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Abstract In this study, effect of rolling speed on strain
aging phenomena in warm rolling of a carbon steel has
been investigated. For this purpose, by using a mathemat-
ical model and predicting temperature and strain rate fields,
the possibility of occurrence of dynamic strain aging dur-
ing the warm rolling was first evaluated. In the next stage,
warm-rolled samples were aged up to 11 months at room
temperature for studying the kinetics of static strain aging,
while mechanical tests as well as microstructural evolu-
tions have been performed to determine the effect of strain
aging on material behavior. The results indicate that
dynamic strain aging may not occur for the employed
rolling program; however, static strain aging takes place
after warm rolling leading to changes in the mechanical
behavior of the warm-deformed samples. In addition, by
increasing rolling speed, the aging time required to achieve
the maximum hardness increases.

Introduction

Warm rolling process has recently been considered in steel
shaping industries because of its production advantages and
lower production costs [1]. However, the phenomenon of
strain aging may occur during and after warm rolling
process and significantly affect the mechanical properties
of the steel products. Static strain aging (SSA) in low-
carbon steels is the result of an interaction between
the dislocations and interstitial atoms [2, 3]. When pre-
strained specimens of low-carbon steel are aged at low
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temperatures, the kinetic energy gained by the solute car-
bon atoms cause them to diffuse to the dislocations and
immobilize them. Therefore, strain aging leads to an
increase in flow stress of the aged metal as well as to the
appearance of yield point phenomenon recognized as
Luders bands [3, 4]. Another metallurgical phenomenon
that shows itself as a serrated stress—strain curve is known
as dynamic strain aging (DSA) [4]. The occurrence of DSA
is mainly observed due to the periodic locking and
unlocking of dislocations by interstitial or substitutional
atoms [4].

Static strain aging and its effect on the mechanical
behavior of steels has been studied in several works [5-8].
Multistage strain aging and its effect on the flow behavior
and mechanical properties of a low-carbon steel is studied
by Staiger et al. [5]. In this work, it is concluded that the
strain aging history of the aged samples may have signif-
icant effects on the aging behavior of the samples. Pan
et al. [6] have studied the strain rate and aging effect on the
mechanical properties of steel sheets. Effects of strain
aging on the mechanical behavior and workability of low-
carbon steels have been studied by Taheri et al. [7, 8].
Other works have also been carried out on the effect of
aging on different grades of steels, i.e., dual phase steels
and low-alloy steels [9, 10]. Dynamic strain aging and its
effect on mechanical behavior of carbon steels have also
been investigated in several researches [11-13]. Accord-
ingly, it is shown that DSA may occur during the warm
deformation operations depending on the employed work-
ing conditions.

In this study, effect of rolling speed on the occurrence of
strain aging in a low-carbon steel is investigated. First, the
possibility of occurrence of DSA during the warm rolling
process is determined by means of a mathematical model
for prediction of temperature and strain rate fields together
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with the experimental In(&) vs. 7' plot. Then, the kinetics
of SSA and the effect of rolling speeds are studied. For this
purpose, warm rolling experiments with various rolling
speeds are performed on steel samples. The rolled sam-
ples are then aged naturally for periods of 17 days to
11 months. After that, tensile and hardness tests are carried
out in order to evaluate the mechanical properties of the
aged samples. In this way, the occurrence of SSA and the
effect of rolling speed on this phenomenon are studied.

Mathematical model

During warm rolling of low-carbon steels, DSA may take
place and affect the flow behavior of the rolled products
[14]. In order to determine the occurrence of DSA, a two-
dimensional mathematical model has been utilized to pre-
dict the temperature, strain rate fields within the metal
being rolled. To do so, the heat conduction equation has
been solved within the rolled metal. The governing heat
transfer equation used in this analysis has been expressed
as Eq. 1,

V(kVT)+ Q= pcaa—f, (1)
where in this equation p, ¢, and k are density, specific heat,
and thermal conductivity of the rolling strip, respectively,
and Q represents the rate of heat of deformation. In the
deformation zone, two distinct boundary conditions can be
recognized, the contact area of strip and work-roll and the
area at which the strip has no contact to work-roll and heat
transfers to atmosphere mainly by convection through
the strip surface as schematically displayed in Fig. 1. In
addition, at the contact area, a distributed surface flux,
tric, 18 generated from frictional sliding which is determined
as [14]:

qfric = TAC|V|5t7 (2)
Roll
h, T
y u)\ hCUﬂ‘ con hd‘ ’I:‘

Fig. 1 Illustration of roll gap geometry and the governing boundary
conditions
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where vl is the relative velocity between the metal and the
work-roll, ot the applied time-step, A, the contact area, and
T the frictional stress. The boundary condition in defor-
mation zone can be expressed as

or
*ka == hcon(T - Tr) — {fric) (3)
where “n” denotes normal direction to the surface

boundary, 7, is the work-roll surface temperature that can
be calculated simultaneously by solving the governing heat
conduction equation of the work-roll, and 4., the interface
heat transfer coefficient, which has been calculated as a
function of rolling pressure by Eq. 4 [15]:

heon = 0.695P — 34.4, 4)

where P is the pressure in MPa and /., the coefficient of
heat transfer in kW/m? C. The other boundary condition
used to express the heat transfer by convection, outside the
deformation zone is

=) (5)

In Eq. 5, T, represents surrounding temperature, and #,
is the convection heat transfer coefficient to surrounding.
To evaluate the rate of heat of deformation in the heat
conduction equation, strain rate field as well as the roll
pressure, it is required to determine the velocity field in
the metal during rolling experiments. A two-dimensional
dynamic coupled temperature—displacement analysis based
on updated Lagrangian formulation has been employed to
simulate strip rolling process. In the present work, visco-
plastic material laws have been taken into account and
because of the symmetric characteristics of the process
only the upper half of the setup has been included. From
Hamilton’s principle for a volume V with surface S, the
increment in virtual work per unit volume and per unit time
can be written as follow [16]:

5W:/pii~5vdv+/0': 5DdV7/t~5vdS:0 (6)
4 v s

Here ii, ov, and ¢ are the acceleration, virtual velocity, and
traction vectors, respectively, o the stress tensor, and 0D is
the virtual deformation rate tensor. The frictional coeffi-
cient is assumed to be constant during deformation and its
direction is opposite to the direction of the relative velocity
at the contact surface. Also it should be noted that in order
to evaluate the flow stress behavior of rolled strips, the
“power-law” equation has been considered as:

g = B&"¢", (7)

where ¢ is the instantaneous flow stress of the rolled metal,
B the strength coefficient, ¢ and ¢ the true strain and true
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strain rate, respectively, while n and m are work hardening
and strain rate sensitivity factors, respectively. Note that
the flow stress data in ref. [14] have been employed to
assess the above-mentioned coefficients.

The above integrated thermo-mechanical model is
performed using ABAQUS [17]. It is worth noting that four-
node iso-parametric elements are employed in the finite-
element analysis assuming plane strain conditions, while the
total number of elements used in the model are chosen to be
1190 of type CPE4RT including 7 elements in the thickness
direction and 170 in the length of the rolled strip.

Also, in order to examine the possibility of the occur-
rence of DSA, the Arrhenius-type equation has been used
as follows [2]:

£ = Aexp(~Q/RT), 8)
where A is the frequency factor, R the gas constant, and Q

the activation energy required for serrated flow (DSA).

Table 1 Chemical composition of the steel employed in this study

C (Wt%) Mn (Wt%) S (Wt%) P (Wt%) N (ppm)

0.08 0.85 0.003 0.003 120

Table 2 Strip thicknesses in different stages of warm rolling
experiments

Thickness of the initial strip (mm) 10
Thickness of the strip, after the first pass (mm) 7.8
Thickness of the strip, after the second pass (mm) 6.3
Thickness of the strip, after the third pass (mm) 5

Fig. 2 a Effective strain (a)
distributions achieved by the
employed model using the PEEQ

rolling layout in ref. [15], (A“g;ffé)ae_m
b average stress distribution 4053601
achieved by the employed F 2005608
model using the rolling layout in

ref. [15]

+3.315e-01
+2.946e-01
+2.578e-01
+2.210e-01
+1.842e-01
+1.473e-01
+1.105e-01
+7.366e-02
+3.683e-02
+0.000e+00

(b)

5, 522

(Avg: 75%)
+3.096e+07
+8.186e+05
-2.933e+07
-5.947e407
-8.962e+07
-1.198e+08

Experimental procedure

In this work, warm strip rolling of a low-carbon steel with
the chemical composition listed in Table 1 was examined.
The rolling samples were machined out of the as-received
hot-rolled bars. The dimensions of the samples used for
the warm rolling experiments were chosen to be 10 x
50 x 100 mm?, and the work-roll diameter was 150 mm.
All samples were first heated up to 870 °C, held for
10 min at this temperature, and then the warm rolling
experiments were performed. Reduction of 50% and
rolling speeds of 43, 50, 64, and 71 rpm were employed
in the warm rolling experiments. The total reduction of
50% was achieved in three successive passes with inter-
pass time of 2 s, and after warm rolling, the samples were
cooled down to ambient temperature in still air. Table 2
shows the strip thickness in different stages of warm
rolling experiments. After the warm rolling experiments,
the tensile samples were prepared according to ASTM-
E8M. The tensile tests were carried out at the room
temperature and the constant cross-head speed of
2 mm min~}, equivalent to nominal strain rate of
1072 s~'. The hardness tests were performed utilizing the
Vickers hardness testing on the surface of samples. The
first series of mechanical tests were performed after
17 days. Three other samples were aged for the periods of
4-11 months and afterward, the mechanical properties of
each series were evaluated either. It is worth noting that
to investigate the possibility of the occurrence of DSA
during warm rolling experiments, In(£) vs. 7~ ' plot of the
utilized steel was examined to assure whether the DSA

-1.49%e408
-1.801e+08

-2.102e+08

-2.404e+08
-2.705e+08

-3.006e+08
-3.308e+08

-3.609e+08
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has taken place during the warm rolling experiments. In
order to construct this graph, the tensile samples were
prepared, and then tensile tests at various temperatures
and strain rates were conducted. The experiments were
performed at the temperatures in the range of 25-500 °C
and the mean strain rates of 107* to 0.5 s™".

Finally, optical microscopy were also conducted to
examine the microstructures for the samples rolled at var-
ious speeds and to study the microstructures within the
warm-rolled samples.

Fig. 3 Temperature (a)
distribution during warm rolling
at rolling speed of 43 rpm; a the
first pass, b the second pass, and
¢ the third pass

MNT11
+0.456e+02
+8.363e+02
+8.270e+02
+8.177e+02
+8.084e+02
+7.992e+02
+7.89%9e+02
+7.806e+02
+7.713e+02
+7.620e+02
+7.527e+02
+7.434e+02
+7.342e+02
+7.24%9e+02
+7.156e+02
+7.063e+02

Results and discussion

In the first step, the results of the mathematical model have
been verified using the published data. For instance, Fig. 2
displays effective strain rate and average stress distribu-
tions achieved by the proposed model using the rolling
program in ref. [15] in which the initial temperature of
1,000 °C and reduction of 40% were employed. The model
is performed for hot rolling of carbon steel using the flow
stress data obtained in ref. [18]. It is seen that the

+7.290e+02
+7.210e+02
+7.130e+02
+7.050e+02
+6.970e+02
+6.891e+02
+6.811e+02
+6.731e+02
+6.651e+02
+6.571e+02
+6.491e+02
+6.411e+02
+6.332e+02
+6.252e+02
+6.172e+02
+6.092e+02

+6.665e+02
+6.567e+02
+6.470e4+02
+6.373e402
+6.276e+02
+6.178e+02
T +6.081e+02
+5.984e+02
+5.887e+02
- +5.790e402
+5.692e402
+5.595e+02
+5.498e+02

+5.2068+02
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predictions are in good agreement with the results achieved
by a finite-element model used in ref. [15].

After verification of the model results, the warm rolling
process with the rolling conditions described in the previ-
ous section was modeled, for example, temperature distri-
bution of the sample rolled at different rolling speeds, i.e.,
43 and 71 rpm are presented in Figs. 3 and 4. Note that it
was found that the employed steel shows serrated flow in
the temperatures in the range of 100-450 °C. Figure 5a
shows typical stress—strain curves obtained at 300 °C at

Fig. 4 Temperature (a)
distribution during warm rolling
at rolling speed of 71 rpm; a the NT11
first pass, b the second pass, and
¢ the third pass

+8.85%9e+02
+8.768e+02
+8.676e+02
+8.5685e+02
+8.493e+02
+8.402e+02
+8.310e+02
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+7.944e+02
+7.853e+02
+7.761e+02
+7.670e+02
+7.578e+02
+7.487e+02

two different strain rates. Regarding the achieved stress—
strain curves under different deformation conditions, the
region of serrated flow was determined as a In(&) vs. 7'
plot displayed in Fig. 5b. Considering the predicted tem-
perature and strain rate distributions achieved from the
model together with the In(&) vs. T~ plot shown in Fig. 5b,
it is possible to determine the occurrence of DSA during
warm rolling. According to Fig. 5b it can be observed that
the employed rolling conditions are far from those required
for the DSA to occur. It may be attributed to the relatively

+8.21%e+02
+8.125e+02
+8.030e+02
+7.936e+02
+7.841e+02
+7.747e+02
- +7.653e+02

- +7.558e+02
+7.4642+02
+7.370e+02
+7.275e+02
+7.181e+02
+7.086e+02
+6.992e+02
+6.898e+02
+6.803e+02

MT11
+7.778e+02
+7.665e+02
+7.553e+02
+7.440e402
+7.328e+02
+7.215e+02
+7.103e+02
+6.990e+02
+6.877e+02
+6.765e+02
+6.652e+02
+6.540e+02
+6.427e+02
+6.315e+02
+6.202e+02
+6.090e+02

@ Springer



3410 J Mater Sci (2010) 45:3405-3412
Fig. 5 a Typical stress—strain () (b)
curves achieved from tensile 450 4 4*104 g1 100
testing at 300 °C, b regions of i Approximat
serrated and smooth flow 400 10 ::g':;.,{;’;
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Fig. 6 Hardness versus aging time for warm-rolled samples with
different rolling speeds

high initial temperature of the rolling material, which
causes DSA, starts at very high strain rates. Thus, it can be
stated that SSA only takes place after warm rolling.

In order to evaluate the kinetics of SSA, hardness and
tensile tests were performed. Figure 6 represents the plots
obtained from the results of Vickers hardness of warm-
rolled samples at different aging times. It is obvious that
static strain aging occurs in all samples, and as a result, the
hardness increases, and even in the sample rolled at rela-
tively lower rolling speed, i.e., 43 rpm, the hardness slightly
decreases after 320 days. It is interesting to note that the
time required for the samples to reach the hardness peak is
varied with different rolling speeds, while the time required
for the maximum hardness increases with increasing the
rolling speed as displayed in Fig. 7. Note that the rolling
speed can alter the temperature distribution of the warm
rolled sample as displayed in Figs. 2 and 3, higher rolling
speed causes higher temperatures in different regions of
rolled metal. For instance, the maximum exit temperature
under rolling speeds 43 and 71 rpm are about 665 and
775 °C, respectively. This also affects the concentration of

@ Springer

Fig. 7 Time required for reaching the maximum hardness at different
rolling speeds

interstitial atoms in solution, i.e., carbon and nitrogen which
are responsible for occurring static strain aging.

It is possible that partial static recrystallization occurs
after warm rolling at higher rolling speeds. Therefore, it is
expected that the hardness decreases as the rolling speed
increases. This is particularly true for the as-received warm-
rolled conditions as observed in Fig. 6. However, depend-
ing on temperature distribution at the end of warm rolling,
the amount of static recrystallization during cooling to room
temperature, and aging time it is possible that the hardness
increases due to SSA. For instance, the maximum hardness
value for the sample rolled at 43 rpm is greater than that of
the sample rolled at 50 rpm just after warm rolling and even
after aging for 320 days. On the other hand, the sample
rolled at 64 rpm initially shows lower hardness, but after
aging for 250 days, its hardness is higher than that for the
sample rolled at 43 rpm. Therefore, it is concluded that
there is an optimum rolling speed for acquiring the maxi-
mum hardness after warm rolling. Figure 8 shows the
stress—strain curves of the samples rolled at 43 and 71 rpm.
Figure 9 represents the variations of UTS of the aged
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Fig. 8 Stress—strain curves obtained from tensile tests for the sample
rolled at a 43 rpm, b 71 rpm

samples as a function of aging time. Figures 8§ and 9
approve that SSA has taken place during the period of aging
time and it has had significant effects in the mechanical
behavior of the warm-rolled samples. In addition, it is also
observed that the required time for the maximum yield
stress and UTS increases by increasing the rolling speed.
Microstructural studies using optical microscopy has
been conducted on the warm-rolled samples. Figure 10
shows the final microstructures of the samples rolled at 43
and 71 rpm. As mentioned above, the figure shows that
partial static recrystallization occurs within the sample
rolled at higher rolling speeds, i.e., 71 rpm. It should be
noted that static recrystallization occurs particularly at the
depth of the strip where the temperature is high enough to
prompt recrystallization. Therefore, slower rate of strain

UTS (MPa)

~—A- - 43 pm
—O— 50rpm

—o— 64 rpm

320 A

- @ T7lmrpm

0 50 100 150 200 250 300 350
Aging time (Days)

Fig. 9 UTS variations as a function of aging time for the warm-rolled
samples

Fig. 10 Optical microstructures of the sample rolled at a 43 rpm,
b 71 rpm

aging at rolling speed of 71 rpm may be attributed to
occurrence of partial static recrystallization. In other
words, it causes the decreasing of mobile dislocation
density that is vital for taking place of SSA.
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Conclusions

In this study, effect of rolling speed on strain aging within a
low-carbon steel in warm rolling process has been studied.
A two-dimensional finite-element model and the warm
rolling experiments have been utilized to evaluate DSA and
SSA phenomena. The results indicate that DSA may not
occur for the employed rolling program; however, SSA
occurs after warm rolling leading to changes in the
mechanical behavior of the warm-deformed samples. The
results show that rolling speed may significantly change
the microstructures of the warm-rolled steel as well as alter
the kinetics of subsequent SSA. By increasing the rolling
speed from 43 to 71 rpm, the time needed for the occur-
rence of SSA increases from 17 days to more than
10 months. Thus, the desired mechanical properties in the
warm-rolled steel may be achieved using a proper rolling
layout and subsequent SSA phenomenon.
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