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Abstract

The present paper outlines an understanding of some
fundamentals of flow behavior substantial practical tests and
issues. A number of hot compression tests was performed at
various isothermal conditions and strain rates in order to
simulate the flow behavior of low carbon steel grades.
Thermomechanical simulator, namely Gleeble®-3500, was
utilized conducting the tests.

Results were discussed in terms of the
temperature and that of strain rate on flow behavior of low
carbon steels. A power-law viscoplastic model was proposed
to characterize the flow behavior and a comparison between
experimental results and that predicted was made.
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1. Introduction

In recent years, advanced metal forming process has
emerged as one of the most important fabrication techniques in
terms of competitiveness and cost of the process compared with
machining, sintering, or casting process. Sheet forming
associated with the plastic flow of metals has been transformed
from the conventional fabrication to the advanced ‘state of the
art’ process.

However, many aspects involved different process
mechanisms must be taken into account as far as possible, such
as strain hardening, viscoplastic flow, evolution and final
microstructures, the damage, the heat transfer between
workpiece and tool, the elastic deformation of dies, and also the
friction or lubrication conditions at tool/metal interface. Basing
on these production aspects, low carbon steels present the
outstanding mechanical characteristics and have being
commonly used as the established material for autobody
fabrication due to their privileged formability potential.

Concerning weldability in resistance spot welding-(RSW),

dominant joining technique used in body-in-white-(BIW)
fabrication, such steels present an exceptional weldability with
good mechanical performance, and fatigue strength of the
welds.

Owing to the widely use of these steels in automotive
industry, several studies of process modeling have been devoted
to both multi-stage forming [1], and welding process [2].
Especially for welding simulation, the mechanical behaviors of
steels as a function of temperature ranging from room
temperature to fusion are fundamental databases of material
properties in a finite element code. Because of the lack of
stress/strain relationship of steels at elevated temperature in our
mechanical database for welding simulation, the aim of this
research is to study and model the hot deformation behavior of
low carbon steels.

A general experiment guideline can be highlighted in order
to specify the test conditions at elevated temperature such as the
temperature ranges of the application, the minimum/maximum
deformations, and the strain rates occurring in the workpiece.
There are three experimental techniques for elevated
temperature material behavior study, which are the hot tensile,
compression [3], and torsion test [4]. However, hot tensile test
seems suitable for small deformation process modeling. Since it
suffers from a limitation, which is the appearance of the
instability before reaching higher strain region. In the case of
low carbon steels, the conventional elongation can attain
typically 20-30% before striction. Hot compression and torsion
tests become better choices to study the flow behavior for large
deformation process. Strain resulting from both tests can attain
0.5-1.0. In this study, a thermomechanical simulator, namely
Gleeble®-3500 of DSI, is employed for steel behavior
simulation. However for such a test, an universal
tensile/compression testing machine equipped a furnace
provides also a possibility to perform the upset compression test
at elevated temperature.

Chemical compositions of low carbon steels, namely Al-
Killed Drawing Quality-(AKDQ), and Interstitial Free-(IF) steel
grades are given in Table 1. Light optical microscopy
observation in Figures la-b displays typical microstructures in
the base metal of AKDQ and that of IF steel prior to
experiment.

Table 1. Chemical compositions of IF and AKDQ steels: ( 10°% wt)

Materials C Mn P S Si Al Ni Cr Cu Nb 4 Ti B Mo Cogur”!
1.IF 1.9 1026 117 8.5 13.6 38.4 145 19 13.4 0.2 1.8 78 0.021 0.8 27.4
2. AKDQ 288 2022 9 11.8 6.9 41.1 15.2 18 16.7 0.3 0.5 0.5 0.018 0.7 69.6
Mn+Si Cr+Mo+V Ni+Cu
Note: Coq_py =C
ole eq—1IW + G + 3 + 5
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Figure 1 Light optlcal mlcroscopy observatlon of steels utilized in thlS study (Nltal etch- 5%) a) Mlcrostructures of the base metal of

AKDQ steel, and b) Microstructures of the base metal of IF steel

a)

—
Figure 2 Axial hot compression test, a) Schematic illustration of a specimen and measurement dev1ces in Gleeble® machine, and b)

An isothermal compression test carried out at 1200°C.

2. Experimental Procedures

Heating rate of 5°C/s and specimen dimension are based on
the recommendation of DSI documented in the application notes
[6]. This is to assure an isothermal condition in the entire
specimen.

Cylindrical specimens of 10-mm diameter and 12-mm height
are prepared. Tantalum foils being used as lubricant are inserted
at the anvil/specimen interfaces as shown in Figure 2a.
Tantalum foil can prevent not only interface sticking, but also
helps reducing the specimen bulging produced by the interfacial
friction and thus ensure a homogenous deformation of the
cylindrical specimen. It is noted that one of the compression test
principles is to maintain an instantaneous uniform sectional area
of specimen during the test, without the occurrence of bulging
or barreling of the cylindrical specimen. Friction or barreling
effect can be considered as one of the critical issues for
compression test. To avoid this phenomenon, an excellent
lubrication at the interface is indispensable. A test performed at
1200°C is shown in Figure 2b. In fact, we desired to perform the
test at the highest temperature as possible, e.g. at 1500°C, but
when temperature is greater than 1200°C, the specimen
commences softening and its cylindrical shape is not completely
conserved.

Experiments are carried out at four different strain rates of
0.01, 0.1, 0.2, and 0.5 s, respectively. C-strain gauge mounted
at mid-specimen length allows measuring the change in
diameter of cylindrical specimen, or output deformation.
Imposed strain and heating rates are piloted by the user’s
program and they are supervised by computer-controlled system
of Gleeble® machine. A microthermocouple is welded at the
half of specimen length for temperature measurement as shown
in Figure 2b. To avoid the high temperature oxidation, all tests
are performed in vacuum. For compression test, the effective
strain can be calculated with the absence of the barreling:

hy d
=In(—)=2In(— 1
) ( do) (M
where ‘4’ and ‘h,’ are instantaneous and initial height.
‘d’ and ‘d’ are instantaneous and initial diameter of the

specimen, respectively. In this study, we consider the diametric
deformation as the measurement output to calculate an
instantaneous strain.

To perform the experiment at a constant strain rate, the
incremental displacement of mobile jaw of Gleeble® is
programmed using the following expression for required total
strain of 0.5.

Stroke = hy(exp(£.t)—1) 2)

where ° Stroke’
mobile jaw, ‘ &’

is the instantaneous displacement of the
is the prescribed strain rate, and ‘¢ ’ is time.

3. Model Description

Generally, the criteria for the mechanical behavior model
selection are based on process characteristics, which are
temperatures  in  service, strain rates, total and
isotropic/anisotropic deformations of those materials found in
the process. However, other criteria concerned practical aspects
like the number and type of experiments needed to establish a
model. These issues become a decisive condition concerning
time/cost effectiveness for the experiments to evaluate model
parameters. In the case of numerous parameters presenting in
the model formulation, a numerical method is sometimes useful
to optimize a set of appropriate parameters in order to correlate
model and experimental results. In this study, an isotropic
power-law viscoplastic model is selected and can be stated for
the inelastic strain rate as follows [7]:
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where the deviator of Cauchy stress tensor is For hot compression test with moderate or high strain rates

1 . . . . .
s=0- gTr(g)i . “Q” is the viscoplastic potential. Equivalent

plastic strain rate is:

1/m
. 2. . pi1/2 O-eq
&b =(§£" e e C))
P
k&g
Power-law viscoplastic model becomes:
n ., m
o, =kel, &l %)

Finally, introducing von-Mises criterion for metallic material
behavior with the unidirectional formulation, stress/strain
relationship is:

oy =0 thke"E™ (6)

where ‘o’ is the initial elastic limit stress. ‘k * and ‘m’

are the material constant and strain rate sensibility, respectively.
‘n’ is the work hardening coefficient. These coefficients are
described as a temperature dependent function. It is evident
according to the formulation that three tests along with different
strain rates at an isothermal condition have to be performed in
order to determine model parameters.

Other empiric formulation for creep behavior at high
temperature can be found in the pioneer work of Sellars-Tegart

[8], (e.g. when T >1/3.T, the creep behavior in metals can be

observed). This sinh-Arrhenius constitutive model is developed
based on the energy balance principle between work hardening
and softening originated from the dislocation multiplication and
annihilation during hot deformation:

& = A(sinhao)? exp(-Q/RT) 7

Where ‘Q’ and ‘T’
deformation and absolute temperature, respectively. “ R’ is the
universal gas constant. ‘A’ and ‘@’ are constants. ‘q’ is the
strain rate sensitivity parameter. This model is suitable for
modeling a high temperature flow behavior.

The independence of stress function decoupled between
strain and strain rate in (5) allows determining the model
parameters.

Work hardening coefficient:

are the activated energy of

_0Olnoy, &1
Olne T '
Strain rate sensibility coefficient:
_ dlno,, 82)
olné | . '

Note that0 <m<1. Total strain associating with elastic and
viscoplastic strains (‘ &, ” and ‘ &y, °, respectively) can be given

as follows:

as in our case, it is not easy to determine the elastic strain from
the experimental curves. However, the relationship of Young’s
modulus, model parameters, and elastic strain can be established
as follows:

1
kg™ \1-n
ee=[ - ] (10)

Equation (10) is derived similarly to those proposed by
Morrison [9] for the determination of elastic strain of Hollomon
elastoplastic model. Young’s modulus of low carbon steels as a
function of temperature is given in the metals handbook [10]. It
is proved analytically that the elastic deformation or yield stress
depends only on strain rate at an isothermal condition.
Furthermore, it is well known according to the experience that
the higher the strain rate, the greater the yield stress. Strain rate
has no influence on Young’s modulus at a given temperature.
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Figure 3 Schematic representation of flow behavior at elevated
temperature [11]

4. Results and Discussion
Flow Stress Behaviors at Elevated Temperature:

An introduction of three successive stages of
hardening/softening mechanisms observed on flow stress
curves of austenitic steels at elevated temperature is illustrated
in Figure 3. The first stage is concerned the combined
hardening and recovery mechanisms at small deformation.
This stage is characterized by the multiplication of dislocation
density, the elongation of primary grains, and the development
of the secondary or sub-grains in the primary deformed grains.
During this stage, however, there are no new grains created.
From a microstructural point of view, there is only a reduction
of atomic defaults with a new arrangement of stacking faults,
especially that of dislocations.

Two latter stages are separated by a transition zone
appearing between peak and steady state stress. Softening
mechanism due to dynamic recrystallization can be observed in
two different ways: single peak flow stress observed at low
temperature and high strain rates, and multiple-peak stress at
high temperatures and/or low strain rates. For carbon steels,
other factors that can influence directly on flow behaviors are
carbon, and silicon content.

In this study, the dynamic recrystallization with multiple
peak stresses can be markedly observed on the flow curves of
both IF and AKDQ steels at 1100, and 1200°C, particularly at
low strain rate of 0.01 s, as illustrated in Figures 4a-b.
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At elevated temperature with higher strain rates, e.g. 0.2 single peak behavior. However, critical deformation, ‘e,’, of IF
and 0.5 s in Figure 4, stress flow curves of both steels show steel is found to be more significant than that of AKDQ steel.
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Figure 4 Influence of temperature and strain rate on flow stress of AKDQ and IF steels at elevated temperature, a) Flow stress vs.
strain rate at 1200°C, and b) Flow stress vs. strain rate at 1100°C

500 120
[ a) @0.01<" f__:;;f:ﬂ [ D) @0.5s" oA e 800°C
| = 100°C 100 { i -
o ~ -¢':—¢_F¢ [ -ﬁ"’ﬂ ﬁﬂ’hwhsx-t
(_{.J/f_#_»_—ﬁ*‘_‘,_y& 00 F *_-,:M-"'“‘“-t-u.,._

3 Ay

& tress- [ helPal
::J.l
[=
:\
b,
%4
b
5
I
|
I
H
S tress- [ bl
L=
oo

__-.u.-:[:—

0 4 — 1100°C
[ & - R
A 1100°C
1AM
o
.~ Ofifh o j
3

R e i . ——
-u'”:._,_u_o—u-'—"—'—"—"""_"_
-
100 L 20 ool
= ' i 1 1
0 gl N B 04
0 01 02 03 n4 03 0 0.1 (02 03 0.4 0,3
N o “ Strain T - o Strain

Figure 5 Illustration of stress/strain vs. temperature comparing between IF and AKDQ steel grades, a) Influence of temperature on
flow stress@ 0.01 s, and b) Influence of temperature on flow stress at elevated temperature@0.5s™
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Figure 6 Illustration of flow stress characteristics, a) Flow stress of steels considered at &= 0.1, 0.2, 0.3, and 0.4 @ 0.01s"'-[Grey and
white symbols are represented for AKDQ, and IF steel case, respectively], and b) Influence of strain rate on steady state flow stress,
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Figure 7 Stress-strain relationship as a function of strain rate predicted by the model and that obtained from experiments-[strain rate
is indicated in the bracket], a) IF steel@1200°C, b) IF steel@20 and 100°C, ¢) AKDQ steel@1200°C, and d) AKDQ steel@20°C and
100°C-[A consequence of compression with high strain rate is the increase of temperature in the specimen. Therefore, average

temperature is indicated in Figure 7d]

Temperature Effect on Flow Stress:
Typical flow stress curves presented in Figure 5a show the
influence of temperature on flow stress at retained strain rate of

0.01 s™'. It is disclosed that stress decreases drastically when

temperature increases as displayed in Figure 6a. At elevated
temperature, plastic flow behavior of both steels can be observed.
Influence of temperature on flow stress for 0.5 s™' illustrated in
Fig. 5b indicates that flow stress of IF steel is slightly higher than
that of AKDQ steel at elevated temperature.

Strain-Rate Effect on Flow Stress.

Comparing stress-strain curves between the same steel
grade depicted in Figures 7a and b, it is revealed that the
increase in strain rate results, evidently, the increase in flow
stress. As mentioned in the previous section, strain rate has the
influence not only on flow stress, but also on yield stress as
demonstrated in (10).Influence of strain rate on steady state

stress at elevated temperature can be found in Figure 6b. It can
be suggested from experimental results that increases in strain
rate will result in higher steady state stresses.

Prediction of Stress-Strain Curves:

Comparison between stress-strain curves obtained from the
experiments and that of prediction can be found in Figure 7. For
all applied strain rates, it is evident that the proposed
viscoplastic model can predict accurately flow stress behavior at

low and intermediate temperatures as shown in Figures 7b and

7d.
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Accordingly, the nature of power-law model cannot well
simulate the softening mechanisms at elevated temperature with
moderate and high deformation rates. However, steady stress
with relative low strain rate can be effectively characterized
with the use of this model as in the case of 1200°C@0.01 s’
depicted in Figures 7a, and 7c. Figure 8a shows a prediction of
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stress-strain curves as a function of temperature at strain rates of
0.01 and 0.5s™".
Engineering yield stresses, Young’s modulus as a function

rates can be seen in Figure 8b. Yield stress of low carbon steel
decreases linearly with temperature. It is observed that yield
stress of AKDQ steel is slightly higher than that of IF steel.
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Figure 8 Prediction of stress-strain relationship and engineering yield stress, Rpp,, as a function of temperature with the use of

viscoplastic model, a) Stress-strain curves predicted@ 0.01 to 0.5s

temperature for both steels

5. Concluding Remarks

Hot deformation behaviors of low carbon steels are studied
employing hot compression simulation technique. A
viscoplastic model is used characterizing these experimental
data. Following conclusions can be drawn from this research:

i) Temperature has a dominant role on stress; stress
decreases when temperature increases. Increasing strain rate
promotes higher both yield and flow stresses. Hardening and
softening mechanisms can be observed on flow behavior curves
of low carbon steels at elevated temperature.

ii) Power-law viscoplastic model yields comparable results
with the flow behavior experimental data at room and
intermediate temperatures. Established model and experimental
data of these steels obtained from this study are useful for
ongoing numerical simulation of welding process. This model
takes into account the influence of temperature as well as that of
strain rate on the mechanical behavior.

To model efficiently the flow behavior of steels at elevated
temperature, the existing sinh-Arrhenius model can well
characterize the deformation history effects associating with
softening mechanisms in steels. However, power-law
viscoplastic model enables to predict the steady state flow stress
with low strain rate at elevated temperature.
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