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Abstract Based on experimental results, a dislocation
material model describing the influence of dynamic
strain aging on the deformation behavior at elevated
temperatures is presented. One and two stage loading
tests at different temperatures were performed in order
to describe the hardening behavior during the defor-
mation at elevated temperatures as well as the hard-
ening behavior after the dynamic strain aging process.
Bergstrom’s theory of work hardening was used as
a basis for the model development. In the proposed
model a relationship between material coefficients of
the classical Bergstrom model and temperature was
investigated. The aim of the new material model was to
introduce the least possible amount of new parameters
as well as to facilitate the mathematical determination
of parameters during the fitting of the model with the
experimental data. The developed model was imple-
mented in an in-house FE-Code in order to simulate
the material behavior due to the dynamic strain aging.
Representative simulation results were compared with
the experimental data in order to validate the efficiency
and the application range of the model. Simulation
of the forming process provided data for optimizing
strength properties and enabled process control.
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Introduction

The aim of this study was the investigation of the
dynamic strain aging behavior of a high strength low
carbon steel. Dynamic strain aging is a phenomenon
in which the free interstitial atoms diffuse around dis-
locations and inhibit dislocation motion. As shown in
Bergstom (1983) or later in van Liempt et al. (2002) and
Giindiiz (2002) the interaction between dislocations
and solutes is manifested in increasing the flow stress
and a negative strain-rate sensitivity. Moreover, if such
a steel is formed at a certain temperature, the strength
after cooling to room temperature and reloading is
much higher than the strength of the undeformed ma-
terial. Besides temperature dependence, the dynamic
strain aging effect depends on the material composi-
tion and especially on the free-nitrogen and/or carbon
concentration. It is well recognized that the effect of
nitrogen on strain aging is more pronounced as it has
a higher solubility and diffusion coefficient in steel.
In the early work of Bergstom (1983), transmission
electron microscopy investigations were performed at
room temperature to study dislocations and dislocation
structures in undeformed as well as in deformed ma-
terials. It is important to mention that those studies
are very helpful to derive a relationship between the
dislocation density and the deformation, but in some
cases e.g. at elevated temperatures it is very difficult
to do such studies and to make quantitative statements
regarding the physical phenomena.
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Dislocation based material modeling

The theory of plasticity has been intensively developed
in the last decades. Most of the publications deal with
phenomenological aspects of the hardening in metals.
Only a small range of material models are based on mi-
cro mechanical phenomena. Work hardening is caused
by accumulation of dislocations. Therefore the flow
stress is a function of the total dislocation density. In the
well established stress-strain relationship (Eq. 1) the
total dislocation density p is a function of the equivalent
plastic strain € (Mecking and Kocks 1981).

o =00+ cGy/p(€) (1)

where oy is the strain independent yield stress, ¢ is a
constant which contains information about the Burgers
vector and other crystal properties and G is the shear
modulus. The major problem on formulating a dislo-
cation theory is to derive the relationship between the
dislocation density and the deformation. The disloca-
tion theory of Bergstom (1970) is based on the average
behavior of a large number of dislocations, mobile as
well as immobile dislocations. The different types of
dislocations are used to understand more precisely the
physical phenomena like creation, immobilization, re-
mobilization and annihilation of dislocations and to de-
rive a relationship between the dislocation density and
the plastic strain, but they are not explicitly included
in the final model. Bergstrom proposed the following
evolution equation of the dislocation density p:

% _p- Rp ()
de

where B is the immobilization rate of dislocations
and R is a parameter describing the remobilization of
dislocations. Under some assumptions and especially

the strain independence of the immobilization rate B,
Eq. 2 can be integrated analytically, and one obtains
a relationship between dislocation density p and the
plastic strain e.

B
Pl =% [(po — De R +1] (3)

where po is the initial dislocation density. The ma-
jor benefit of the physically based material models is
that the prediction of the material behavior for de-
formations larger than the available experimental data
is more secured, whereas in the region of measured
data there is no significant difference. Furthermore,
the physical meaning of the model parameters is very
helpful regarding the discussion of the model prediction
as well as the real material behavior.

Experiments and the enhanced Bergstrom model

In order to simulate the warm forming process and
to predict the material properties at room tempera-
ture, one stage compression tests of cylindrical samples
were performed at a constant strain rate and constant
temperature, in a temperature range of 25 — 500°C.
The experiments were performed on a Biahr DIL 805
dilatometer using cylindrical specimens with a ratio
of length to diameter 3:2. In order to reduce friction
effects during the deformation, graphite lubrication was
used. The temperature of the specimen was controlled
with one thermocouple which was spot welded on the
specimen.

The experimental data were fitted with the
Bergstrom model Eq. 1. Figure 1 shows the temper-
ature dependence of the material coefficients as well as
the approximation functions.
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Fig. 1 Temperature dependence of the material coefficients oy: yield stress, c+/ B: product of the constant ¢ and the immobilization
rate B of dislocations, R: remobilization parameter of dislocations
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The temperature dependence of the yield strength
has a common trend and was approximated with a
linear function

oo(T)=a—bT 4)

More complex is the temperature dependence of the
parameter B, which was described with a Gauss func-
tion Eq. 5. The maximum value of the immobilization
rate B(T) is achieved when the velocity of the free
interstitial atoms is the same as the velocity of the
mobile dislocations.

B(T)=1+ ye*(@> Q)

The parameter y contains information about the
concentration of the free interstitial atoms. If the ma-
terial does not contain interstitial atoms, the parameter
y is equal to zero and the immobilization rate B do not
describe dynamic strain aging. 7} is the temperature at
which the immobilization of dislocations achieved its
maximum. 7 is the parameter which defines the width
of the function B or in other words, T defines the
temperature range of the dynamic strain aging effect.

The characteristics of the remobilization parameter
R are not very pronounced. However, as the remo-
bilization value increases with increasing temperature,
R is reasonably approximated with an exponential
function Eq. 6.

B

R(T)= Ry +ae T (6)

where Ry is the temperature independent remobiliza-
tion parameter, o and S describe saturation behavior
of the remobilization. The temperature dependence of
the shear modulus G was not investigated in this work.
The following function was fitted with the experimental
data which were published in Anon (1990) in order to
take the temperature dependence into account

GD=g+aT+gT" (7)

where g, g1 and g, are constants. The initial dislocation
density is normalized by the quotient of R and B

R(T) .

00 ( )_mp (®)

where p is the real initial dislocation density. Since it is
assumed to be very small for the undeformed material,
it was set to zero. The parameter identification is by
no means trivial in the development of the material
models. In some cases one has to adapt the equations
in order to determine suitable coefficients. For example
the constant ¢ of Eq. 1, which contains information
about the Burgers vector and other material properties,
is multiplied with the square root of B and afterwards
the product c¢+/B is fitted to the data, in order to avoid
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Fig. 2 Yield stress as a function of the plastic strain and
temperature

unphysical values of the determined parameters, Fig. 1.
The model parameters are determined using a gradient
based optimization method. The experimental data of
the temperature dependent compression tests and the
fit of the data is shown in Fig. 2.

In addition to the temperature dependence of the
stress, the temperature dependence of the dislocation
density is shown in Fig. 3 which was calculated with
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Fig. 3 Dislocation density as a function of the plastic strain and
the temperature
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the function Eq. 3, where the parameter B and R
are the temperature dependent function Egs. 5 and 6,
respectively.

The effect of the dynamic strain aging is very pro-
nounced and is manifested with an increasing of the
dislocation density in a certain temperature range. The
temperature dependence of the immobilization rate
B (T) is the major component in modeling the behavior
of the dislocation density. As discussed before, the
function B (T) was fitted with experimental data and
this supports the assumption of a temperature depen-
dent dislocation density.

Investigation of the two stage loading

In order to investigate material properties at room
temperature for the warm pre-deformed material, two
stage tests were performed. This kind of deformation
requires a particular analysis of the measured data dur-
ing the two deformations. Furthermore, the influence of
the pre-deformation on the saturation of the dislocation
density and on the hardening during the loading at the
second stage was investigated. Cylindrical samples were
first compressed at a temperature range of 25-500 °C.
The saturation value of the dislocation density is
given by

B(T)

Psar (T) = m

)
where T is the temperature of the first or the second de-
formation, see Fig. 3. If the strain of the first deforma-
tion exceeds a certain value, the available dislocation
density is higher than the saturation value of the dislo-
cation density at room temperature. Therefore, during
the second deformation the model predicts softening.
In order to avoid this characteristic of the model, the
following assumption is made:

(10)

which leads to a splitting of the total dislocations into
locked p; and free dislocations pr. Locked dislocations
pr. are those dislocations which have interacted with the
free interstitial atoms and free dislocations pr are those
which did not interact, or in other words they did not
capture interstitial atoms. Substituting the dislocation
density Eq. 3 into the evolution Eq. 2, the following
equation is obtained

p=pL+PF

ap

— =B(l—pye*e (11)
de

As long as one stage processes are modeled, the evolu-
tion equation of the dislocation density Eq. 11 is equal
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Fig. 4 Dislocation density at two different temperatures

to the expression Eq. 2. This is explained in Fig. 4.
For a certain plastic strain one gets the correspond-
ing dislocation density and vice versa. But if the first
deformation is performed at a higher temperature e.g.
at 400°C and the second deformation is performed at
room temperature, the two evolution equations of the
dislocation density are no longer equal. Due to the
assumption discussed above, Eq. 2 can be rewritten
and the following evolution equation for the dislocation
density is obtained.
ap

;=B—Rm—m)
€

(12)

The statement on the assumption Eq. 12 is that the
remobilization parameter R is no longer applied to the
total dislocation density but only to the free dislocation
density. In other words, no remobilization of locked dis-
locations is possible. Splitting off the total dislocations
in diverse dislocation classes is a common assumption
and is widely accepted, but the way how this is done is
in generally different e.g. Bergstom (1983), van Liempt
et al. (2002). The dislocations which were generated at
a higher temperature for example at 400°C they would
not have been generated at room temperature, there-
fore the assumption Eq. 10 seems to be a good choice to
describe the amount of the available dislocations which
can be remobilized.

Strain-rate sensitivity

Normally, materials show at least a small hardening ef-
fect with increasing strain-rate. Materials with dynamic
strain aging characteristics show a negative strain-rate
sensitivity (Zeghib and Klepaczko 1996), see Fig. 5.
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Fig. 5 Negative strain-rate sensitivity of the flow stress at e = 0.2

The peak of the stress is shifted to higher temperatures
when the strain rate increases, while its peak stress
decreases. The reason why this phenomenon happens is
because the velocity of the dislocations is very high, and
not all solutes can follow them for an interaction (Jiang
et al.2007). For very high strain rates, no dynamic strain
aging effect is observed.

Through an Arrhenius expression Eq. 13 which gives
the same activation energy as that for the diffusion of
carbon in iron, it is possible to calculate the strain rate
for the given temperature

. _o
éE=C-e RT

(13)

where C is a factor which contains information about
the Burgers vector, radius of the Cottrell cloud, dis-
location density, vacancy concentration and about dif-
fusion frequency of the solute atoms (Bergstom 1983;
Cottrell 1953). Q is the activation energy and R, is
the universal gas constant. For a given strain rate and
temperature one can determine the constant C. Af-
terwards one can calculate any other temperature for
the corresponding strain rate, for example é = ls~!
and ¢ = 557!, see Fig. 5. The calculated temperatures
coincide very well with the measured temperatures.
Furthermore, the calculated temperature can be used
in Eq. 5 for the parameter 7| in order to take the strain
rate dependence into account. This will shift the curve
as discussed before.

Discussion

The new material model approximates the experimen-
tal data of the warm compressed specimens accurately,

see Fig. 2. The results of the simulation and experi-
mental data of two stage compression tests are shown
in Fig. 6. The prediction of the yield strength of the
second stage has a high accuracy, independent from the
plastic pre-strain of the first deformation. The temper-
ature behavior of the yield strength is similar to the
behavior of the immobilization rate B (7). The higher
the diffusion of the interstitial atoms into mobile dislo-
cations during the first plastic deformation, the higher
the yield strength at room temperature. If the first and
the second deformation is done at room temperature,
or almost at room temperature, no dynamic strain aging
effect is possible.

Figure 7 shows some simulation examples of the
two stage compression tests including the hardening
behavior of the second deformation at room temper-
ature, where the first deformation was carried out at
T = 300°C and a strain rate of ¢ = 1s~!. It is important
to emphasize that only the data of the first deforma-
tion were fitted and the prediction of the hardening
behavior of the second stage is due to the assumption
of the dislocation splitting into locked and free disloca-
tions Eq. 10. It is obvious that there is a discontinuous
stress behavior due to the dynamic strain aging effect.
Furthermore, the slope of the stress curve of the sec-
ond deformation is smaller than the slope of the first
deformation. The influence of the value of the plastic
pre-straining for the second stage behavior was also
investigated. For a high plastic pre-straining e.g. € > 0.1
one can observe almost a perfectly plastic behavior of
the material and the model prediction as well during the
second deformation. In other words, for a high plastic
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Fig. 7 Two stage deformation: 1st stage at elevated temperature (300°C), 2nd stage at room temperature

pre-straining the yield strength will increase due to the
dynamic strain aging at the expense of a lower ductility.

Conclusions and outlook

In this work, an enhanced Bergstrom material model
was presented. The simulation results are in good
agreement with the experimental data. Especially the
temperature dependence of the immobilization rate
B(T) is well described. In order to describe the two
stage deformation process the evolution equation of
the classical Bergstrom model Eq. 2 was modified.
The assumption made in Eq. 10 regarding the splitting
of the total dislocation density into free dislocations
and locked dislocations provides very good simulation
results. The developed model is applicable to a tem-
perature range where dynamic strain aging occurs as
well as at room temperature. It is clear that at higher
temperatures other phenomena will occur, for example
at T~ 0.5T,,, where T,, is the melting temperature,
recrystallization or other softening mechanisms of the
material should be taken into account. The prediction
of the yield strength of the second deformation as well
as the hardening behavior is in good agreement with the
measured data of the compression tests. Only one state
variable, the dislocation density, was used to store the
deformation history of the pre-deforming process.

In the performed experiments the loading direction
between the first and the second deformation was the
same. In order to simulate more general deformation
processes, more complex experiments are required.
Preliminary experiments on cubic specimens showed
that different load directions of the first and the second
stage cause a different yield strength and hardening
behavior of the material, where as discussed in this
paper the first deformation is performed at elevated

@ Springer

temperatures and the second deformation is performed
at room temperature. Besides other phenomena like
hardening mechanism and crystal structure the number
of active slip systems depends on the stress state and the
hardening history (Nemat-Nasser 2004). Above all, ex-
periments with orthogonal strain paths were performed
in order to investigate the anisotropy properties of the
material. The modeling of such complicated deforma-
tion paths which require the mechanics of microbands
to take into account is a problem not yet understood
(Peeters et al. 2001). The experimental data depicted in
Fig. 5 shows that for a higher strain rate the curve shifts,
the stress decreases and the region of the dynamic
strain aging becomes larger. With the discussed Eq. 13
itis possible to describe the shifting of the curve, but not
all the mentioned phenomena. In order to take this into
account, further modification of Eq. 5 are necessary.
For example, measuring the concentration of the free
interstitial atoms is another important task to improve
the material model.
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