameters on the thermo-mechanical fatigue damage: ++ relatively
strong positive correlation, (+) very small positive correlation, 0 relatively negligible influence, (−)

very small negative correlation, −− relatively strong negative correlation.

Tmax |σr|max εpl εeq

hcontact ++ (+) ++ ++
Tsuperheat 0 0 0 0
hwater (−) 0 0 0
uroll ++ −− ++ +

The obtained data could be used to make choices to minimize the damaging conditions
of the roll and to reduce the thermo-mechanical fatigue phenomenon. On the other hand,
the results could suggest which variables are more critical to design an experimental
evaluation of the roll stress conditions and the prediction of their lifespans.
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