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KEYWORDS ABSTRACT

Forming, Microstructure control is one of the most challenging issues in forming processes. It affects the
Constitutional equations, quality enhancement of the product directly. The Finite Element Method (FEM) is an appropriate
Microstructure Prediction. approach in forming analysis which can be applied for predicting microstructure. Many studies

have addressed this issue through mathematical and physical models. In addition, several
constitutional equations have been developed to model parameters such as grain growth,
dislocation density, and recrystallization, etc. In this article, after choosing the appropriate
constitutional equations and extracting the required relationships, a subroutine in the Fortran
language has been developed. In the next step a rolling process with defined conditions have been
analyzed in the finite element software, and the microstructural parameters have been investigated.
Then the results were compared with the laboratory data and a remarkable similarity was observed.
Finally, the effect of changes in friction, thickness reduction and roller speed have also been
investigated.

Extended Abstract

1. Introduction

etals contain certain microstructure which is formed either during the process or after that at high

temperatures. Mechanical properties of the hot-formed parts depend on this microstructure. To achieve

optimal properties, it is necessary to predict microstructure changes under process conditions. There
have been many attempts to develop models that predict the effects of different parameters on microstructure, such
as recovery and recrystallization. As computer models provide accuracy and convenience, process designers and
metallurgists can use the outcome to check the modifications to their processes without having to do any trial and
error. Finite Element (FE) is one of the most suitable methods that can be used to predict the microstructure in
forming analysis.

In this article, after introducing and selecting the common constitutional equations, using user-defined material
in Abaqus software, a FORTRAN code has been developed in order to model the hot-forming parameters. Then
the mentioned model has been simulated by a hot-forming process and compared with the experimental results.

2. Constitutional equations

Many constitutional models are available for the plastic behavior of metals for finite element modeling. But
their application is often limited to the strain, strain rate, and temperature changes. To understand and achieve the
optimal microstructure and control its growth, it is necessary to predict the instantaneous change of the
microstructure under process conditions, such as temperature, cooling rate, plastic deformation, and deformation
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rate [23]. Experimental or engineering models are models in which after calculating the stress and strain by
plasticity theory, the microstructure of the material is obtained based on the experimental equations and according
to the residual stress and strain in the material. Physical models are models that formulate constitutional equations
based on the knowledge of physical processes. The model investigated in this article is an explicit physical model
based on dislocation density. The model is formulated at the macro level, meaning that all quantities are calculated
for a volume of sample material that can be considered homogeneous. Integrated viscoplastic constitutive
equations should be able to describe parameters such as grain size, dislocation density, etc., and the mutual effects
between them. Equations 1 to 7 of the viscoplastic constitutive equations were developed by Lin and Liu for this
purpose.
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where &7 is plastic strain rate, o, is effective stress function, R is isotropic hardness, k is yield stress, p is
normalized dislocation density, d, is initial dislocation density and d is dislocation density in deformed material.
The constants for a micro-alloyed steel obtained from experimental results [27] and listed in table 1.

Table 1 Constants of the constitutioonal equation [27]

Ai(sh) 1.81x10° cl 16.00 B(Mpa) 75.59
Ax(MPat) 3.14x10* c2 1.43 ao(1um) 1.44
7 1.00 c3 8.00x102 Yo 3.07
Qo 30.00 do(um) 36.38 oz(pm) 78.68

Pec 1.84x10* Vd 1.02 72 1.20x10%
Ng 1.02 Ay 40.96 7 1.06

Many finite element softwares provide the possibility to define a user-desired material model. To define the
properties of the material in Abaqus, it is necessary to write a subroutine in the FORTRAN programming language
called UMAT or VUMAT (depending on the type of analysis). Then this subroutine should be introduced to the
software when running the analysis. Using the Newton-Raphson recursive method, the growths of the previous
equations are used to solve the above equations and determine the microstructure parameters.

3. Simulation

To inspect the subroutine, a wide sheet of micro-alloyed steel with a length of 184 mm and a thickness of 30
mm is subjected to the rolling process and its thickness is reduced to 20 mm. Due to the large width of the sheet,
the problem is solved by assuming plane strain in two dimensions. The speed of the roller is assumed to be constant
and equal to 2z rad/s and the duration of the process is 0.15 s, which is equivalent to 50 degrees of rotation of the
roller. Since the rolling process is performed at low speeds, static analysis is a suitable method. In this process,
factors such as contact and friction play an important role, and due to the large dimensions, this type of problem
can cause discontinuity in the solution. Therefore, the explicit method is more reliable than the implicit analysis.
It is assumed that the friction between the sheet surface and the roller is Coulomb type with a coefficient of 0.5. A
speed of 1.0367 m/s is given to the sheet in order to make better contact with the roller.

4. Results and Discussion

Figure 1 shows the Von Mises stress curve from Abaqus output. The left end of the part keeps almost its
original microstructure. The stress around the rolling zone changes strongly. Following that, it decreases and
becomes almost constant.
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Figure 1 Stress contour (MPa)

Figure 2 shows the normalized density for the deformed part. After the material enters the roller, the normalized
dislocation density reaches its maximum value at the same time as the effective stress.
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Figure 2 Dislocation density contour

Recrystallization occurs when the dislocation density reaches a critical value and has enough time. From Figure
3, it can be seen that recrystallization does not occur immediately after the material enters the roller. Gradually,
the amount of recrystallization increased, and after passing through the roller, it entered the static phase and
gradually reached 1.
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Figure 3 Recrystallization contour

The fineness of grains starts with the start of recrystallization. The grain size reduction contour is shown in
Figure 4.
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Figure 4 Grain size contour (um)

Figures 5 to 7 indicate the effects of parameters changes such as coefficient of friction, thickness reduction,
and roller speed, respectively.
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Figure 7 Roller Speed change

Accordingly, by predicting the microstructure in the controlled process, we will be able to change the above
parameters desirably, hence achieving materials and products with optimal physical and mechanical
characteristics.
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