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Abstract: The stresses occurring in a sweep arm made of HK 40 refractory steel used
in a reduction furnace were determined through the Finite Element Method. For stress
determination, SOLIDWORKS 2020 software was employed, which facilitated geometric
and parameterized modeling, meshing of the sweep arm, definition of load cases and
their parameters, as well as the model's boundary conditions. Von Mises stress was
found to be 1, 313 E 7 N/m?; according to the results obtained, the maximum

displacement occurs at a peak value of 8,318 E-1 mm.
Keywords: mechanical deformation, numerical method, refractory metal

Resumen: Se determinaron las tensiones que se originan en un brazo de barrido de
acero refractario HK 40 empleado en un horno de reduccion a través del Método de los
Elementos Finitos. Para la determinacién de las tensiones se empled el software
SOLIDWORKS 2020, a través del cual se realizd la modelizacion geométrica y
parametrizada, el mallado del brazo de barrido y la definicion de los casos de carga y de
sus parametros, asi como las condiciones de frontera del modelo. Se determind que, la
tension de Von Mises es de 1, 313 E 7 N/m?; segun los resultados obtenidos el maxima

desplazamiento ocurre a un valor maximo de 8,318 E-1 mm.
Palabras clave: deformacion mecanica, método numérico, metal refractario
Introduction

Mathematical simulations of processes have driven an evolution in industry, especially

within various engineering branches, as they have enabled the development of industrial
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processes with the advantage of cost reduction (Mafay et al., 2022; Izurieta, Buenafio
& Rivera, 2024). To carry out simulation, it is important to develop a modeling process
and consider input and output variables as well as the environment where the process
will unfold (Chariguaman et al., 2022; Elias-Gonzalez et al., 2024). Simulation can be
performed by different methods according to the complexity of the problem to be solved

and the required solution.

Finite Element Analysis is an approximate model containing basic variables that allow
modification of the prototype, saving time and costs (Marquez et al., 2022; Pérez, 2024;
De la Colina, 2024). Currently, computating advances enable the creation of various
software tools that perform calculations with finite elements. Knowledge on finite
element principles and the materials involved is essential to obtain realistic analyses

(Gonzalez, Gonzalez & Lopez, 2020; Pozo-Safla, Aquino-Arroba & Ordonez-Vifian, 2021).

Simulation methodology has become generalized and constitutes a powerful humerical
calculation tool capable of solving mathematically, physically, and mechanically
formulable problems. It allows simulation and analysis of complex components and
structures that are difficult to calculate with traditional analytical methods. Numerical
solutions of mathematical equations describing the studied phenomena can be obtained
using computers. Therefore, it can be assumed that its accuracy depends on the initial
equations and the computers capacity to solve them, hich imposes limitations on its

application (Sanchez, 2011).

Huang and Usmani (2012) describe the finite element method as comprising three
processes: the Rayleigh-Ritz variational formulation, integration environment overlay
with compact intervals interconnected by nodes, and implementation of the weighted
residuals algorithm. Specifically, in stress-strain analysis of elements subjected to
dynamic loading, the method enables determination of components and deformation
states at certain characteristic points. This type of analysis constrains deformation of the

study object and localizes highly or lightly stressed zones.

In the 1970s and 1980s, parts modeling was performed via two-dimensional simplified
models due to computational limitations at that time. The 2D modeling advantage lies
in producing simple models and significantly reducing calculation time, sometimes
yielding acceptable results. Hibbitt and Marcal (1973) were pioneers in applying 2D

models to determine residual stresses. Despite current computational advances, many
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authors still work with 2D planar or axisymmetric models, assuming certain assumptions

and simplifications (Lu and Hassan, 2001).

Zhu and Chao (2002) argue that the thermo-deformational response of all mechanical
units is three-dimensional and only such models can fully reproduce the phenomenon in
real static analyses. This modeling has been applied by various authors (Lu and Hassan,
2001; Vinas et al., 2005). Lu and Hassan (2001) simulated a static four-pass analysis
using a 3D model, reporting tensile and compressive residual stress concentrations at

the start and end points that 2D models cannot capture.

Reduction furnaces for lateritic ores have, in the sweep mechanism, arms manufactured
through casting (Correa-Suarez, Rodriguez-Gonzalez & Pompa-Larrazabal, 2020). To
manufacture sweep arms for nickel industry reduction furnaces, HK-40 refractory steel
is used (Fernandez Columbié et al., 2023). According to Fernandez Columbié, Suarez
Torres & Rodriguez Gonzalez (2024), when refractory steel is subjected to tensile

stresses, small cavities form in its microstructure during high-temperature operation.

The aim of this study is to determine the stresses arising in a sweep arm, made of HK

40 refractory steel, used in a reduction furnace through the Finite Element Method.
Materials and Methods
Finite Element Stress Modeling

Upon obtaining the structural analysis file (Figure 1), it is executed via static equilibrium
analysis, wherein nodal stresses, at each course of time generated by the run, are read
and applied as nodal loads in the structural run. Thus, each static structural analysis
starts from the final deformation and stress state of the previously concluded analysis.
This is valid since plastic deformations are irreversible regardless time (if viscoplastic
deformation at high temperatures is neglected), so time integration is unnecessary for

this analysis.
This analysis was mainly performed in programming mode.

The analysis type declared was the static.
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Full Newton-Raphson iterative method for nonlinear differential equations solution used
was, which constitutes the SOLIDWORKS standard nonlinear method for plasticity

problems.
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Figure 1. Model simulation.

Meshing is a crucial step in design analysis, as it is a primary factor upon which the final
results depend. Initially, the software estimates a global element size for the model
taking into account its volume, surface area, and geometric details. The mesh size
generated (number of nodes and elements) depended on model geometry and
dimensions, element size, tolerance, mesh control, and contact specifications. Figure 2

corresponds to the meshing.

;)7Ssuua.‘. DRKS | 4 Aewwo  Edioen  Ver Plena2 SDPRT *

Calcular | Cotas MBO | Complementos de SOUDWORKS | Simulation | MBD | SOUDWORKS CAM | SOLIDWORKS CAM TBM | SOUDWORKS Inspection | Preparacién del andlisis |
(PEH-0-v-9R-T

G [EIR[e[el T "
v

» [ Hitor

Seferles

<

TI0L0] Modelo | Vistas 30 | Estudo de movimiento T | & Andlisis estitico 1
SOUDWORKS Pemium 20205900 taundoricn  # wes - ®

Figure 2. Model meshing.
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The software allows finer meshing in areas of interest, in other words, where stresses
are higher, enabling increased definition and detail. Using a mesh with these
characteristics does not affect result accuracy but saves time and memory during

simulation execution.

Boundary conditions (figure 3) were set to avoid rigid body motion and to estimate
deformation and stress states produced by external loads applied to the system by
restricting part of the domain (u = 0 for domain Su). In this case, applied forces were
treated as distributed loads over small but finite areas. These conditions were defined in
the ST domain.
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Figure 3. Boundary conditions.

Under these boundary conditions, the threshold torque is defined as the borderline value
between the model ‘s elastic and plastic regimes. The way contiguous elements will be
connected (through a rigid node or allowing some relative deformation) was determined,

along with their respective mount conditions (embedding, articulation, or simple mount).

For a model with imposed actions, those affecting the structure for a given operating
condition were established (Figure 4), represented by sets of loads or imposed
deformations, both internal and external, occurring on the sweep arm under stress and

deformation states.
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Figure 4. Load assighment to the model.

For load assignment, the body was considered three-dimensional, subjected to loads and
pressures, where any point is defined by coordinates x, y, z. The surface or boundary is
constrained to a region where displacement is specified. A force is introduced and locked
in successive loading steps so that effects initially produced by the force are preserved

as displacements after locked.

This procedure was used considering that collapse forces and different failure modes can
thereby be reproduced. It is also possible to obtain stresses, strains, and displacements
at desired points to create force-displacement or stress-strain curves similar to the ones

obtained in real tests.

Results and Discussion

Finite Element Method Analysis

One way to characterize steel 's plastic properties is through Johnson-Cook mechanical
model, which replicates material behavior under large strains, high temperatures, and
high strain rates. This model’s formulation defines Von Mises equivalent stress as three
decoupled terms: the first, defines strain hardening dependence; the second, strain
sensitivity; and the third, temperature sensitivity. Figure 5 shows the analysis of stresses

the sweep arm is subjected to.
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Figure 5. Von Mises maximum equivalent stress.

In this scenario, the arm operates under rigid conditions, and it can be observed that,
the Von Mises stress distribution shows that the most critical areas appear to be

theoretical. It is determined that the maximum stress in the sweep armis 1.313 E 7 N/m2.

The use of elastic stress concentration factors indicates the average load required on a
part to cause plastic deformation or creep; these factors are also useful to analyze loads
in a part that could cause fatigue fracture. Displacements to which the sweep arm of the

reduction furnace is exposed were determined; this behavior is shown in Figure 6.
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Figure 6. Displacement behavior.

Displacements exhibit symmetric behavior along the vertical axis. The maximum
displacement occurs at a peak value of 8,318 E-1 mm; this occurs at the sweep arm’s

end, where the highest stress concentration (red zone) exists and where failure is thus
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most likely to happen. While one end of the sweep arm is exposed to deformation
processes, the other end, embedded into the furnace base, is under compression

conditions (blue zone).

Regardless of parameters analyzed to determine total deformation effect on the sweep
arm (modulus of elasticity and Poisson’s ratio), there are other parameters that influence
this deformation state during furnace operation, including temperature effect. If
temperature rises above the original value, the associated deformation can be
considered. For isotropic materials, the increase of this factor results in uniform
deformation depending on the element’s linear expansion coefficient, which is assumed
as a constant within the variation range. Deformation due to this temperature change
causes no stress when the body is free to deform, as explained by Srivastava et al.
(2015).

Conclusions

Stresses occurring in a sweep arm made of HK 40 refractory steel used in a reduction

furnace were determined via the Finite Element Method.

It was determined that stresses in the sweep arm can be influenced by various factors

such as arm geometry, applied load, and material properties.

The Von Mises maximum equivalent stress to which the reduction furnace sweep arm is
subjected is 1, 313 E 7 N/m?, indicating the component undergoes significant loads and

may be at risk of fracture failure.
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