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The effect of hot isothermal compression on the flow stress of low-carbon steel was studied using a Gleeble
3500 stimulator at temperatures from 900 to 1200°C and deformation rates from 0.01 to 10 sec~'. The flow
stress was analyzed at elevated temperatures using a hyperbolic sine function. The material constants were de-
termined in the range of true deformation rates from 0.1 to 0.7. The dislocation structure of low-carbon steel
was studied after the deformation at 1100°C and cooling at a rate of 5 K/sec. A governing equation for de-
scribing and simulating the low-carbon steel behavior under high-temperature deformation was derived and
justified. It was shown that the obtained equation can be used to provide a reliable and valid description of the
low-carbon steel behavior under hot forming with a mean relative error of 5.1219% and a correlation coeffi-
cient of 0.9886. The equation can be used to model and optimize the process parameters of hot deformation of

steel and to predict the evolution of its microstructure.
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INTRODUCTION

Modern low-carbon steels are widely used in automo-
tive, construction, power-generation, transportation, ma-
chine-building and other industries. This is due to the ability
to achieve a combination of high strength, ductility, and im-
pact toughness of steels, as well as their good formability un-
der elevated temperatures [1,2]. It is known that the
formability of materials in the hot state depends on their con-
trolled process parameters and flow characteristics [3]. Each
combination of thermomechanical processing (TMP) param-
eters leads to a specific deformation behavior, type of struc-
ture, and combination of steel properties [4 — 10]. Knowing
the deformation behavior (and a corresponding governing
equation) of an alloy is of great importance for quantitative
analysis of the deformation processes and optimization of the
processing technology.
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The microstructure of steel formed in the process of de-
formation depends on its deformation behavior and mechani-
cal characteristics, as well as the TMP parameters, such as
stress, deformation rate, temperature, etc. [9]. The deforma-
tion behavior of the material can be simulated using a go-
verning equation with an effective mathematical representa-
tion based on a limited number of experimental data
[11 — 13]. Simulation of material deformation under different
loading conditions can be performed using the finite element
method [14 — 16] by applying commercially available soft-
ware. Similar studies of low-carbon steel have been con-
ducted and described in Ref. [11, 17 — 19]. However, these
studies are dedicated to analyzing the behavior of steel dur-
ing hot deformation in the ferrite region, or at low deforma-
tion rates. There are significantly fewer studies on hot defor-
mation of low-carbon steel in the austenite region [20 — 22].
Therefore, it is important to study the behavior of low-carbon
steel during hot deformation in the austenite region to under-
stand the nature of deformation, establish a governing equa-
tion, and optimize the TMP parameters.

The objective of this work is to study the specifics of
low-carbon steel behavior during deformation under hot iso-
thermal compression in the temperature range from 900 to
1200°C and deformation rates from 0.01 to 10 sec !

0026-0673/23/0506-0363 © 2023 Springer Science+Business Media, LLC



364

TABLE 1. Parameters of Hot Isothermal Compression

Deformation Deformation Degree
temperature, °C rate, sec ! of deformation

1200 0.01 0.1

1100 0.1 0.2

1000 1 0.3

900 10 0.4

0.5

0.6

0.7

METHODS OF STUDY

The chemical composition of the studied steel was deter-
mined using atomic emission spectroscopy and includes the
following elements, wt.%: C — 0.16; Mn — 0.7; Si — 0.15;
Cu—0.15; S—0.05; and P — 0.04.

Cylindrical samples measuring 4 mm in diameter and
8 mm in height were cut out from cast blanks with a tole-
rance of 0.02 mm. The flat ends of the samples were im-
mersed in graphite lubricant to a depth of 0.1 mm in order to
minimize friction during hot forming (stamping). Hot iso-
thermal compression experiments were conducted by using a
Gleeble 3500 simulator. The process parameters of hot iso-
thermal compression are shown in Table 1.

The samples were heated in a Gleeble 3500 setup at a
rate of 10 K/sec using direct resistance heating [21, 23, 24].
After reaching the desired test temperature, the samples were
soaked for 4 min to achieve a stable and homogeneous tem-
perature field, after which the deformation started. The tem-
perature was controlled with an accuracy of + 5°C using two
type K thermocouples installed in the middle of the sample
lengthwise. During each test, after achieving a specified de-
gree of deformation (¢ = 0.1 — 0.7), the sample was immedi-
ately quenched in water to room temperature to fix the
hot-deformed structure of steel.

During compression experiments, the effect of thermo-
mechanical process parameters on the flow stress of low-car-
bon steel was determined. Based on the obtained results, the
governing equation of steel flow was derived using regres-
sion analysis, which included temperature, deformation rate,
and degree of deformation. The apparent activation energy of
hot deformation was also calculated, and stress multipliers,
stress exponent, and Zener—Hollomon parameters were de-
termined.

EXPERIMENTAL RESULTS

The experimental stress—strain curves for the studied
steel obtained during hot isothermal compression at tempera-
tures ranging from 900 to 1200°C and deformation rates
ranging from 0.01 to 10 sec ~ ! are shown in Fig. 1. As can be
seen, the behavior of all curves in the initial section is the
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same, namely, the stress linearly increases with deformation
until reaching its maximum (peak) value at this stage. During
this stage of steel deformation, the behavior of the compres-
sion curves is independent of temperature and deformation
rate. However, these parameters have a significant effect on
the stress value. The latter decrease at higher temperatures
and lower deformation rates [25]. The peak stress is the low-
est at the highest temperature (1200°C) and the lowest defor-
mation rate (0.01 sec~!). After reaching the peak stress, the
behavior of all curves changes abruptly: the stress either in-
creases very slowly or remains practically constant with in-
creasing deformation. When deforming steel at a rate of
0.01 sec ~ !, nearly flat stress—strain curves are observed past
the peak stress, which indicates a steady-state flow of the
metal. When deforming steel at a rate of v=0.1 sec !, the
curves demonstrate a slight increase past the peak stress,
while in case of v=1 and 10 sec !, deformation hardening
develops.

As is well-known, deformation hardening is caused by
an increase in the dislocation density in metallic materials,
which is the most effective at higher deformation rates. In
this case, the interstitial atoms (C and N) in ferrite interact
elastically with dislocations, which leads to a further increase
in the flow stress [26, 27].

Two characteristic features should be noted in the initial
section of the flow stress curves at high deformation rates.
One of them is that in the early stage of deformation, the
flow stress rapidly increases to a fixed value, since deforma-
tion hardening caused by multiplication and interaction of
dislocations becomes dominant. In this case, the rate of dy-
namic softening, caused by dislocation cross-sliding and
climb, is lower than the rate of deformation hardening. The
second feature has to do with the fact that after reaching the
peak stress, a steady-state flow of metal is observed. In other
words, a substructure is formed, in which dynamic softening,
due to the processes of annihilation of dislocations having
opposite signs, balances deformation hardening caused by an
increase in dislocation density [28, 29].

The dislocation structure of steel after deformation at
1100°C at a rate of 1 sec ~! with subsequent cooling at a rate
of 5 K/sec is shown in Fig. 2. As can be seen, the carbo-
nitride inclusions, precipitated in austenite, mainly have a
spherical shape. The formation of carbonitrides in austenite
primarily occurs at the boundaries of austenite grains and
subgrains, as well as on dislocations. The precipitated carbo-
nitride inclusions effectively pin these structural elements,
thus hindering their movement. In this case, the distribution
of carbonitrides, nucleated and precipitated on dislocations,
is more uniform compared to those formed at the grain and
subgrain boundaries. On one hand, such processes can effec-
tively inhibit the coarsening of austenite grains, since the
growth rate of carbonitride inclusions on dislocations is
lower than at the grain and subgrain boundaries, resulting in
smaller inclusion sizes (around 10 nm) and a more uniform
distribution. On the other hand, the effect of nucleation and
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Fig. 1. Stress—strain curves (o — €) of true deformation of low-carbon steel at different deformation rates (see
numbers next to the curves) at temperatures of 1200°C (a), 1100°C (b ), 1,000°C (c), and 900°C (d ).

precipitation of carbonitrides near dislocations contributes to
an increase in flow stress of the metal past the peak stress as
the deformation increases.

The main equation (a mathematical model that describes
the deformation behavior of metal) reflects the relationships
between the flow stress, deformation rate, and deformation
temperature. The governing relationship is not only an im-
portant prerequisite for numerical simulation of the metal
forming processes, but is also a crucial basis for selecting
thermodynamic parameters of deformation and determining
technical characteristics of the equipment. The equation can
also be used to determine the deformation stability zone ac-
cording to the dynamic equation of dissipative structure the-
ory. The phenomenological governing equation, which is the
most commonly used, can be applied to characterize the dy-
namic behavior of the material using measurable macro-pa-
rameters without considering the microstructure. It can be
obtained from the experimental data during thermal simula-
tion of compression, making it convenient for solving vari-
ous engineering problems.

For the majority of metallic materials subjected to hot
deformation, the relationship between the deformation rate
and flow stress is formulated using power law (Eq. 1), expo-
nential law (Eq. 2), and hyperbolic sine law (Eq. 3). Equa-
tion (1) is typically used in case of low stresses, while Eq. (2)

is used at high stresses. Equation (3), which corresponds to
the hyperbolic sine law and was proposed by Sellars and
Tegart, is a modified Arrhenius equation that includes the ac-
tivation energy of plastic deformation (Q) and deformation

Fig. 2. Dislocation structure of low-carbon steel after deformation
at 1100°C at a rate of 1 sec™! followed by cooling at a rate of
5 K/sec.
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temperature (7). These equations can be used over a wide
range of stresses, temperatures, and deformation rates:

E=d,c", (1)
&= A, exp (Bo), )
&= A [sinh (00)]" exp (— Q/RT), 3)

where 4,, 4,, 4, n, n, B, and a are material constants; c is
the flow stress, MPa; T is the absolute deformation tempera-
ture, K; R =8.314 J/(mol - K) is the universal gas constant;
and Q is the deformation activation energy, kJ/mol. In
Eq. (3), parameter o. = 3/n, . It has been experimentally con-
firmed that Eq. (3) can reliably describe the process of con-
ventional hot deformation of metals.

K. Zener and J. G. Hollomon proposed to describe the ef-
fect of deformation rate and temperature on the deformation
behavior of metals using a Z-parameter, the validity of which
was confirmed by them later experimentally. Z-parameter
represents a Zener-Hollomon parameter and can be deter-
mined from the following equation:

Z=texp(OQ/RT) = A[sinh (0)]". 4)

By taking the natural logarithm of both sides of Egs. (1),
(2), and (3), the following is obtained:

Ing=InA4, +n,Inc, (5)
Iné=1n4, + fo, (6)
Ing=1In4 + nln [sinh (a.5)] — Q/RT. 7

After substituting deformation rates (0.01 —10sec™!)
and flow stress values at a true degree of deformation
(e=0.5) into Eq. (5), (6), and (7), the In(¢)—In(c) and
In (&) — o relationships can be obtained for different deforma-

tion temperatures (Fig. 3). By applying linear regression to
the In(¢) — In (o) and In(¢) — o relationships, the slopes of
the lines can be determined for deformations at different tem-
peratures. Parallel lines with the same slopes indicate that the
In(¢) — In (o) and In (¢) — o relationships are independent of
temperature. By averaging the slopes of the graphs in Fig. 3,
the following parameters can be calculated: n; = 13.7404 and
B =0.0921 MPa. Then, o = B/n; = 0.0067 MPa.

By finding particular solutions of the differential equa-
tion (7), the following relationships can be obtained:

po|_ome | ®)
La In [sinh (ac)]JT’
[ omé ] [oIn[sinh (ao)]]

Q:RL ©)

dIn[sinh (ac)]|,| o(1/T) |,

The values of deformation rate and true stresses for a true
deformation (¢ = 0.5) can be substituted into Eq. (8). The re-
sulting relationship In (&) — In [sinh (a.o)] for different defor-
mation temperatures is graphically shown in Fig. 4a. Para-
meter n, calculated as the average slope of these curves, is
equal to 10.1352. The In[sinh (ao)] — 1/T relationship at dif-
ferent deformation rates can be obtained by substituting ex-
perimental parameters into Eq. (9), as shown in Fig. 4b. The
curves shown in Fig. 4b were used to calculate the average
level of activation energy Q =207.613 kJ/mol for a true de-
formation (¢ =0.5). The following thermodynamic parame-
ters were obtained for low-carbon steel during hot compres-
sion: a. = 0.0067 MPa'!; n =10.1352; 4 =2.131 x 10 sec ~;
0 =207.613 kJ/mol.

Taking the logarithm of both sides of Eq. (4) results in
the following relationship:

InZ =1nA + nln [sinh (a.5)]. (10)



Flow Stress Behavior and Governing Equation of Plastic Flow of Low-Carbon Steel

In (sinh (a.G))
1.2 :
10, 900°C__.m
AR
0.8} m
L 1000__.-m
0.6 | m 1500,
o L
04 g T 1100 .o
0216 L e o
B 1200°C
olm"" - - ]
Wy -
02+ g
et e =
0410 o
—06f A7
—0.8 o, I I I | I I
S5 4 3 2 -1 0 1 2 3

In (€)

Fig. 4. Relationships In [sinh ()]

=f(In¢) (@) and In [sinh (a.5)]

true deformation (e = 0.5). Numbers next to the curves: a) deformation temperature; b ) deformation rate.

By substituting parameters o and Q into Eq. (10), rela-
tionship In Z — In [sinh (a.o)] can be obtained for a true defor-
mation (¢ =0.5) (Fig. 5). By using linear regression, it be-
comes possible to calculate the intersection point of the ob-
tained curve. The calculated value of In4 is 21.4797, then
A=2131x10% n=10.1352; and Q=207.613 kJ/mol.
Therefore, the governing equation for the plastic flow of
low-carbon steel at elevated temperatures is expressed by the
following three equations:

1/n 2/n 1/2
c:;m{(jy {@/ } Jl an

0.0067
1
( P 7 2 —|5]
lnl( jlo,nsz +|( C)jlonsz | L (12)
{ 2131x10° L 2131x 10 J

2131x10°
Z=¢texp| ———— |. 13
p( 2T J (13)

To assess the adequacy of the derived governing equa-
tion for the plastic flow of steel, we will calculate the flow
stress values at temperatures ranging from 900 to 1200°C
and deformation rates ranging from 0.01 to 10sec™! at
€=0.5 using Egs. (11) — (13). The comparison between the
experimental stress values and those calculated by using the
governing equation is shown in Fig. 6. The correlation coef-
ficient (R) and the average absolute relative error (4ARE)
were evaluated using the following equations:
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where N is the total number of data points; o, and G, are the
experlmental and calculated stress values, respectlvely, and
o, and o are their respective mean values [13]. Based on the
data shown in Fig. 6, the following value of the coefficient of
correlation between the experimental and calculated data
was determined: R = 0.9886, while the A4ARE value was only
5.1219%. This indicates the adequacy and reliability of the
obtained hyperbolic sinusoidal function of the Z-parameter
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Fig. 5. Graphical representation of the relationship
f(n[sinh (ao)].
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Fig. 6. Correlation between experimental and calculated values of
the flow stress of low-carbon steel at various temperatures (calcula-
tions were performed using the defining equation): symbols — flow
stress values; line — best linear fit (R = 0.9886).

for calculating the flow stress of low-carbon steel under
high-temperature deformation conditions.

CONCLUSIONS

1. The deformation behavior of low-carbon steel during
hot isothermal compression at temperatures from 900 to
1200°C and deformation rates from 0.01 to 10 sec~! was
studied.

2. The flow stress during isothermal compression of
low-carbon steel significantly depends on the deformation
rate and temperature. The nature of the obtained flow curves
of the metal demonstrate the typical dynamic competition
between deformation hardening and softening due to dy-
namic recovery.

3. The flow stress of steel decreases at higher tempera-
tures and lower deformation rates. These dependencies can
be described by the governing equation utilizing the Zener—
Hollomon parameter (Z). A governing equation for hot iso-
thermal deformation of low-carbon steel was derived as a
function of deformation temperature, deformation rate, and
calculated material parameters (o, n, and 4 ). The calculated
value of the activation energy for deformation is
0 =207.613 kJ/mol.

4. The statistical assessment of reliability of the derived
governing equation for the plastic flow of steel showed that
the average relative error of calculating the flow stress of
steel was 5.1219%, and the correlation coefficient was
0.9886. This indicates that the derived governing equation
offers a satisfactory description of the behavior of low-car-
bon steel during hot deformation.
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