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The behaviour of plain carbon, as well as, structural steel is qualitatively different at different regimes of strain rates and
temperature when they are subjected to hot-working and impact-loading conditions. Ambient temperature and carbon
content are the leading factors governing the deformation behaviour and substructural evolution of these steels.
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| 1. Low Carbon Steel

Low carbon steel, often termed as mild steel, is the most widely used steel among all the available grades. The pioneering
works done on the strain-rate behaviour of low carbon steel are discussed in this section. The true stress—strain behaviour
of low carbon ferrite-cementite (FC) steels at different strain rates varying between 3.3 x 107! and 5.0 x 10™* s™1 and with
different ferritic grain sizes from 0.5 to 34 ym was studied by Tsuchida et al. . They showed that, with an increase in the
strain rate, the stress (0), strain (€), and work-hardening rate were found to be increased for each of the FC steels. The
authors further concluded that grain refinement up to 0.8 um increased the tensile properties and the o-¢ behaviour of the
low-carbon FC steels. Figure 1 shows the variation of the o-€ behaviour with the change in the strain rate.
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Figure 1. True stress—strain curve of the ferrite-cementite (FC) steels with (a) ferrite grain size of 0.5 pm, (b) ferrite grain
size of 0.8 um, and (c) ferrite grain size of 34 um at different strain rates [,

The scanning electron microscope (SEM) images of the FC steel with different grain sizes of ferrite (shown in Figure 2)
demonstrated an elongation in the ferrite grains along the tensile direction, and this elongation degree was found to be the
same for both the strain rates.
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Figure 2. SEM images of the cross-sectional planes of the FC steel beneath the fracture surface at different strain rates of
3.3 x 107Y/s and 5.0 x 107#/s respectively 1.

Similar experimental studies were performed by Paul et al. [4 to predict the dynamic flow behaviour of low carbon and
ultralow carbon steel at different regimes of strain rates from 0.0007—250 s™X. The authors reported an increase in the
yield strength with an increase in the strain rate. However, their studies report that the strain hardening rate was observed
to be decreased with an increase in the strain rate, as shown in Figure 3. The strain hardening rate depends on various
factors such as the interaction between the dislocations as well as the dislocation density of the material. An overall
decrease in the strain-hardening rate thus indicates the dominant role of dislocation annihilation as compared to their
multiplication and interaction. The compressive flow behaviour of AISI 1018 low carbon steel at three different strain rates
(1073, 1, and 3.5 x 103/s) was investigated by Korkolis et al. .
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Figure 3. Strain-hardening rate at various strain rates for (a) low carbon steel and (b) ultralow carbon steel [&.

Campbell and Ferguson ! conducted high strain-rate experiments in the double shear mode to correlate the temperature
and rate sensitivity of the mild steel for different ranges of temperature (196 to 713 K) and strain rates (10° to 4 x 10 s™
and reported an increase in the flow stress with an increase in the strain rate. The authors also reported that, due to the
viscous resistance to the motion of dislocation, the rate sensitivity of the steel was found to be varied as a decreasing
function of temperature. Similar findings on the strain rate and flow stress relationship were also reported by Klepaczko 5.

The presence of different phases in multiphase steel also alters its dynamic flow behaviour at different regimes of strain
rates. For instance, in case of austenite-martensite dual-phase (DP) steels, the deformation-induced austenite to
martensitic transformation (DIMT) at different loading conditions plays a significant role in altering the mechanical strength
as well as the ductility of the material. Moreover, at elevated temperatures, due to the tempering of martensite, the
formation of ferrite and carbides or cementite is also possible, which further alters the flowability and the strain-hardening
behaviour of the material. For austenite-ferrite DP steels, thermomechanical control processing (TMCP) is mostly carried
out in order to maximize the grain boundary area of austenite per unit volume, which further leads to an increase in the
nucleation site density for austenite to ferrite transformation €2, Ok and Park & investigated the dynamic deformation
behaviour of plain low carbon steel at a strain rate of 0.01 s™ . The authors found three different patterns of flow curves
with the change in the temperatures. At a temperature above Ae3 (825 °C), the flow curve showed a peak behaviour,
which signifies the fact that dynamic recrystallization of austenite occurred whereas, below the Ae3 temperature, the flow
curve exhibited a saturated profile rather than any peaks. With the further decrease in temperature below T (780 °C), the
flow curve exhibited an increase in the yield strength of the material. The authors further studied the structure—property
correlation to understand the micromechanism leading for such changes in the flow curves. They observed that massive
ferrites were formed when the deformation of low carbon steel within the 2-phase (y + a) field took place below
To whereas, above this temperature, the ferrites were found to be divided into a large number of subgrains by
conventional strain-induced transformation. The growth of ferrite grains depending on the deformation temperature is
shown in Figure 4. The ferrite in the SEM images appears to be dark. The dynamic transformation of y - a is also
referred to as deformation-induced ferrite transformation (DIFT) and is in general considered as a solid-state
transformation. This process results in the formation of ultrafine ferrite grains and thus increases the strength of the
material as per the Hal-Petch equation. Similar results were also reported by Chung et al. & for different regimes of
strain rates. Rizhi et al. 29 observed two distinct processes of microstructural evolution of ferrite during compression of
ferrite-austenite low carbon steel. Formation of low-angle grain boundaries was observed at low strain rates (0.0002/s)
whereas, at high strain rates (0.2/s), banded substructures were formed. The authors further reported that, at high strain
rates, the band structures were transformed to equiaxed grains.



Figure 4. SEM micrographs showing the evolution of ferrite grain structure at (a) 800 °C and € = 0.5; (b) 800 °C and € =
0.8; (c) 750 °C and € = 0.25; and (d) 750 °C and € = 0.7 &,

The grain size is considered of significant interest for predicting the deformation behaviour of the steels at different
regimes of strain rate. It is fully understood that smaller grain size leads to an increase in the grain boundaries in the metal
matrix. These grain boundaries, in turn, provide a restriction to the dislocation movement during plastic deformation and
thus lead to an increase in the strength of the material 112213114l The zener Holloman parameter L3R8T js mostly
used to predict the resulting grain size (Z = € exp(Q/RT)), and the size of the recrystallized ferrite (d) is mathematically
expressed in terms of the Z parameter as follows:

d— Az—016 1)

where € is the strain rate, Q is the deformation activation energy, T is the deformation temperature, R is the universal gas
constant, and A is a constant. According to this equation, it is expected that the higher Z values would lead to the finer
grains and vice versa [18l. Many researchers have shown the variation of the grain size with the Z parameter at different
strain rates 291 wMurty et al. ¥ studied the deformation behaviour of coarse grain ultralow carbon steel by
performing experiments at nominal strain rates of 1 and 0.01 s~ and reported that the ferrite grain size (d) and the Z
parameter satisfy Equation (1) with a constant value of A being 300. Based on this correlation, the authors established the
fact that diffusion along the grain boundaries was the major rate-controlling mechanism for the ferrite grain growth in such
materials when processed through large strain and high Z deformation. Figure 5A shows the boundary maps,
whereas Figure 5B shows the crystallographic orientation distribution of the deformed specimen for a nominal strain rate
of 1 s™1 at different regimes of temperature.



Figure 5. (A) Boundary maps of the specimens deformed at a strain rate of 1 s™* at (a) 823 K, (b) 873 K, (c) 923 K, (d)
973 K, (e) 773 K, (f) 873 K, (g) 923 K, and (h) 1023 K observed at a strain of 4 19, (B) Crystallographic orientation
distribution of local regions along the normal direction (ND) obtained by electron backscatter diffraction (EBSD) for
specimens deformed at a strain rate of 1 s™* (top) at (a) 823 K, (b) 873 K, (c) 923 K, (d) 973 K, (e) 773 K, (f) 873 K, (g)
923 K, and (h) 1023 K observed at a strain of 4 19,

The orientation maps of the specimens deformed at different strain rates and the variation of grain size with the Z
parameter are shown in Figure 6.
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Figure 6. Variation of the grain size with Z parameter at a strain of 4 obtained from boundary maps: The grain size data of
0.15 C steel is also plotted for comparison 12,

Murthy et al. 29 performed similar studies and conducted plain strain-compression tests at different strain rates of 0.01 as
well as 1 s™1 and temperature range of 773-923 K to understand the formation of ultrafine grains. They constructed a
processing map and attributed grain subdivision with dynamic recovery for high Z parameter and grain subdivision with
dynamic recrystallization at the low value of the Z to be the major reason for ultrafine grain formation. The thickness of the
ferrite grains at a given strain rate was predicted by the following:

TH, = dyexp (—¢) @)

where THa is the thickness of the ferrite grain after deformation, da is the initial ferrite grain size, and € is the compressive
strain applied. In another study on ultralow carbon steel 2%, the authors confirmed the occurrence of dynamic
recrystallization in ferritic iron deformed at different strain rates with the help of Transmission Electron Microscopy (TEM)
studies. Figure 7 shows the transmission electron microscope (TEM) images of the specimen deformed at 1 and 0.01/s
strain rates where CA denotes the compressive axis.

Figure 7. TEM images of the specimen deformed at 823 K at (a) 1 s™* and (b) 0.01 s~ [29],

Rajput et al. 22 studied the hot-deformation behaviour of AISI 1010 steel at different regimes of strain rates (0.01-20 s™%)
and temperature ranging from 750—1050 °C. They correlate the variation in flow stress with the change in microstructure
and Zener—Hollmann parameter and reported instability in the flow stress at higher strain rates as shown in Figure 8. The
true stress of the flow curve for a constant strain rate was found to be gradually decreased with an increase in the
temperature.
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Figure 8. Flow curves of AISI 1010 steel in compression obtained using different strain rates after austenitization at 1050
°C for 5 min and at deformation temperatures of (a) 750 °C, (b) 900 °C, and (c) 1050 °C 22,

Rajput et al. (23 conducted hot compression tests on AlSI 1060 steel in Gleeble 3800 simulator at strain rates from 0.01—
80/s as well as at different temperatures under the vacuum of 1 pascal. The authors concluded the following: (a) the high
values of stress exponent (n) and strain-rate sensitivity (m) were due to the dynamic recovery and recrystallization of
ferrite and austenite respectively, (b) the combined effect of adiabatic heating and inhibited restoration leads to damage at
the austenite triple grain boundary at high strain rates, and (c) the deformation of the steel was found to be a diffusion-
controlled process as the value of apparent activation energy (290 KJ/mole) was very close to the bulk self-diffusion
energy of the austenite (270 KJ/mole). The variation of the flow stress versus temperature plots and flow stress versus
strain rate for all regimes of strain rates and temperatures is shown in Figure 9 23,
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Figure 9. Flow stress and temperature plots for all strain rates at the true strain of 0.6 using (a) power law and (b) sinh
type law (23],

Gao et al. 24 conducted a series of compression tests on a bimetal consisting of pearlitic and low carbon steel on Gleeble
3500 mechanical simulator from temperature ranges from 800-1100 °C and strain rates of 0.02, 0.1, 1, and 10 s™%. The
authors correlated the profile of the strain-hardening region of the flow curves with the dislocation multiplication as well as
interaction and the softening region of the flow curve with the dynamic recrystallization. Zhi-Xiong et al. 22 carried
interrupted hot tensile tests at different strain rates from 1 to 3000 s™* as well as temperature from 800-1200 °C and
reported an increase in the volume fraction of the recrystallized grains with an increase in the temperature and strain rate.
Similar types of isothermal compression tests were done by Wang et al. (28 at different strain rates ranging from 0.01 to
0.5 s in Gleeble 3500 simulator at temperature of 0.01-0.5 s™* to understand the deformation behaviour of carbon
structural steel (Q235A) having the chemical composition of 0.17% C, 0.22% Si, 0.68% Mn, 0.0095% P, 0.006% S, and
rest FE. They concluded that a decrease in the strain rate along with an increase in the deformation temperature inhibits
the occurrence of dynamic recrystallization (DRX).

Stress-relaxation phenomenon is observed when the tests are interrupted without unloading the specimen at different
strain rates. These tests are widely used for characterising parameters such as internal stresses and activation volume
during mechanical deformation [24. During stress relaxation, the elastic strain gets converted to plastic strain. Stress
relaxation tests were conducted at predefined engineering strains for low carbon steel and the other two grades of steel



(28] They concluded the stress drop to be inversely proportional to the rate of change of dislocation velocity. The stress
drop was observed to be decreased with strain as shown in Figure 10. Strain hardening is considered the predominant
medium for resistance to dislocation for low carbon steel with a ferritic phase. Thus, with an increase in the strain
accumulation in the material, there is an increase in strain hardening and a subsequent decrease in stress drop.
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Figure 10. (a) Comparison of stress relaxation and monotonic tensile curve; (b) stress drop versus strain ratio [28],

Earlier studies done by Tsuchida et al. 2 on ferrite-cementite low carbon steel showed an increase in the lower yield
point and flow stress with a decrease in the grain size at different strain rates of 3.3 x 10™* s™1, 100 s™%, and 10% s7%, as
shown in Figure 11. They reported an elongation in the Liders band at the early stages of deformation and attributed this
as a reason for the decrease in flow stress with the increase in grain size. Sun et al. 2% developed and verified an explicit
equation for annealed mild steel correlating the strain rate and the Luders strain by measuring the propagation of a Luders

band, expressed as follows:

. el,
St = N_sL )

where SL’ is the Liders band velocity, g is the Liders strain, and N is the number of bands. It is to be mentioned here
that SL™ and ¢, are strongly rate dependent, and thus, the Liders band velocity is a strain-rate-dependent property.
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Figure 11. Nominal stress—strain curves of FC specimens obtained by tensile tests with strain rates of 3.3 x 107 s7% (a),
100 s71 (b), and 10% s71 (c) at 296 K [29],

Development of localized shear bands and the concurrent microstructure evolution in a 0.22% C steel at different strain
rates of 610, 650, and 1500 s~ was investigated by Xu B while performing torsional testing using split Hopkinson bar.
Three different heat treatments were given to the steel viz (a) heating at 850 °C and holding for 30 min followed by air-
cooled; (b) heating at 850 °C, holding for 30 min, and then quenched in water; and (c) heating and holding at 850 °C for
30 min, followed by quenching, and then tempering at 300 °C for again 30 min. They concluded (a) that, the higher the
strength of the steels, the easier is the formation of the shear bands; (b) that the shear localization was found to occur
after the material reached a critical strain. Before arriving at the critical strain, the deformation was uniform for the entire
gage length, whereas after reaching the critical strain, the deformation was localized and the material had undergone
work softening; (c) that the fracture surface of all the three steel samples showed a transgranular mode of fracture,
indicating a ductile failure, as shown in Figure 12; and (d) that the formation of shear localization was due to the change

in the crystal orientation and initiation and growth of the microcracks.



Figure 12. Fractographs of different steels: (a) quenched steel, (b) quenched and tempered steel, and (c) normalized
steels 811,

| 2. Medium Carbon Steel

Steels with carbon content in the range of 0.25-55% are generally termed medium carbon steels. In addition to micro-
alloyed steels, medium carbon steels are also used for structural applications, and thus, understanding the dynamic flow
behaviour of medium carbon steels is important from a functional aspect. Therefore, it is significant to understand the
dynamic flow behaviour of these materials, which has been discussed in detail in this section. Saadatkia et al. (2
investigated the high-temperature deformation behaviour for 0.5% carbon steels under varying strain rates (10™*-1071 s™1)
and temperatures from 900-1100 °C. They observed three types of flow behaviours: (a) single peak, (b) multiple transient
steady-state peaks (MTSS), and (c) cyclic behaviours, as shown in Figure 13. The curves depict that, at low temperature
(900 °C) and at high strain rates, the flow curves exhibited single peak behaviour whereas, at high temperature (1100 °C)
and low strain rates, a multi-peak pattern was observed.
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Figure 13. Flow curves at different deformation conditions 2.



Duan and Zhang B3l studied the microstructural features and formation mechanisms of adiabatic shear bands in AISI
1045 steel induced by high-speed machining and observed the formation deformed shear bands (low strain rates) as well
as transformed shear bands (high strain rates). The authors concluded that the deformation bands were formed due to the
severe plastic shear, whereas the transformed bands were formed due to the process of recrystallization, reorientation,
and elongation of the martensitic laths along with the formation of subgrains and equiaxed grains. The formation of both
transformed as well as deformed shear bands were observed as shown in Figure 14. It was further concluded that the
martensitic laths were elongated along the direction in the deformation bands and experienced plastic deformation only.

Figure 14. TEM and selected area diffraction (SAD) pattern of (a) deformed shear bands and (b) transformed shear
bands [,

The effect of grain size and strain rate on the strength and strain-rate sensitivity parameter (m) of a nanocrystalline and
ultrafine-grained 0.55% carbon steel was predicted by Baracaldo et al. 24 using nanoindentation techniques at various
strain rates from 3 x 1073 to 107! s™2. The strain-rate sensitivity was determined using the following equation:

4

[ OlogH ]
m =
Ologé

where H is the hardness of the material (GPa) and €’ is the strain rate. They reported a constant decrease in the m value
for the ultrafine regime, whereas for the nanocrystalline regime, a minor increase in the m value with a decrease in the
grain sizes was observed. Also, the strength of the material was found to be slightly increased with the increase in the
strain rate, as shown in Figure 15.
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Figure 15. Nanoindentation hardness vs. strain rate for the different grain sizes [24],

Fu and Yu B8l conducted a hot compression test on a 0.36% plain carbon steel in Gleeble. They performed single hit
compression tests from 0.01 to 10 s™! at different temperatures and reported an increase in the flow stress with the
increase in the strain rate but a decrease with the increase in the temperature except at 850 °C, as shown in Figure 16.
They observed the occurrence of dynamic recrystallization after a critical strain is achieved by the material and reported a
drop in the stress after attaining the peak strain .
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Figure 16. True stress—strain curve under different temperature and strain rates 321,

| 3. High Carbon Steel

High carbon steels are mostly used for industrial application in extreme operating conditions due to their hardness,
strength, and relatively low cost compared to high steel alloys B8I7, Sych steels are mostly used where high abrasion is
a necessity. They are mostly used for manufacturing of drill bits, masonry nails, metal cutting tools, grinding balls, and
knives. In contrast to the low and medium carbon steels, after an exhaustive literature review, the author predicts that the
studies on the strain-rate behaviour of high carbon steel are very scarce. This may be due to the relatively brittle nature of
these steels and the lack of interest for their deformation behaviour at different regimes of strain rates and temperatures.
In this section, a critical review of research work performed on the strain-rate behaviour of high and ultrahigh carbon steel
is presented.



Earlier studies have been done to investigate the effect of change in the carbon content with respect to DRX, dislocation
annihilation, grain recovery, and activation energy [B8I[39[201[41][42][43)[44][45][46][47]  Serajzadeh and Taheri 28 investigated
the effect of carbon content on the DRX, flow stress, and recovery phenomenon of carbon steels during their hot
deformation and reported a faster occurrence of DRX in high carbon steel as compared to the low carbon steel as shown
in Figure 17a. They further concluded that the presence of carbon increases the dynamic recovery rate at low strain rates
due to its effect on the process of dislocation climb and self-diffusion rate. At higher strain rates, it decreases the rate of
dynamic recovery, which is presented in Figure 17b.
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Figure 17. The progress of (a) dynamic recrystallization and (b) dynamic recovery at 1000 °C [38,

Wray, in his previous studies 4142 conducted hot tensile tests to determine the flow stress behaviour of plain carbon
steels at different strain rates varying from 6 x 1078 to 2 x 1072 s™1 as a function of carbon content in the range of 0.005 to
1.54%. His studies revealed that an increase in the carbon content leads to a decrease in the work-hardening region and
the flow stress of the material. The hot strength of the austenitic steels with varying percentage of carbon (0.0037 to
0.79%) was modelled by Kong et al. ¥l using the artificial neural network (ANN). They confirmed the decrease in the flow
stress with the increase in the carbon content at low strain rates and high temperatures, whereas the flow stress was
found to be lower at high strain rates and low temperature. Lee and Liu 24 performed compressive type SHPB tests on
low carbon S15C (0.15% C), medium carbon S50 (0.48% C), and high carbon SKS93 (1.16% C) steel at different strain
rates of 1.1, 2.0, 2.8, 3.7 x 103, and 5.5 x 10% s™! and temperatures of 25, 200, 400, 600, and 800 °C. The authors found
an overall increase in the flow stress with an increase in the strain rate, as shown in Figure 18. As evident from Figure
18, the flow stress for SK50 was found to be 1.3 times higher than the flow stress of S15 steel. Similarly, SKS93 exhibited
an approximate 10% increase in the flow stresses when compared to S50 steel.
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Figure 18. Stress—strain curves of S15C, S50C, and SKS93 at temperatures of (a) 25 °C; (b) 400 °C; and (c) 800 °C [44],

The temperature rise due to adiabatic heating as calculated by Lee and Liu #4! as a function of strain at different strain
rates at 25 °C is presented in Figure 19. The material exhibited a rise in the temperature with an increase in the true
strain values. For instance, in the case of SKS93 high carbon steel, the rise in the temperature when deformed at the
strain rates of 1.1 x 10% and 5.5 x 10% s™! were observed around ~75-80 °C. In terms of microstructural evolution, an
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increase in the dislocation annihilation at elevated temperatures was documented.
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Figure 19. Temperature vs. true strain for three kinds of steels at different strain rates [44],

The superplastic behaviour of ultrahigh carbon steel different strain rates for three different percentages of carbon (1.3,
1.6 and 1.9%) at different temperature regimes was investigated by Sherby et al. (2], For both the strain rate change tests
as well as stress relaxation tests, the measured values of strain-rate sensitivity exponents at 650 °C were reported to be
0.35-0.40 for 1.3% C steel, 0.40-0.45 for 1.6% C steel, and 0.40-0.50 for 1.9% C steel. The tests performed at 750-850

2
F

i P

°C revealed the value of strain-rate sensitivity for all the three steels to be around 0.40-0.45.



It is well understood that, during impact and high strain-rate loading conditions, the material is incapable of releasing the
heat generated during the process of deformation as that in the case of quasi-static tests [“48I4ABABLEAGS] Thys, the
ongoing deformation process is considered adiabatic rather than isothermal in nature. The heating during the adiabatic
process may significantly affect the flow behaviour of the material and needs proper investigation. Since the deformation
of material exhibits an adiabatic process at high strain rates, a substantial amount of the plastic work gets converted into
heat and, thus, the material attains an increase in temperature. The rise in temperature in ferrous material is calculated by
the following equation:

AT = — ode %)

where p is the density of the steel (7850 kg/cm?3); C is the specific heat (0.49 kJ/kg/°C); and n is the proportion of the
plastic work which is converted into heat, which was taken to be 100%. In another study 47, Lee and Liu investigated the
adiabatic shearing behaviour of the same steels viz S15C low carbon steel, SS50C medium carbon steel, and SKS93 high
carbon steel at two different strain rates of 5 x 10* and 2 x 10° s™! using hat-shaped specimens in SHPB testing
technique. The authors reported that the shear flow stress, width, and hardness of the shear band were strongly
dependent on the amount of carbon content and the strain rate. They observed the formation of deformed and martensitic
shear bands in medium carbon and high carbon steel. However, for low carbon steel, only the deformed shear bands
were observed. Dimples were observed on the fracture surface of low carbon steel only, whereas for both the medium and
high carbon steel, the fracture surface exhibited both dimples and knobby features. The fracture surfaces of all the three
deformed steel samples at different strain rates are presented in Figure 20.

Figure 20. Fracture surfaces of S15C steel deformed at (a) 5 x 10* s™1 and (b) 2 x 10° s71; S50C steel deformed at (c) 5
x 10% s™ and (d) 2 x 10° s71; and SKS93 steel deformed at (e) 5 x 10% s™L and (f) 2 x 10° s™1 [47],

A similar study was done by Nakkalil 24 to investigate the formation of adiabatic shear bands in plain 0.77% carbon steel
during high strain-rate compression testing at different temperatures. The authors concluded that the formation of
adiabatic shear band occurs due to the strain localization, which is a common phenomenon during discontinuous load
drop. They further observed that, at constant temperature, an increase in the strain rate leads to a decrease in the critical
adiabatic strain. On the other hand, an increase in temperature at constant strain rate results in a decrease in the
formation of adiabatic shear bands (ASBs). Likewise, in previous studies B3l45] hoth deformed and transformed bands



were observed. Moshksar and Rad 22 analysed the superplastic behaviour of heat-treated fine-grained 0.9% plain carbon
steel by conducting experiments at a strain-rate range of 5 x 107® s7 x 1073 s™1 and at a temperature range of 650-710
°C. They reported a shift in the strain-rate sensitivity exponent (m) towards the greater strain rates with an increase in
temperature, as shown in Figure 21. It is shown that, for all the strain rates, the total strain reaches a peak point at a
threshold temperature value and then it drops. They reported that, at low strain rates, the grain growth starts at a relatively
lower temperature because the specimen is subjected to test temperature for a longer period and thus gets sufficient time
for grain growth. With further increase in the temperature, the grain growth accelerates, which leads to the decrease in the
total strain.
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Figure 21. The effect of strain rate on strain-rate sensitivity: (a) 625 °C, (b) 650 °C, and (c) 680 °C 2],

The deformation behaviour and the subsequent microstructural evolution in 1% carbon steel at ambient at different
temperature regimes have been investigated by Banerjee et al. BEIBRABSISIACI The authors reported an increase in the
yield strength of the material with an increase in the quasi-static strain rate at all the temperatures. Additionally, the strain-
hardening behaviour of the material exhibited an overall decreasing trend with an increase in the temperature, as shown
in Figure 22. In their another study, the authors investigated the tension—compression asymmetric behaviour of 1% C
steel at quasi-static strain rates and reported the variation in the DIMT phenomenon under tensile and compressive
loading 1. The DIMT phenomenon was reported to be rate dependent for tensile loaded specimens, whereas the
phenomenon was found to be rate independent for compressive loaded specimens. The authors correlated this
phenomenon with the variation in the molar volume as well as hydrostatic stresses developed during tensile and
compressive loading. The high strain-rate deformation behaviour of high carbon (1%) steel at different temperatures (25,
100, and 175 °C) was also investigated by Banerjee et al. B2 using split-Hopkinson pressure bar testing machine. The
authors reported an irregular trend in terms of ultimate strength and elongation with respect to temperature. Banerjee et
al. also studied the various strengthening mechanisms in high carbon steel at low strain rates and reported an increase in
the kernel average misorientation (KAM) values with an increase in the strain rate.
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| 4. Dual-Phase (DP) Steel and Micro-Alloyed Steel

Dual-phase (DP) steel refers to the class of high-strength steel consisting of dispersed bainite or martensite in the soft
ferrite matrix (62631641 Martensite/bainite contributes to the hardness, whereas ferrite adds to the ductility of the DP steel.
This microstructure results in an excellent combination of strength and ductility. The strain-hardening rates and energy-
absorption capabilities of DP steels are also higher than the conventional high strength steel (HSS) grades of steel. DP
steel possesses high strain-rate sensitivity and low yield to tensile strength ratio and is mostly used in automobile sectors.
These steels are considered to have better deformability than other grades of AHSS steel with similar strength ©3]. The
mechanical properties of DP steel have been studied by many researchers [S8I67E8IEATA7L Bag et al. (/2 reported an
excellent impact toughness of DP steel when the volume fraction of martensite is around 55%. Saeidi et al. 22 showed
that the elongation and Charpy impact energy for bainite-34% ferrite dual-phase steel were found to be higher than the
bainite and bainite-ferrite microstructures. Modi (4! reported that the volume fraction of ferrite and martensite significantly
affect the wear characteristics of DP steel. In this section, the research work done on strain-rate behaviour of DP steel is
critically reviewed.

Earlier studies have been carried out to investigate the effect of temperature and strain rates on the deformation

behaviour of DP steels [IZGIZ7I78]79)BONEIB2BI]  Ca0 et al. L3 performed tensile tests at varying strain rates (107 to
102 s™1) and temperature ranging from —60 to 100 °C on DP800 grade steel. The authors reported an increase in the yield
as well as the ultimate tensile strength of the material with an increase in the strain rate and decrease in the temperature.
Similar findings have been reported by other researchers ZAIZEIEY yy et al. (8 conducted quasi-static strain rate tests
from 107 to 1072 s™! and dynamic tensile tests at strain rates 500, 1100, and 1600 s™* for DP 600 steel and observed the
yield strength at high strain rates to be approximately twice that in the quasi-static strain rates, as shown in Figure 23.
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Figure 23. True stress—strain curve at different strain rates 8],

Tarigopula et al. ¥ reported an increase in the dynamic flow rate of DP800 steel (C: 0.12%, Si: 0.20%, Mn: 1.50%, P:
0.015%, S: 0.002%, Nb: 0.015%, and rest FE) steel with the change in the strain rates. The authors also observed
severely localized strains at high strain rates. Sachdev [l investigated the effect of retained austenite (RA) on the
deformation behaviour of DP steel and reported that the presence of RA significantly affects the strain-hardening exponent
of DP steel. Dai et al. [82 reported two stages of a strain-hardening mechanism for DP1180 steel for strain rates ranging
from 1073 to 1750 s™1. The authors further observed the formation of dislocation cell blocks of 90 nm size and adiabatic
temperature rise for higher strain rates. Rahmann et al. 83! conducted shear tests at varying strain rates from 0.01 to 600
s™1 for DP600 steel at room temperature. The authors reported that, beyond 50% of the shear strain, the steel showed
negative strain-rate sensitivity at higher strain rates of 100 and 600 s, as shown in Figure 24.
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Figure 24. Effect of strain rate on the deformation behaviour during shear experiments for DP600 steel 3],

Hassannejadasl et al. 84 reported alteration in the flow surface for DP600 steel with a variation in the material anisotropy
coefficients when subjected to various strain rates from 1073 to 103 s™. Huh et al. [89] investigated the effect of strain rates
ranging from 0.003 to 200 s~ on the deformation behaviour of DP600 and DP800 steel and found an increase in the flow
stress with an increase in the strain rate. Misra et al. [88] conducted nano-indentation tests at different strain rates from
0.05 to 1 s™* for an ultrafine Fe-0.95C—1.30Mn—0.91Si-0.23Cr DP steel at room temperature and observed a high strain-
rate sensitivity with twinning as the major controlling mechanism for the deformation of material. Samuel et al. B2
described the strain-hardening behaviour of uniaxially deformed dual-phase steel by a modified Crussard-Jaoul (C-J)
analysis and reported an increase in the yield strength, ultimate tensile strength, and work-hardening rate with an increase
in the strain rate.



The effect of strain rates on the fracture and deformation behaviour of DP600 base metal (BM) containing 0.061% C and
its welded joint (WJ) was investigated by Dong et al. 88, The authors carried out quasi-static and dynamic tensile tests at
varying strain rates extending from 0.001 to 1133 s™1. The yield as well as the ultimate strength of the material exhibited
an increasing trend with an increase in the strain rate, as shown in Figure 25. However, the author observed no
significant change in the fracture behaviour for the base as well as the weld material.
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Figure 25. Stress—strain curves for (a) DP600 base metal (BM) tested at strain rates from 0.001 to 1 s™2, (b) DP600 BM
tested at strain rates from 14 to 1133 s™%, (c) DP600WJ tested at strain rates from 0.001 to 1 s™%, and (d) DP600 WJ
tested at strain rates from 14 to 1000 s~ [88],

Several other studies have been carried out on the deformation behaviour of DP780 steel at different strain rates [BIR0I1].
Huh et al. B investigated the effect of strain rate on the plastic anisotropy of DP780 steel and reported a reduction in the
plastic anisotropy with an increase in the strain rate. They further developed a new method to quantify the r-value (plastic
strain ratio) with the help of digital image correlation (DIC). The effect of stress triaxiality and strain rate (1072 to 1500/s)
on the deformation behaviour of DP780 steel was investigated by Anderson et al. 29, The material exhibited an increase
in the failure strain with the increase in the stress triaxiality, as shown in Figure 26. In addition, the strain-rate sensitivity
was observed to be mostly positive for all conditions with a slightly negative for uniaxial specimens up to strain rates of
1071 572, as shown in Figure 27.
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Figure 26. True failure strain as a function of (a) stress triaxiality and (b) true strain rate 29,
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Figure 27. Stress strain curve of DP780 steel for (a) uniaxial test, (b) 17.5-mm notch specimen, (c) 3.5-mm notch
specimen, and (d) 1-mm notch specimen 29,

Kim et al. 21 conducted high strain-rate experiments on DP780 and 980 steel ranging from 107! to 500 s~ and observed
a significant change in the yield strength and ultimate tensile strength with the change in the strain rate. Tarigopula et al.
[92] conducted static and dynamic tensile tests on DP800 steel and reported an increase in the flow stress with an
increase in strain rate from 1073 to 500 s™2.

Das et al. 23194 jpvestigated the deformation behaviour of DP600 and DP800 grades of steel at varying strain rates from
1073 to 800 s7! and found an increase in the yield strength and ultimate tensile strength for both DP600 and DP800 steel
with the increase in the strain rate. It was observed that the rate of increase in the strength of these steels was higher in
higher strain rate regimes (=100 s™1) as compared to lower strain rates (shown in Figure 28).
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Figure 28. (a) Stress—strain curves for dual-phase (DP) 600, (b) stress—strain curves for DP 800, and (c) variation in the
yield and ultimate tensile strength of DP600 and DP800 steel as a function of strain rate [231.

Sato et al. 23 investigated the deformation behaviour of DP590, DP 980, and DP 1180 grades of steel for varying strain
rates (1072, 10%, and 102 s™1) The fracture strains for all the three grades of DP steel were found to be independent of the
strain rate. It was further observed that the strain rate played a significant role in the strain localization for DP590 steel,
whereas for DP980 and DP1180, steel the influence of strain rate on the strain localization was found to a minimum.

The effects of microstructure on the strain-rate deformation behaviour of DP steels have been carried out by many
researchers BBSINEIN7I8]  Anderson [ reported the presence of dimples and shear lips along with the formation of
transverse cracks of DP800 steel when subjected to varying strain rates.

Berbenni et al. [28! investigated the influence of the microstructure of DP500 and DP600 steel containing 10 and 15%
martensite on its dynamic deformation behaviour when subjected to strain rates varying from 1073 to 100 s™! and reported
that the increase in the martensitic content increases the stress with an increase in the strain rate. Queiroz et al. 92
investigated the strain ageing behaviour of a 0.10% C dual-phase steel by conducting static tensile tests at varying strain
rates from 5 x 107 to 1072 s™* and temperature from 25 °C to 600 °C. Serrations were observed in the stress—strain curve
between 155-250 °C for 1073 s7* strain rate (shown in Figure 29), which in turn signifies the Portevin—-Le Chatelier PLC
effect.
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Kim et al. 229 conducted uniaxial tests to investigate the relationship between strain rate (1073 to 100 s™1) and formability
of two steel sheets of CQ and DP590 grades. DP590 steel exhibited an increase in the flow stress with an increase in
strain rate. Furthermore, the total elongation of DP steel exhibited an increasing trend for high strain rates ranging from
0.1-100 s™1, whereas for quasi-static strain rates (1073 to 107! s™1), DP steel exhibited a decreasing trend. The authors
attributed the change in the dislocation structure and local strain-rate hardening at high-speed deformation as major
reasons for the increase in total elongation at higher strain rates.

Micro-alloyed steels are low alloy steels containing carbides or carbonitride-forming elements such as niobium, vanadium,
titanium, etc. in a small amount for refining the grain refinement and precipitation strengthening resulting in an increase in
the yield strength of the steels. Micro-alloyed steels are considered a subclass of HSLA steels. Micro-alloyed steels are
widely used in automobile sectors due to their higher strength 2911,
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