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Abstract

A high amount of deformation below the non-recrystallization temperature (T,,) is a common
industrial practice to achieve a good combination of toughness and strength in microalloyed steels. To
combine the industrially relevant optimum combination of high productivity and product quality, an
accurate knowledge of T, and the recrystallization kinetics is required. Although a lot of literature
data is available on the recrystallization behaviour of microalloyed steels, correlations are often
difficult to be made due to the effect of different experimental setups, types of analysis and test
schedules that are used to obtain this data. Although this would significantly improve the knowledge
about these steels, so far, no systematic comparison has been presented in literature to correlate the
different techniques and methods. In this study, different hot rolling simulation techniques, testing
schedules and types of analysis were used to determine the recrystallization kinetics of a microalloyed
steel. On the one hand, good agreement was found between the results from different test equipment
for the double deformations tests. On the other hand, stress relaxation tests showed accelerated

kinetics and appeared to be less effective.
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1 INTRODUCTION

Thermomechanical Controlled Processing is a well known way to provide a good combination of
strength, fracture toughness and weldability in microalloyed steels."’ This process is characterized by
slab reheating under well defined temperatures, a high amount of hot deformation below the non-
recrystallization temperature (T,;) and accelerated cooling. The non-recrystallization temperature is
defined as the temperature below which no complete static recrystallization occurs between the rolling
passes. Deformation below T, causes an accumulation of the deformation which results in the
formation of elongated grains and deformation bands. Since both grain boundaries and deformation
bands act as nucleation sites for the austenite—ferrite transformation and since the austenite grain
elongation means that the grain boundaries are getting closer to each other, it is obvious that the
deformation below T, increases the nucleation density. In combination with the high nucleation rate
caused by the accelerated cooling, the process finally leads to a significant smaller ferrite grain.'>*' To
take advantage of rolling under T,,, 50 to 80% of the reduction has to be given below T,. If this
temperature is low, the roughening plate has to wait until it reaches the right temperature to enter the
finishing mill. Waiting, however, means loss of production and money. A better knowledge of T, and
more in general of the austenite recrystallization kinetics could optimize the process and the best
mechanical properties could be reached at lower cost. Improvement of processes or adaptations of
equipment or temperature programs to new products are usually tested under industrial conditions.
Such experiments, however, are known to be time and money consuming. Consequently, preliminary
tests and analysis on laboratory scale are essential in order to obtain the required knowledge on the hot
rolling behaviour of these materials. Different experimental approaches are used in literature for the
study and quantification of the recrystallization kinetics: (1) direct observation methods such as optical

microscopy'* and electron backscatter diffraction” and (2) external mechanical methods, such as

[6-13] [14-17]

double deformation tests and stress relaxation tests, which are based on material softening
assessment.
Direct measurement of the recrystallized fraction in microalloyed steels is very difficult. The

material transforms during cooling and only special etching techniques can be used to reveal former



austenite grain boundaries (e.g. Béchet-Beaujard!"®). Moreover, the procedure is tedious and time
consuming and in many cases it appears to be impossible to use this technique due to the low
hardenability and/or complexities in observing the quenched austenite. Furthermore, it is often
difficult to distinguish between the recrystallized and deformed prior austenite grains, consequently
the analysis method gives rise to a certain subjectivity. Therefore, mechanical testing techniques such
as the double hit test!"” (DHT) and the stress relaxation test”” (SRT), are mostly preferred. These tests
allow to determine the recrystallized fraction as a function of temperature in the time interval after a
deformation pass. These isothermal deformation tests can be performed with a great variety of

deformation modes on different types of equipment: e.g. torsion on a hot torsion machine,”"**!

[9,10] [7,23]

uniaxial compression on a plastodilatometer " or on a high speed press, plane strain compression
on a Gleeble®***! Furthermore, the non-uniform way to evaluate the softening ratio, i.e. to separate
the recovered fraction from the recrystallized fraction, may influence the results obtained from these
tests.

Although a large amount of literature data is available on the recrystallization kinetics of micro-
alloyed steels, it is not self-evident to correlate this data one to another since the influence of the
deformation schedule, the used equipment and the analysis method, on the resulting recrystallization
kinetics remains ambiguous. So far, only few comparisons between different techniques and methods

were reported. Iparraguirre et al.”®

studied the differences in recrystallization behavior by double
deformation testing using different mechanical testing modes, i.e. uniaxial compression on a
dilatometer and torsion tests. Fernandez et al.,”" Andrade et al."*' and Yanagida et al.””’ described the
differences in recrystallization behavior after using different methods to analyze a double deformation
test. Other studies™****! discuss the comparison between recrystallized fractions obtained after a
double deformation test and after a stress relaxation test. Significant discrepancies can be found
between the findings of different authors. However, since these authors used different equipments and
analyzing methods to obtain their results, it is extremely difficult to reveal the reason for the observed
discrepancy.

The above indicates that, although some specific comparisons between the different methods were

reported in literature, a systematic comparison of all the methods for one alloy has not been reported
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yet. The present work aims to determine a relationship between the recrystallization kinetics in the
static recrystallization region using different test procedures (double deformation and stress
relaxation), combining different types of equipment (hot torsion, plastodilatometry, MTS compression

testing) and different analysis techniques for one microalloyed steel.



2 EXPERIMENTAL PROCEDURE

The chemical composition of the microalloyed steel used in this work, can be found in Table 1.
This alloy, a C-Mn-Nb-Mo alloy, contains 0.06 wt% of Nb and 0.109 wt% of Mo and was provided as
industrially roughened plate with a thickness of 26 mm. Double deformation tests were performed by
torsion on a hot torsion machine and by uniaxial compression on a Bihr® plastodilatometer and on a
MTS high speed press. The stress relaxation tests were also performed in torsion on the hot torsion
machine and in compression on the Bihr plastodilatometer.

For the torsion tests, specimens were machined from the roughened plate with the specimen long
axis parallel to the transverse direction of the plate. The specimens had a gauge length of 25 mm and a
gauge diameter of 6 mm. The torsion tests were performed under argon atmosphere on a computerized
torsion machine equipped with an induction heating system and with an 800W Rotero stepper motor,
which yields a maximum torque of 7.1Nm and a maximum revolution speed of 3000rpm. The sample
displacement was measured by the number of turns made by the motor, while the temperature was
measured by a thermocouple which was welded on one head of the sample near the gauge section.

For the plastodilatometer tests, cylindrical samples with a diameter of 5 mm and a height of 10
mm were machined by spark-erosion; the axis of the sample being parallel to the normal direction of
the plate. The specimens were tested in vacuum under uni-axial conditions using again a Bihr
plastodilatometer. The deformation by compression was performed by a hydraulic system with a
deformation device which is integrated into the vacuum recipient. For a reduction of friction and also
for temperature homogeneity, thin discs of molybdenum were attached to the edges of the samples. In
order to be able to perform stress relaxation tests on the plastodilatometer, the valve for smaller oil
flow rates was used. This allowed a more accurate control, but also implied that the strain rate before
the stroke prior to recrystallization is limited to about 1/s. Immediately after the deformation stroke,
the position of the hydraulic piston needed to be fixed with very high precision. In the Bihr
dilatometer the position of the piston was measured by a potentiometric system which was connected
to the linkage rods near the piston and which transferred the force into the vacuum recipient with the

sample.



For the tests with the high speed press, cylindrical samples with a diameter of 17 mm and a
height of 25 mm were machined by spark-erosion; the axis of the sample being parallel to the normal
direction of the plate. The specimens were tested on a high speed press equipped with an induction
coil. The deformation by uniaxial compression was performed by a hydraulic system. The stamps were
made of quartz, which has a low heat conductivity to avoid cooling of the edges of the cylindrical
sample. For a reduction of friction, thin discs of Sialon were attached to the edges of the samples. Due

to friction and impact problems, the deformation rate at these high temperatures was limited to 0.05/s.



3 RESULTS AND DISCUSSION

After a deformation pass, the progress of recrystallization with time can be investigated directly
by quenching and subsequent metallographic examination. knowing the recrystallized fraction after a
certain interpass time is of great importance for the degree of deformation that can be accumulated
during the next deformation pass. The greater this accumulation, the finer the final ferrite grains will
be. However, as mentioned above, in many cases it appears to be impossible to use metallography due
to a low hardenability and/or complexities in observing the quenched austenite. Therefore, two
mechanical testing procedures, the double deformation technique and the stress relaxation technique
are preferred. Section 3.1 describes the use of double deformation tests. The recrystallization kinetics
obtained after using different analysis techniques and using different equipment types (hot torsion,
plastodilatometry and MTS compression testing) were determined and compared. In section 3.2, the
recrystallization kinetics obtained after stress relaxation testing are discussed. The existing analysis
techniques are reviewed and the resulting kinetics after using different test equipment (torsion and
plastodilatometry) are compared. Finally, in section 3.3 a comparison is made between results from

the double deformation and the stress relaxation tests.

3.1 DOUBLE DEFORMATION TESTING

In a double deformation test, the recrystallization kinetics can be indirectly monitored by the
degree of softening measured from an interrupted mechanical test. The principle of such a double
deformation technique is illustrated in Figure 1. After a reheating cycle and subsequent cooling to a
specific deformation temperature, a first deformation pass is given. After this deformation, the stress is
immediately relieved to a minimum value necessary to keep the sample in position. After variable
waiting times (interpass times, tj,), a second deformation pass with the same strain and strain rate as
the first deformation pass is applied. The softening fraction is determined by comparing the stress-
strain curves for both deformation passes. The shape of the second deformation curve is strongly

influenced by the time between the two deformation passes. If the interpass time is sufficiently high



for full softening to occur, the second flow curve should be identical to the first flow curve. If there is
no softening at all, the second flow curve should appear as an extrapolation of the first flow curve.

In literature, various analyzing methods, i.e. back extrapolation method, mean flow stress method,
offset methods,... have been used to calculate the fraction of softening from the stress-strain curves
resulting from a double deformation test. Moreover different simulation equipment, i.e. hot torsion
machine, plastodilatometer, high speed press, gleeble,.. have been used in these studies to perform
these interrupted mechanical tests."* The different ways of analysis and the various types of
equipment make it very difficult to correlate the data one to another. Therefore, the influence of the
analyzing method and the used equipment on the resulting recrystallization kinetics are evaluated in

this work.

A. Influence of the analyzing technique on the recrystallized fraction

The most frequently used techniques for analyzing stress-strain curves from a double
deformation test in order to calculate the recrystallized fraction are the 0.2% and 2% offset-methods,
the 5% true strain method, the back extrapolation method and the mean flow stress method. Details
and practical aspects about these methods were discussed by Fernandez er al.”*"".

After calculation of the softening fraction resulting from a double deformation test, a rich
variety in behaviour has been observed when this softening fraction was plotted versus time. This
behaviour can be roughly grouped into three categories: (i) monotonically increasing softening curves,
(i1) softening curves with a single plateau and (iii) softening curves with two plateaus. In almost all
studies™ " the degree of softening, calculated from the curves is directly related to the
recrystallized fraction. This means that also the recrystallization versus time curves show the three
main shapes mentioned above. Although this recrystallization behaviour is frequently found, there
exists no standard calculation method in literature. Some authors assume that the 0.2% offset method
displays a linear relation with the statically recrystallized volume fraction'®’, while other authors argue

4is-101

in favour of the 2% offset method'”, the back extrapolation metho or the mean flow stress

method!"""¥ to determine this fraction.



Figure 2 shows the variation of the softening fractions determined by the different analyzing
methods as a function of the interpass time, for the C-Mn-Nb-Mo alloy deformed with a
plastodilatometer at 1000°C. The curves follow an Avrami type equation of the shape shown in Eq. 1,
in which X is the recrystallized fraction, t the time, tys the time for 50% of recrystallization and n the
Avrami exponent, typically between 1 and 2:

X =1-exp| —0.693- [LJ (Eq. 1)

tO.S

Although for all methods, the recrystallized fraction is obviously found to increase with time,
some important differences exist between them. From Figure 2 it is clear that the tos and the Avrami
exponent are different for all methods; only the 2% offset method and the 5% true strain method seem
to provide similar results over the whole range of interpass times. With the 0.2% offset method, the
highest recrystallized fractions are found for all interpass-times and recrystallization is completed in
50s. Similar results were reported by Fernandez et al.*"! The other methods, i.e. 2% offset, 5% true
strain, back extrapolation and mean flow stress method, show similar times of about 200s to reach
complete recrystallization. However, for shorter interpass times some differences can be noticed in the
recrystallized fraction obtained with these methods. While the fractions determined with the 2% offset
method and with the 5% true strain method are rather similar over the whole time interval as indicated
above, the mean flow stress method gives recrystallized fractions which are about 10% higher at the
shorter interpass times. After higher interpass times the difference with the 2% offset method becomes
smaller or even disappears. The opposite is true for the back extrapolation method, similar fractions as
the 2% offset method are found at short interpass times while 10% lower fractions are seen at longer
interpass times of 50 and 200s. Similar differences between the 2% offset method and the back
extrapolation method were reported by other authors.*"*!

A possible explanation for these differences can be found in the fact that both recovery and
recrystallization occur during interpass softening. Consequently, the separation of these processes and

the sole influence of recrystallization on the flow stress curve of the second pass may be difficult to

distinguish accurately. Therefore, different analyzing methods include variable amounts of recovery in



the softening data. Since recovery affects the early stage of work hardening, it appears that the 0.2%
offset method includes a significant amount of softening due to recovery before the onset of
recrystallization. Apparently also some recovery effects, though to a smaller extent, are included in the
mean flow stress method so that in this case as well the recrystallized fraction is overestimated.
Another disadvantage of the 0.2% offset method is that it is often very difficult to accurately
determine the 0.2% offset stress, which implies a higher degree of uncertainty in the recrystallization
curves.

The 5% true strain method is based on the idea that after a strain of 5% the flow stress of the
reloading pass is restored to the level of the flow stress of continuous deformation. The key to
quantifying the degree of recrystallization seems to be the use of a large enough strain, i.e. 5%. This
method has the advantage that it actually measures the recrystallized fraction without recovery, as was
proven by Perttula er al.” who successfully compared the 5% true strain fractions with
metallographic measurements. However, this method also has some disadvantages. First of all, the
stress of the work hardened material is needed but the extrapolation to obtain this value is not always
straightforward and second, the larger the strain used for the analysis, the lower the sensibility of the
measurement. At larger strains the stress values of the second deformation curves for different
interpass times are closer to each other. Since in Figure 2 the recrystallized fractions determined with
the 5% true strain method are exactly the same as those determined with the 2% offset method, it is
assumed that the 2% offset method minimizes the effect of recovery as well. Furthermore, the 2%
offset method has a greater sensibility, i.e. the stress is measured at lower strains, and does not require
the often doubtful extrapolation of the first deformation curve. For this reason, the 2% offset method is
chosen for the analysis of the double deformation curves in the next section. Although several
authors ™'% favour the back extrapolation method, in the present work chose the 2% offset method is
chosen because that the back extrapolation method uses the 0.2% offset stress of the first deformation
curve, which is difficult to determine, as was mentioned above. Further, the extrapolation analysis
itself is also not straightforward. As a consequence, the difficulty of the analysis can lead to lower

fractions as is shown in Figure 2.
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B. Influence of the testing equipment on the recrystallized fraction

Another aspect that makes it difficult to correlate recrystallization data from several sources, is
the fact that most authors use their own hot deformation simulation equipment. The most frequently

[24,25]

used types of equipment are hot torsion,”"**! Gleeble, servohydraulic uniaxial compression

[7,23]

testing and plastodilatometry.[g’lo] To the authors knowledge, very few data is available on the

comparison of the recrystallized fraction obtained from different simulation techniques. Only

Iparraguirre et al.”®

compared softening fractions obtained from plastodilatometry and from torsion,
showing a difference in softening level between both types of tests. In spite of these differences, they
found a relatively good correlation in the measurements of the precipitate size and the amount of Nb
precipitated in the different types of experiments.

In this work, three different simulation techniques were used to study the recrystallized fraction
of the C-Mn-Nb-Mo alloy deformed at 1000°C: (1) MTS servohydraulic uniaxial compression testing,
(2) plastodilatometry and (3) hot torsion testing. Details on sample geometry and test setup were
presented in section 2. The stress-strain curves of the double deformation tests are presented in Figure

3. Figure 3(a) and (b) show the results obtained with a high speed press and a plastodilatometer,

respectively. In both of the cases, the stress and the strain are derived from a uniaxial force parallel to

the axis of the cylindrical sample and a reduction of the cylinder height"**":
h
=l h_ (Eq. 2)
0
o 4-P-h (Eq.3)
- q.
w-D; - hy

In these formula h is the instantaneous height of the sample during deformation, hy the initial
height of the sample before deformation, D the initial diameter and P the uniaxial force in the absence
of friction. In order to correct for the friction or barrelling effect, Siebel™ proposed the following

relationship for the stress:

5:[”2'#_'1)].0 (Fq.4)

11



In which & is the corrected uniaxial stress and p the friction coefficient due to friction between
the anvils and the sample.
Figure 3(c) shows the results obtained from hot torsion, in which the stress and the strain are

derived from a certain torque T and a twist 0 of the sample around its longitudinal axis respectively™™"

33-\3-T
LAk (Fa- 3
oo IR (Eq. 6)

V3L

where R and L are the gauge radius and gauge length of the hot torsion samples, respectively. It
is clear that in torsion, Figure 3(c), a much larger area of elastic deformation is found in comparison
with the stress-strain curves obtained from uniaxial compression, Figure 3(a) and (b). This is caused
by the stiffness of the system: the angle of twist is measured far from the gauge section. Furthermore,
in torsion, the heads of the machine are in contact with the sample during the complete test. This
results in speed-up problems when the strain rate has to increase from O to its actual value during
deformation. Consequently, in the first part of the deformation curve in torsion the strain rate is not
constant which makes it difficult to accurately determine the yield stress. Furthermore, in torsion,
during the interpass-time the sample stays fixed between the heads, so complete unloading is difficult
to achieve. In Figure 3(c) this is seen by the fact that between the deformation passes an offset stress
value of at least 7 MPa (for the longer interpass-times) remains. Uniaxial compression, i.e.
deformation with a high speed press and a plastodilatometer, does not display these speed up problems
nor the unloading problems since the compression anvil is not in contact with the sample before
deformation or between both deformation steps. The fact that this anvil is not in contact with the
sample has also several disadvantages. At first, when the ‘cold’ anvil hits the sample to start the
deformation, it is possible that the temperature of the sample drops due to this contact and second,
when the anvil hits the sample, fracture of the anvil is not unthinkable. Therefore, a rather complex
setup (quartz, Mo-plates,..) for these type of equipments is needed, definitely when higher strain rates
are applied. Since each equipment has its own practical problems to perform hot deformation tests, it

would be interesting to know the correspondence between the resulting recrystallized fractions.
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The recrystallized fractions are presented in Figure 4. It is immediately clear that there is a very
good agreement between the recrystallized fraction obtained by plastodilatometry (circles) and that by
MTS (squares). From both tests, which were performed with exactly the same strain, i.e. 0.3 and strain
rate, i.e. 0.05/s, one can conclude that recrystallization starts about one second after the deformation
and is nearly 100% completed in 100s. When the fractions from plastodilatometry (circles) are
compared with those from the hot torsion test (filled triangles), one peculiarity arises, namely, the
dilatometer tests were performed with a strain rate of 0.05/s and a strain of 0.3 while the torsion tests
were performed with a strain rate of 1/s and a strain of 0.3. Moreover, in hot torsion this strain and
strain rate were calculated at the outer surface, i.e. R=3mm in Eq. 6. Since it is well known that strain
and strain rate vary from O, in the middle, to maximum, at the outer surface, the recrystallized fraction
will also vary over the sample diameter. To be able to visualize this variation, local recrystallized
fractions were calculated, based on the Avrami equation (Eq. 1) in which the time for 50%

recrystallization, to s, is often expressed as:

tO.S =A-gP.g4 DS em(%} (Eq. 7)

In which ¢ is the strain, & the strain rate, D, the original austenitic grain size, Q. the activation energy

for recrystallization, A, p, q and s are constants and R is the universal gas constant. The values of these
parameters can be found elsewhere.””! In that way the ty 5 for a local strain ‘b’ and local strain rate b’
can be calculated directly when the t, s determined from tests performed with a strain ‘a’ and strain rate
“a’ is known.

lys (b»b) =1,s(a,a)- (éj [QJ (Eq. 8)

a a

In the present case, the tys(a,a ) is the time for 50% of recrystallization as determined experimentally

from the hot torsion tests performed with a strain of 0.3 and a strain rate of 1/s, both measured at the

surface. The strain b varies from 0, in the middle, to 0.3, at the surface and the strain rate b varies
analogously from 0 to 0.05, see Figure 5(a). This strain rate of 0.05 at the surface was chosen to have

an equal strain rate as in the uniaxial compression tests.
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The calculated t,s(b, B) values were imported into Eq. 1 and consequently local values for the
recrystallized fractions were obtained and plotted in Figure 5(b). It can be seen that for short interpass
times, the variation of the recrystallized fraction over the diameter is rather small. However, for longer
interpass times, i.e. 20 and 100s, there is a variation from 0% recrystallization in the middle of the
sample to 70 and 100% at the surface, respectively. These results are in agreement with the results of
Choquet e al.”® who observed a non-recrystallized core that extended up to 2mm, around which a
recrystallized ring, i.e. a tube with an inner diameter of 2mm and an outer diameter of 3mm, was
present. The average recrystallized fractions over the recrystallized ring are plotted as open triangles in
Figure 4 and correspond well to the recrystallized fractions obtained from uniaxial compression. Thus
if the recrystallized fractions resulting from uniaxial compression tests are compared to the average
recrystallized fractions in the outer ring of hot torsion samples, similar fractions are found for the
complete time interval. Even if only the fractions at the outer surface are considered, i.e. the top of the
error bars in Figure 4, relatively good agreement with the uniaxial compression experiments is found.

This is an important result since most authors *"***°

, so far, have calculated the recrystallized
fractions from hot torsion tests taking into account only the deformation conditions at the surface.

Moreover, it should also be noticed that the applied deformation mode will have an influence
on the crystallographic texture development, which on his turn might affect the

139,40]’ WhO

recrystallization process. This was for example demonstrated by Zhu et al
identified some important effects of variations in the deformation texture on the
recrystallization kinetics in Aluminum alloys. A detailed investigation of this feature was,
however, out of the scope of this work.

A drawback of double deformation tests in general is, however, the high amount of tests
necessary. A possible way of limiting the number of tests but still achieving the full recrystallization

versus time curve, is to perform stress relaxation tests. These tests, as well as a comparison with the

results from the double deformation tests, are described in the next section.

3.2 STRESS RELAXATION TESTING
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Although double deformation tests are proven to be an important tool for the determination of
the evolution of the recrystallized fraction with time, the technique has two important disadvantages.
At first, the contributions of recovery and recrystallization cannot explicitly be separated. Secondly,
the double deformation procedures are tedious because for each point a new sample is needed and a
complete program of thermomechanical treatment has to be performed. The method of stress
relaxation, however, allows measuring the total course of the softening behavior in only one sample.
Furthermore, stress relaxation enables the determination of both recovery and recrystallization kinetics
of austenite after deformation. In spite of these huge advantages over the double deformation
technique, stress relaxation testing is much less used when studying the recrystallization kinetics. On
the one hand, there are a lot of practical problems in a stress relaxation test such as homogeneity of
deformation, ageing and work hardening during stress relaxation, temperature sensitivity of the
equipment and also relaxation of the equipment.*'! On the other hand, the analysis of a stress
relaxation curve is not always straightforward. Below, these problems are described more in detail by
using different types of equipment types to perform a stress relaxation test under similar experimental
conditions. Furthermore, to validate the results of a stress relaxation test, the obtained recrystallized
fractions for the C-Mn-Nb-Mo alloy are compared with those from a double deformation test, obtained

under exactly the same experimental conditions.

A. Principle and analysis of a stress relaxation test

The principle of a stress relaxation test is shown in Figure 6. After a reheating cycle and
subsequent cooling to deformation temperature, the sample was deformed. After deformation, the
sample was kept in a fixed position, i.e. holding the sample without displacement of the anvils, during
a certain time period (without relieving the stress). During that period the change in stress was
recorded and stress relaxation occurred as a result of softening. This appears on a stress versus log

time curve as a typical sigmoidal shape. Karjalainen*”

assumes that static recovery and
recrystallization do not occur at the same time and proposes a technique that permits the separation of

both processes. According to his procedure, the stress relaxation curve of a recrystallizing material

shows three distinct regions (see Figure 6): (1) a straight line with a slow decrease, (2) a rapid decrease
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and (3) a second straight line with a slow decrease or constant stress level. The first linear stage of
relaxation corresponds to the stress relaxation in the strained austenite by creep and recovery, while
the third stage, where the slope is smaller and sometimes zero, corresponds to the stress relaxation of
the soft austenite by creep and/or grain growth. The rapid decrease in the second stage originates from
the softening of the work hardened austenite, which is mainly due to static recrystallization. If it is
assumed that a partially recrystallized material consists of two phases (work hardened and fully
softened), and an equi-strain mixture rule is applied, the stress level in the softening stage can then be

expressed in terms of the relative fractions of these phases. Hence, the stress at a given time t is:
oc=01-X)-(o,—a,-logt)+X - (o, —a, -log(1)) (Eq.9)
Where X is the fraction of recrystallized material. From this equation it can be derived that:

X = o—a, -logt)—o (Eq. 10)
(0, —0,)—(a, —a,)-log(r)

When X(t) is plotted as a function of time, see Figure 6, the typical sigmoidal recrystallization curve is
obtained, which can subsequently be fitted to a recrystallization model such as for example an Avrami
type of model. The described procedure is found to give satisfactory results for C-Mn

steels! 1%

and microalloyed steels deformed above the solubility temperature of the precipitates
present."'®"” Practical problems arise when it is not possible to determine the reference curve B. This
is the case when the relaxation time is too short, or alternatively when the recrystallization is too slow
due to the appearance of strain induced precipitates that exert a pinning force on the recrystallizing
grain boundaries. In those situations, it will be impossible to determine the recrystallized fractions

versus time. Therefore, the stress relaxation tests performed on microalloyed steels in this work are

limited to deformation temperatures above the solubility temperature of the NbC-precipitates.

B. Influence of the measuring technique on the recrystallized fraction

In Figure 7, the results from two stress relaxation tests at 1000°C on the C-Mn-Nb-Mo
industrial alloy, are presented. In Figure 7(a) the test is performed with a torsion machine while in
Figure 7(b) the test is performed with a plastodilatometer in deformation mode. From the relaxation in

torsion mode, it is observed that the relaxation curve starts to deviate form the linear curve ‘A’ after
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approximately 0.09s, indicating a recrystallization start time X of 0.08s. In the same way, the
recrystallization finish time, X; is found to be nearly 40s. Similarly X and Xy determined from a
dilatometer test are 0.7s and just above 50s, respectively, see Figure 7(b). It is concluded that, except
for the recrystallization finish time, both curves show some important differences. The
recrystallization appears to start significantly faster in the torsion test and moreover, the complete
shape of the relaxation curves is very different. Where the relaxation curve in torsion is rather smooth,
the relaxation curve obtained from a plastodilatometer shows some fluctuations. The most important

fluctuation of about 6 MPa is found after 5s of relaxation. Similar fluctuations were found by Engberg

[43] [44]

and Lissel"™" and were pointed out by Karjalainen et al.”™ as machine characteristics. Indeed, during
relaxation in a plastodilatometer, the height of the cylindrical specimen h must be kept a constant,
because a constant total strain is needed. This condition is equivalent to maintaining the mobile part of
the machine into a fixed position after compression. However, if the compression column does not
present an infinite stiffness, the relaxation of the whole setup, i.e. specimen and compression column,
is recorded.

During relaxation, a decrease of the stress by Ac causes a decrease of the applied force of AF
and the deformation of the column is released by A3=AF/k where k is the spring constant (or stiffness)
of the equipment. In order to keep h constant, the gap between the tools should increase by Ad.
Moreover, any fluctuation Ah of the position of the anvils would result into an elastic variation in the

stress in the specimen of:

Ao=E- %h (Eq. 11)

Where E is the Young modulus of the specimen. For steels, this means that a variation of Ah=1pum
results in Ac=10MPa for a specimen height of 10mm after deformation, proving that the change must
have been about 0.6 um to obtain a fluctuation in stress of 6 MPa. Similarly, any fluctuation in the
temperature of the specimen will cause a thermal dilatation (or contraction) of the specimen and a
resultant increase (or decrease) in the stress:

Ac=E-a-AT (Eq. 12)
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Where a is the thermal expansion coefficient of the specimen, typically 2.10°K" for low carbon
austenite. A temperature difference of 5°C during relaxation thus results in Ac=10MPa. The previous
illustrates that an accurate control of both the mechanical position of the anvils and the temperature
during high temperature stress relaxation is essential to obtain reliable results.

The question can now be put forward whether the smooth relaxation curves obtained from a
torsion test, cf. Figure 7(a), are really trustworthy. Anvil nor temperature fluctuations seem to
influence the shape of curve and furthermore it is difficult to believe that recrystallization starts only
0.08s after deformation. Therefore, the recrystallized fraction obtained from relaxation tests in hot

torsion are compared to recrystallized fractions obtained from double deformation tests.

3.3 COMPARISON BETWEEN STRESS RELAXATION TESTING AND DOUBLE
DEFORMATION TESTING

Three stress relaxation tests at different deformation temperatures were performed in torsion
mode. The resulting relaxation curves are presented in Figure 8. For the relaxation curve at 900°C, at
the end of the test, the stress value was still decreasing, making this test not suitable to use for analysis
following the Karjalainen approach. For the other temperatures, i.e. 1000°C and 1050°C, the
recrystallized fractions vs. time were calculated and plotted against the results from the double
deformation tests, also performed in torsion with exactly the same strain and strain rate. The results are
showed in Figure 9 and demonstrate a significant discrepancy between the two types of tests. For both
temperatures the kinetics seem to be strongly accelerated when a stress relaxation test is applied.
Although Karjalainen et al”**! found a very good agreement between recrystallized fractions
obtained from double deformation and from stress relaxation, these accelerated kinetics in stress
relaxation were reported also by other authors.?***44¢! Several reasons are found to explain this
acceleration. At first, the stress present during the stress relaxation (sample stays loaded) not only
accelerates recovery by assisting the dislocation climb but can also accelerate the recrystallization
kinetics. A second reason could be that the constant level reached after long relaxation times does not
represent a completely softened structure, but a structure where the driving force for further softening

is lower than a critical driving force, which is temperature dependent, to still have further softening.
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Finally, a third reason could lie in the fact that the total stress after deformation consists of a viscous
part and a part due to the deformation. It is of course so that the viscous stress c,, which depends on
temperature and strain rate is close to O during a relaxation test, while it is different from O during
deformation. So a part of the drop in stress during a stress relaxation test could be due to a drop in
viscous stress and does not represent a softening phenomenon in the material.“*® For the stress
relaxation tests in hot torsion, the third reason seems to be acceptable. Taking into account this
viscosity effect, the relaxation curve of Figure 7(a) could be divided in three new regions which are
different from the three regions of the Karjalainen approach. These three new regions are: 1) a fast and
abrupt decrease of the stress, due to a viscous relaxation of the effective stress, until a static stress
value, oy, 1S reached 2) a decrease of the stress generally attributed to the progress of static
recrystallization in the material. 3) a stationary regime corresponding to an internal stress in the fully
recrystallized material, similar to curve ‘B’ of the Karjalainen approach. Indeed, this oy, value is
reached after 0.7s implying a true recrystallization start at 0.7s after the deformation. This
recrystallization start time corresponds very well with the recrystallization start time found after
relaxation with a plastodilatometer, as mentioned above.

The previous results indicate that although stress relaxation tests have a great potential for
analyzing the recrystallization behaviour of microalloyed steels, some important issues remain. Firstly,
very accurate machine and temperature control is needed but in practice they are not always easy to
obtain and secondly, depending on the equipment used for the stress relaxation test, a different

analyzing method is needed mainly due to differences in the viscous relaxation of the material.

4 CONCLUSIONS

In this work a systematic comparison between the recrystallization kinetics in the static
recrystallization region using double deformation and stress relaxation tests, combining different types
of testing equipment (hot torsion, plastodilatometry, MTS compression testing) is made. The results
can be summarized as follows:

- Between the six analyzing methods considered to analyse the fractional softening obtained
from double deformation tests, there are two which exclude better the effect of recovery and are thus
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more suitable to describe the static recrystallization kinetics of microalloyed steels: the 5% true strain
method and the 2% offset method. The latter was proposed as being the most accurate and reliable
one. Although the method that is used for analyzing double deformation curves influences the
recrystallization, double deformation tests are found to be very useful for comparison between
different authors. It is shown in this work that the type of testing equipment does not have an influence
on the calculated recrystallized fractions.

- Stress relaxation tests are found to be less effective in determining the recrystallization
behavior of microalloyed steels. First of all, a very difficult and precise setup and control of the
temperature and the deformation system is necessary. This leads to a big difference in recrystallization
kinetics when the same test is performed with a different type of equipment. Further, there exists no
standard method for analyzing relaxation curves that can be used for all types of equipment, at all
testing temperatures. Finally, the resulting recrystallization kinetics cannot be compared with results
from double deformation. In this work, accelerated kinetics were found when the stress relaxation

method was used.
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FIGURES CAPTIONS
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Figure 1. Principle of the double deformation test (left), resulting stress-strain curves from the double
deformation test used to calculate the fraction of softening during the interpass time (right).
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Figure 2. Comparison between the different analyzing methods for calculating the recrystallized
fraction from a double deformation test on the Nb-Mo alloy deformed with the dilatometer at 1000°C.
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Figure 3. Stress-Strain curves for the Nb-Mo industrial steel, obtained from a double deformation test
at 1000°C, (a) uniaxial compression with MTS, ¢ = 0.3, de/dt = 0.05/s, (b) uniaxial compression with
dilatometer, € = 0.3, de/dt = 0.05/s, (c) torsion, € =0.3, de/dt = 1/s.
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Figure 4. Recrystallized fraction versus time curves for the Nb-Mo industrial steel, obtained from the
double deformation method, using three different simulation techniques. All samples were reheated at
1250°C for 300s and subsequently deformed at 1000°C. The fractions were obtained from Figure 3,
using the 2% offset method.
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stress relaxation test following the Karjalainen approach (right).
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Figure 9. Comparison between the results from a double deformation test and a the stress relaxation
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TABLES CAPTIONS

Table I. Chemical composition of the alloys (in wt% unless stated otherwise)

C Mn Si Al Nb Ti N

. .

-Mn 002 | 15 | 026 |0.043 20 18
rﬁterel]ce ppm pr}l‘n

cmn-0.168b | 002 | 15 | 026 0067 007 | 80 | 2
_ . 0| 1 26 |o. _ o | oo
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