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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

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 lnð_eÞ vs. T-1 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,

rðkrTÞ þ _Q ¼ qc
oT

ot
; ð1Þ

where in this equation q, c, 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,

qfric, is generated from frictional sliding which is determined

as [14]:

qfric ¼ sAcjvj dt; ð2Þ

where |v| is the relative velocity between the metal and the

work-roll, dt the applied time-step, Ac the contact area, and

s the frictional stress. The boundary condition in defor-

mation zone can be expressed as

�k
oT

on
¼ hcon T � Trð Þ � qfric; ð3Þ

where ‘‘n’’ denotes normal direction to the surface

boundary, Tr is the work-roll surface temperature that can

be calculated simultaneously by solving the governing heat

conduction equation of the work-roll, and hcon the interface

heat transfer coefficient, which has been calculated as a

function of rolling pressure by Eq. 4 [15]:

hcon ¼ 0:695P � 34:4; ð4Þ

where P is the pressure in MPa and hcon the coefficient of

heat transfer in kW/m2 C. The other boundary condition

used to express the heat transfer by convection, outside the

deformation zone is

�k
oT

on
¼ haðT � TaÞ: ð5Þ

In Eq. 5, Ta represents surrounding temperature, and ha

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]:

dW ¼
Z

V

q€u � dv dV þ
Z

V

r : dDdV �
Z

S

t � dv dS¼ 0 ð6Þ

Here €u, dv, and t are the acceleration, virtual velocity, and

traction vectors, respectively, r the stress tensor, and dD 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:

r ¼ B_emen; ð7Þ

where r is the instantaneous flow stress of the rolled metal,

B the strength coefficient, e and _e the true strain and true

y

x

Roll

ha,  Ta

uy=0

ux

  =  
 y

T
-  k  0

∂
∂

ha,  Ta

hcon,  Tcon

Fig. 1 Illustration of roll gap geometry and the governing boundary

conditions
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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]:

_e ¼ A expð�Q=RTÞ; ð8Þ

where A is the frequency factor, R the gas constant, and Q

the activation energy required for serrated flow (DSA).

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 9

50 9 100 mm3, 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-1, equivalent to nominal strain rate of

10-3 s-1. 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, lnð_eÞ vs. T-1 plot of the

utilized steel was examined to assure whether the DSA

Fig. 2 a Effective strain

distributions achieved by the

employed model using the

rolling layout in ref. [15],

b average stress distribution

achieved by the employed

model using the rolling layout in

ref. [15]

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
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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 10-4 to 0.5 s-1.

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.

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

Fig. 3 Temperature

distribution during warm rolling

at rolling speed of 43 rpm; a the

first pass, b the second pass, and

c the third pass
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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

two different strain rates. Regarding the achieved stress–

strain curves under different deformation conditions, the

region of serrated flow was determined as a lnð_eÞ vs. T-1

plot displayed in Fig. 5b. Considering the predicted tem-

perature and strain rate distributions achieved from the

model together with the lnð_eÞ vs. T-1 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

Fig. 4 Temperature

distribution during warm rolling

at rolling speed of 71 rpm; a the

first pass, b the second pass, and

c the third pass
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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

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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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

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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