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The finite element method is already used in metal forming at an industrial scale. However, progress is needed
regarding the microstructure optimization of components produced by metal-forming processes such as hot forging
or rolling. This article presents mathematical models to predict microstructure evolution during hot working, showing
the models’ application coupled to thermomechanical processes’ simulation software.

etal forming is one of the most impor-

tant flelds in production technology.

Its an interdisciplinary field, ranging

from mechanical engineering to mate-
rials science. The aim of metal-forming processes
isn’t limited to obtaining useful geometries that
apply plastic deformation to the material; it also in-
volves controlling the final component’s mechani-
cal properties, which are directly controlled by the
microstructure obtained during the formation pro-
cess. Characteristics such as strength, elongation,
toughness, and fatigue life can be improved by ob-
taining a finer and more homogenous grain distri-
bution during the metal-forming process.

Software based on the finite element method
(FEM) that are focused on metal-forming process-
es can provide technical results such as final geom-
etry, temperature, strain and stress distributions,
and forces required to produce a given shape. How-
ever, for information related to the microstructural
evolution during hot working, it’s necessary to in-
corporate mathematical models into FEM software
that are able to describe the kinetics of recrystal-
lization during the process, taking into consider-
ation grain size refinement and grain growth. By
incorporating such mathematical models, it’s pos-
sible to predict the formation process as a whole,
including the final microstructure obtained for the
forged part, allowing process optimization that fo-
cuses on a higher-quality final product. With this
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in mind, here we review static and dynamic phe-
nomena during hot working and propose the cou-
pling of mathematical models for microstructure
evolution kinetics to FEM software.

Microstructure Evolution During Hot Working
At low temperatures, work-hardening mechanisms
such as increasing dislocation density lead to an in-
crease in stress necessary for further deformation.
However, in processes carried out at high tempera-
tures, such as hot forging and rolling, diffusion
processes become important, and microstructural
phenomena, such as recrystallization and recovery,
can occur, modifying the material flow behavior.
These phenomena that occur during deforma-
tion are known as dynamic recovery and dynamic
recrystallization.*

For metals, especially those with high-stacking
fault energy, above 0.1 joules per square meter
(J.m™), work hardening is limited by dynamic re-
covery. Dynamic recovery can be conceptualized as
a dynamic equilibrium between the rates of genera-
tion and annihilation of dislocations during defor-
mation, resulting in a continuous rearrangement of
these dislocations, which leads to a softening of the
material, limiting the effect of work hardening.>*

For materials that exhibit low-stacking fault
energy, as is the case of steel in the austenitic phase,
dynamic recovery is less effective. In these mate-
rials, the softening main mechanism is dynamic
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recrystallization, reducing flow stress and grain
size.

As the material is deformed, a large number of
defects are generated. These defects, which aren’t
completely eliminated by dynamic recovery, in-
crease the thermodynamic potential for the onset
of recrystallization. As soon as a critical deforma-
tion is reached (p,) the nucleation of new grains
free of deformation starts along preferential sites
such as grain boundaries.” This phenomenon gen-
erates a strong softening of the flow stress at the
same time that it provides a strong grain-size re-
finement. Besides the chemical composition and
initial microstructure, dynamic recrystallization is
strongly dependent on the temperature, strain, and
strain rate applied to the material>~ Figure 1 il-
lustrates the change in the flow curve of a typical
plain steel according to microstructural change oc-
curring during hot working.

Recrystallization Kinetics
For metal-forming processes such as hot forging
and rolling, control of recrystallization and related
conditions can provide a higher quality product.
Through mathematical models it’s possible to pre-
dict the material microstructural evolution dur-
ing the forming process, describing the kinetics of
dynamic recrystallization, static, and changes in
grain size.

The combination of temperature, strain rate,
and activation energy can be described by intro-

ducing the Zener-Hollomon parameter®’

¢ Qo
Z=¢ exp[ RT ],
Where ¢ = strain rate (s™'), 7= forming tempera-
ture in kelvins (K), Q = activation energy in joules
per mole (J - mol™), and R = universal gas constant
(8,314 ] - mol™" - K7V).
Dynamically recrystallized grain size is direct-
ly dependent on parameter Z, and it can be calcu-
lated as follows’:

Ao = b- 2"

The dynamic recrystallization (DRX) kinetics

follows a modified Avrami-type equation, and it

can be calculated as follows®”:

)
Xpo = 1—exp|d | 2—F| |,
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Figure 1. Changes in the flow curve of a plain steel during hot working, for
different hardening/softening mechanisms involved.

Dynamic recrystallization

where ¢, = critical strain to onset of dynamic re-
crystallization, @, = strain to onset of steady-state,
dy = initial austenitic grain size (1m), and ; and
d, = material-dependent parameters.

The critical strain ¢, corresponds to a critical
dislocation density required to initiate dynamic re-
crystallization and it can be obtained by

0. =56-10"-d . 2.

Not all work hardening can be eliminated dur-
ing hot forming. After forming, or between different
stages during the process, microstructural phenom-
ena continue eliminating the work hardening until
reaching the steady state of microstructural organi-
zation. These phenomena are the static recovery and
static recrystallization.® The static recrystallization
(SRX) kinetics also follows a modified Avrami-type

equation and it can be calculated as follows®”:

k

X = 1—exp| 0,693 || |,

s

where #) 5 is the time needed for 50-percent static
recrystallization, and it can be obtained by

to,s=ﬁ'df~soﬁ~e><p[%’*;]~

Static recrystallized grain size can be calculated by
dgy = C-dy* 0" -2,

where dj = initial austenitic grain size (um), ¢ =
time interval between forming stages (s), and 4, ¢;,

f; = material-dependent parameters.
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After recrystallization, grain growth occurs if
the material is still exposed to high temperatures.
According to Sellars, grain growth can be calcu-

lated as follows'®:

gg .
R-T

dgg :dohdz +hed-r-exp

The material-dependent parameters presented
in the aforementioned equations {#;, b;, ¢, d;, ¢;
fi> g ...} are related to changes in material micro-
structure during deformation and should be exper-
imentally determined using regression analysis and
metallographic techniques. Methods to determine
these parameters are described in the literature.”'?

By incorporating the aforementioned math-
ematical models presented in numerical simulation
software, it’s possible to predict by the FEM the
microstructure evolution during hot working,.

Materials and Methods
Here, we’ll provide further details about our

approach.

Simulated Upsetting Test

with Microstructure Evolution

To demonstrate the application of the FEM in a
metal-forming process with microstructure predic-
tion, we simulated an upsetting test, which is the
simplest operation of open die forging. During the
upsetting test, the workpiece is compressed be-
tween two flat dies, reducing its height and caus-
ing the flow of material in the transverse direction,
increasing its diameter. This is equivalent to a con-
ventional compression test, but it’s usually carried
out at high temperatures. Figure 2 illustrates the
basic steps of the hot upsetting test usually carried
out in industrial environments.

The flow curves and microstructural parameters
of DIN 42CrMo4 steel were collected and inserted
into the software. The software used was Program-
mer’s Environment for Pre-Postprocessing/Larstran
(PEP/Larstran), which is an open source academic
software developed at the University of Aachen,
Germany. PEP/Larstran works coupled with the mi-
crostructure module called Strucsim. For each incre-
ment of the forming process, simulation iterations
between the thermomechanical and microstructure
modules are executed. The thermomechanical mod-
ule feeds the microstructure module with the in-
stantaneous values of equivalent strain, strain rate,
and temperature. The microstructure module then
calculates the microstructural evolution depending
on the values fed in, and taking into account the
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Table 1. Parameters used for the simulation.

e o
Material DIN 42CrMo4 steel
Friction coefficient 0.3
Reduction in height 25 mm
Workpiece temperature 900° C
Tool speed 3.7 mm/s
Mesh Hexaedric 8 nodes
Number of elements 2,280

previous microstructural state. The flow chart in
Figure 3 illustrates the steps for incorporating the
mathematical models, process parameters, and ma-
terial data into the PEP/Larstran.

Figure 4 illustrates the numerical model used
to simulate the upsetting test. The numerical mod-
el reproduces usual test conditions, using the pa-
rameters shown in Table 1.

The upsetting test’s purpose is mainly to dem-
onstrate the change in grain size of the material
due to dynamic recrystallization. It’s known that
homogeneous and finer-grain distribution provides
a better mechanical behavior, especially for compo-
nents that are exposed to cyclic loads (fatigue). As
previously mentioned, by controlling the recrystal-
lization phenomena during the process, it’s possible
to obtain a large grain refinement.

Results and Discussion

Figure 5 illustrates the temperature field in the
workpiece after the process. Numerical simulation
results show a loss of temperature in the upper and
lower faces due to heat conduction between the
workpiece and tools.

As expected, the workpiece has a barrel shape
due to the frictional forces existing between the
workpiece and tool surfaces, restricting material
flow along this region.

Figures 6a through 6d illustrate the effective
strain field across the workpiece during the pro-
cess’s different stages. We can observe how the
degree of strain becomes more intense along the
reduction in height, especially in the workpiece’s
central region. The regions of restricted flow (be-
tween the workpiece and tool surfaces) show
smaller strain intensity. These behaviors are expect-
ed—however, only through the FEM is it possible
to precisely quantify the profile of strain intensities
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Figure 6. Longitudinal section showing equivalent strain distribution at (a) 25
percent, (b) 50 percent, (c) 75 percent, and (d) 100 percent of the process.

throughout the workpiece, which is important in
optimizing the mechanical behavior, because it di-
rectly influences the component’s final microstruc-
ture (see Figure 7).

Figure 7 illustrates the numerical results for the
recrystallized fraction and average grain size. As we
mentioned, after a critical degree of strain, dynam-
ic recrystallization occurs, which is the nucleation
of new grains free of strain in the material during
the process. This dynamic recrystallization de-
pends on the degree of strain imposed on the mate-
rial, which can be seen in Figure 7. Note that in the
center of the workpiece shown in Figure 7a, where
the degree of strain is higher, the recrystallized
fraction reaches 1.0, which means that the material
is fully recrystallized. The recrystallized fraction
tends to decrease as it moves away from the cen-
tral region to a minimum value near the surface,
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Figure 7. Longitudinal cutting illustrating (a) recrystallized fraction (DRX) and (b) average grain size.

precisely at the region where smaller strains are
found. Dynamic recrystallization provides grain
size refinement in the workpiece’s central region.
The grain size decreases from an initial value of
75 pm to about 30 um, as Figure 7b shows.

According to numerical results, we expect that in
the workpiece’s center (point 1 in Figure 7a) grain size
distribution will be finer and homogeneous. Close to
the contact surfaces between the workpiece and tools,
where the strain is smaller, we expect a coarser grain
distribution (point 2 in Figure 7a), while at point 3 in
Figure 7a we expect an inhomogeneous microstruc-
ture consisting of both coarse and fine grains, because
recrystallization is only partial in this region. This mi-
crostructure distribution is usually the distribution
observed experimentally.'?

This is a simple but useful case study to dem-
onstrate the relevance of the FEM for metal form-
ing, both for researchers and for the industrial
environment. Possibly by reducing the interfacial
friction as well as different tool shapes, it could
provide different results—perhaps a more homo-
geneous recrystallization through the workpiece’s
entire longitudinal section. All these aspects can be
predicted by numerical simulation applied to metal
forming, eliminating costs with tooling and labori-
ous experimental procedures.

s the example demonstrated in this article,

by controlling the parameters that directly
influence the material microstructure’s evolu-
tion, it’s possible to optimize the process secking
to obtain a homogeneous and refined microstruc-
ture, and consequently improve the final product’s
mechanical performance. However, as with most
metal-forming processes, it’s difficult to work with

high temperatures, and there are high costs in-
volved in tooling for the production of large com-
ponents. These factors make it difficult to perform
the optimization process through experimental
and trial-and-error stages.

Therefore, it's crucial to employ better research
efforts that optimize mathematical models to predict
microstructure evolution implemented in FEM sys-
tems applied in the metal-forming industry. Such ef-
forts enable a clearer understanding of the factors that
influence metallurgical phenomena during metal-
forming processes, which in turn helps metal-forming
industries have complete control of the process, and
obtain a product with a homogeneous and refined
microstructure. This leads to optimal mechanical
performance from a higher-quality product. B

Acknowledgments

We thank the research-funding institutions Brazilian
National Council for Scientific and Technological De-
velopment (CNPq), Brazilian Coordination for the Im-
provement of Higher Education Personnel (CAPES), and
German Research Foundation (DFG), for financial support
to the project “Brazilian German Collaborative Research
Initiative in Manufacturing Technology—BRAGECRIM.”

References

1. G.R. Stewart et al., “Modelling of Dynamic Re-
crystallization Kinetics in Austenitic Stainless and
Hypereutectoid Steels,” Materials Science and Tech-
nology, vol. 22, no. 5, 2006, pp. 519-524.

2. K. Karhausen and R. Kopp, “Model for Inte-
grated Process and Microstructure Simulation in
Hot Forming,” Steel Research, vol. 63, no. 6, 1992,
pp. 247-256

3. H.J. McQueen, “Development of Dynamic Recrys-
tallization Theory,” Materials Science and Eng.: A,

March/April 2014



vols. 387-389, 2003, pp. 203-208; http://dx.doi.
org/10.1016/j.msea.2004.01.064.
4. A. Yanagida and J. Yanagimoto, “A Novel Approach

to Determine the Kinetics for Dynamic Recrystalliza-
tion by Using the Flow Curve,” /. Materials Processing
Technology, vol. 151, nos. 1-3, 2004, pp. 33-38.

5. A. Dehghan-Manshadi, M.R. Barnett, and P.D.
Hodgson, “Recrystallization in AISI 304 Stainless
Steel During and After Hot Deformation,” Materi-
als Science and Eng.: A, vol. 485, nos. 1-2, 2008,
pp- 664-672.

6. A.A. Gorni and PS.S. Vallin, “Efeito da Recristaliza-
¢ao Dinidmica na Resisténcia 4 Deformagao de Acos
Processados no Laminador de Tiras & Quente,” 40°
Semindrio de Laminagio—Processos ¢ Produtos Lami-
nados e Revestidos [“Effect of Dynamic Recrystalli-
zation on Strain Resistance of Steels Rolled in Hot
Strip Mill,” 40° Rolling Seminar—~Processes, Rolled
and Coated Products), 2003.

7. D. Schifer and G. Hirt, “Phenomenological Mi-
crostructure Simulation of Incremental Bulk Metal
Forming Using a Multi Mesh Method,” Proc. 10th
Int’l Conf- Numerical Methods in Industrial Forming
Processes, 2010, pp. 1142-1149

8. M. Bo et al, “Static Recrystallization Kinetics
Model after Hot Deformation of Low-Alloy Steel
Q345B,” J. Iron and Steel Research, vol. 17, no. 8,
2010, pp. 61-606.

9. L. Liang-Yun et al.,, “Dynamic and Static Recrys-
tallization Behavior of Low Carbon High Niobi-
um Microalloyed Steel,” /. Iron and Steel Research,
vol. 18, no. 1, 2011, pp. 55-60.

. C.M. Sellars and J.A. Whiteman, “Recrystallization
and Grain Growth in Hot Rolling,” Metal Science,
vol. 13, nos. 34, 1979, pp. 187-194.

. M. Soltanpour and J. Yanagimoto, “Material Data
for the Kinetics of Microstructure Evolution of Cr-
Mo-V Steel in Hot Forming,” /. Materials Processing
Technology, vol. 212, no. 2, 2012, pp. 417-426.

12. J. Yanagimoto and A. Yanagida, “Regression Meth-

od of Determining Generalized Description of Flow

Curve of Steel under Dynamic Recrystallization,”
ISI] Int’l, vol. 45, no. 6, 2005, pp. 858-8G6.

. R. Kopp, K. Karhausen, and A.J. Brand, “Micro-
structural Simulation of Nickel Base Alloy Inconel
718 in Production of Turbine Discs,” Materi-
als Science and Technology, vol. 12, no. 11, 1996,
pp- 963-969.

Tiago C.A. Colombo is a researcher at the Metal Forming
Laboratory of the Federal University of Rio Grande do
Sul, Brazil. His research interests include the numerical
simulation of metal-forming processes, as well as micro-
structure transformation during hot working and physi-
cal metallurgy from the Federal University of Rio Grande
do Sul. Colombo has an MS in metallurgical engineering.
Contact him at tiago.colombo@ufrgs.br.

Alberto M.G. Brito is a researcher at the Metal Forming
Laboratory of the Federal University of Rio Grande do
Sul, Brazil. His research interests include metal-forming
processes, the numerical simulation of manufacturing
processes, steels and light metal alloys processing, and
microstructure transformation during hot working.
Brito has a PhD in metal forming and manufacturing
engineering from the Federal University of Rio Grande

do Sul. Contact him at brito@ufrgs.br.

Lirio Schaeffer is a professor in the Department of Metal-
lurgical Engineering and is the head of the Metal Forming
Laboratory, both of the Federal University of Rio Grande
do Sul, Brazil. His research interests include metal-form-
ing processes, focusing on forging, rolling, sheet metal
forming, and powder metallurgy. Schaeffer has a PhD in
metallurgical engineering from the Federal University of

Rio Grande do Sul. Contact him at schaefer@ufrgs.br.

. Selected articles and columns from IEEE Computer
cn Society publications are also available for free at
hitp://ComputingNow.computer.org.

il "
g
T -. ""SC'ENCE‘ENG' EERING o -,
Subscribe today for the latest in computational science and engineering research, news and analysis,
CSE in education, and emerging technologies in the hard sciences.
AlP www.computer.org/cise IEEE@)computer society
www.computer.org/cise 15




